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Abstract—We have developed a model and realized an algorithm for the calculation of the coefficient of
coherent (direct) transmission of light through a layer of liquid crystal (LC) droplets in a polymer matrix. The
model is based on the Hulst anomalous diffraction approximation for describing the scattering by an individ-
ual particle and the Foldy—Twersky approximation for a coherent field. It allows one to investigate polymer
dispersed LC (PDLC) materials with homogeneous and inhomogeneous interphase surface anchoring on the
droplet surface. In order to calculate the configuration of the field of the local director in the droplet, the
relaxation method of solving the problem of minimization of the free energy volume density has been used.
We have verified the model by comparison with experiment under the inverse regime of the ionic modifica-
tion of the LC—polymer interphase boundary. The model makes it possible to solve problems of optimization
of the optical response of PDLC films in relation to their thickness and optical characteristics of the polymer
matrix, sizes, polydispersity, concentration, and anisometry parameters of droplets. Based on this model, we
have proposed a technique for estimating the size of LC droplets from the data on the dependence of the

transmission coefficient on the applied voltage.
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INTRODUCTION

Controllable light scattering in composite liquid
crystal (LC) materials exposed to the action of an
external electric or magnetic field is one of the widely
investigated and promising methods of the response
formation in devices of information display, telecom-
munication, optoelectronics, and photonics [1—6].

Among composite LC materials, polymer-dis-
persed LC (PDLC) materials occupy a special place
[4, 7, 8]. They are polymer films with LC droplets dis-
persed into them. In the regime of light scattering
mode, electrooptical effects in PDLC films are real-
ized by changing the configuration of LC molecules in
droplets under the action of an external controlling
field.

Two approaches that are used to control the elec-
trooptical properties of PDLC films can be singled
out.

One of them (which is traditional) is based on the
classical Fréedericksz effect [7—10]. Its essence is as
follows. The volume of LC droplets is exposed to the
action of an external controlling field, which changes
the orientation of LC molecules in the volume of LC
droplets. In this case, the surface anchoring of LC
molecules with the polymer matrix remains
unchanged. After the switching off of the field, the
internal orientational structure of LC droplets returns
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to the initial state because of the action of elastic forces
that are inherent in LCs. The classical Fréedericksz
effect underlies the operation of modern electroopti-
cal LC devices.

Another approach is developed based on the so-
called “local Fréedericksz transitions” [11, 12], which
are related to transformations of the volume orienta-
tion of the optical axis (director) due to changes in the
balance of the orienting action of different surface
forces. A typical example is the reorientation of the
layer of a nematic LC that is screened by a thin amor-
phous film (with a thickness of ~10 nm) from the crys-
talline substrate. In this case, the orienting actions of
the film and substrate should be different, e.g., planar
and homeotropic. A variation in the temperature of
the film [13] or in its thickness [14] changes the bal-
ance between the orienting actions and initiates a
reorientation of the LC layer. In practical applications,
methods of modification of the boundary conditions
involving the application of the electric field are in
most demand. For example, the authors of [15] used
for this purpose substrates coated by a ferroelectric LC
polymer. An azimuthal reorientation of the director in
an LC polymer upon a change in the polarity of the
applied voltage causes the corresponding orientational
transformation in the volume of the nematic that bor-
ders on this substrate.
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The use oflocal Fréedericksz transitions creates the
possibility for the development of new types of infor-
mation display facilities. Therefore, the problem of
searching for ways for their realization is important.
One of these ways is the use of PDLCs on the surface
of droplets of which inhomogeneous surface anchor-
ing is created [16, 17]. In this case, the external action
initially changes the orientation of LC molecules in a
near-boundary layer of LC droplets, which then
causes the reorientation of the entire LC volume. This
approach is based on the mechanism of reorientation
of the internal structure of LC droplets that is funda-
mentally different compared to the classical Fréeder-
icksz effect and makes it possible to create PDLC lay-
ers with a low energy consumption.

Modification of the interphase surface anchoring is
achieved by using ion-forming surfactants (surface-
active agents) in the process of fabrication of PDLC
films. Depending on the concentration of the surfac-
tant, the direct or inverse regimes of the electrically
controllable ionic modification of the interphase
boundary can take place. The direct regime is realized
at low concentrations of the surfactant. In this case, in
the initial state, in the absence of a controlling field,
nematic droplets have homogeneous tangential
anchoring and bipolar configuration of local optical
axes. The inverse regime [17] is realized at high con-
centrations of the ionic surfactant. In this case, the ini-
tial structure of nematic droplets has a radial configu-
ration of the director with homogeneous normal
boundary conditions. The action of the controlling
electric field leads to the formation of regions with dif-
ferent types of the surface anchoring on the droplet
surface. These regions determine the orientational
structure of LC molecules in the droplet. The fractions
of the regions with the normal and planar orientations
and, correspondingly, the orientational structure of
LC molecules depend on the magnitude of the field.
In a strong field, homogeneous surface anchoring is
realized. This kind of anchoring is opposite to the ini-
tial one, which is realized in the absence of a field;
whereas planar anchoring is realized in the absence of
a field, homeotropic anchoring takes place in a strong
field and vice versa. It should be noted that LC drop-
lets with modified surface anchoring are nothing else
but Janus particles [18, 19] with controllable proper-
ties. One part of the droplet has planar anchoring,
whereas the other part has homeotropic anchoring.
Their ratio depends on the magnitude of the applied
field.

In studies of light scattering by PDLC layers, it is
necessary to take into account the optical anisotropy
of the LC, changes in the surface anchoring and inter-
nal structure of droplets at the applied field, concen-
tration of droplets, multiple scattering of light, and
other parameters [4, 8]. Rigorous methods have not
been developed for solving direct and inverse problems
of light scattering by PDLC films that take into
account the complex influence of the factors listed
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above. The main attention is paid to the development
of approximate methods of solution, which make it
possible to reveal basic features of the formation of the
electrooptical response with the goal of its optimiza-
tion [20—35].

In this work, based on the Foldy—Twersky approx-
imation [36] to describe the mean field [8] and the
anomalous diffraction approximation to describe the
scattering by an individual particle [25, 37], we
develop an optical model for the analysis of the coeffi-
cients of coherent (direct) transmission of light by a
PDLC layer upon its illumination with linearly polar-
ized and unpolarized monochromatic radiation. The
model makes it possible to investigate layers with
homogeneous [4, 8] and inhomogeneous [16, 17, 33,
35] interphase surface anchoring. A layer of
polydisperse oriented ellipsoidal droplets of a nematic
LC is considered. A relaxation method to solve the
problem of minimization of the free energy volume
density for finding the internal structure of LC drop-
lets in relation to the ratio of the fractions of the sur-
face that have normal and homeotropic anchoring is
considered. The coherent transmission coefficient of a
PDLC layer that consists of spherical LC droplets is
analyzed taking into account the inhomogeneity of
surface anchoring. The developed optical model is
verified by comparison with experiment in the inverse
regime of the ionic modification of the LC—polymer
interphase boundary, in which radial structure of the
director field is implemented in the absence of the
applied field. The developed optical model makes it
possible to solve problems of optimization of the elec-
trooptical response of a PDLC layer with the goal to
increase the contrast and the modulation depth of the
forward-transmitted light depending on the parame-
ters of the film and droplets in which homogeneous or
inhomogeneous surface binding is realized, in partic-
ular, the sizes, the anisometry parameters, the
polydispersity, the concentration of LC droplets, and
the film thickness.

BASIC RELATIONS FOR COHERENT
TRANSMISSION COEFFICIENTS
OF A PDLC LAYER

Let us find the coherent transmission coefficients
of a PDLC layer with thickness / upon its illumination
by linearly polarized and unpolarized monochromatic
radiation. Let the layer consists of LC droplets of ellip-
soidal shape that are oriented in one and the same
direction in the plane of the layer. We will choose a
laboratory coordinate system (x, y, z) such that the
x axis will coincide with the normal to the PDLC
layer, while the (y, z) plane coincides with its frontal
boundary (Fig. 1). Let the long axes of LC droplets in
the layer be oriented along the y axis of the (x, y, ) lab-
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Fig. 1. Schematic representation of the illumination geometry and orientational structure of a PDLC layer. Here, (x, y, z) is the
laboratory coordinate system; / is the layer thickness; e; is the unit vector in the direction of incidence of the light; e, is the unit
vector of the forward-scattered wave; e.,., and e are the unit vectors of the vv- and vi-components of the scattered wave with
their polarizations in the plane of polarization of the incident wave (e;, e) and in the plane that is orthogonal to it (e;, e ), respec-

tively; and a is the polarization angle of the incident light.

oratory coordinate system. Optical axes N (directors)
[4] of droplets coincide with their long axes and, cor-
respondingly, are also oriented along the y axis. The
internal structure and anisometry are the same for all
droplets.

Initially, let us consider the case of illumination
along the normal by a linearly polarized plane wave. In
Fig. 1, e is the unit polarization vector of the incident
wave; a is the polarization angle of the incident light,
which is counted from the y axis; and e, is the unit vec-
tor of the scattered wave. In terms of the model to be
developed, we consider the case of scattering in the
direction of the wave vector of the incident wave; i.e.,
e, = e, The unit vectors e, and e, define the vv- and
vh-components of the coherent (forward-transmit-
ted) wave: the vv-component is polarized in the plane
of polarization of the incident wave (e;, e), while the
vh-component is polarized in the plane that is orthog-
onal to the plane of polarization of the incident wave
(e;, e,;). In the experiment, the vv- and vh-compo-
nents correspond to the measurements in parallel and
crossed polarizer and analyzer, respectively.

The transmitted light can be represented as a sum
of a coherent (average) and incoherent (fluctuating)
components. Equations for their description are
known as the Dyson and the Bethe—Salpeter equa-
tions, respectively [29, 36, 38, 39]. We consider only
the coherent field. To find it, we use the Foldy—Twer-
sky formalism, which was described in [36] for the
scalar field.
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For a layer of anisotropic LC droplets, the Foldy—
Twersky vector integral equation is written as [24]

E)\ (W(X) | 0 coso 0
E. ) 0 W, (x) |, Jsina )

where E, and E, are the y- and z-components of the
coherent field in the case of the unit amplitude of the
incident wave, while the functions y, (x) are solu-
tions of integral equations

Wy,z(x) = exp(ikx)

X

x[1-g(s3)) j exp(—ikx')y, (x)dx" |.

0

(2)

Here, ¢ = 2nk °N; k = 2nn, /)N, where n, is the
refractive index of the anchoring polymer, A is the
wavelength of the incident light; N, is the number of

LC droplets per unit volume; and <S§ 1> are the diago-

nal elements of the amplitude scattering matrix at a
zero scattering angle averaged over the droplet size.
Hereinafter, the angle brackets (...) denote the averag-
ing over the droplet size. In the general case, in which
droplets have different internal structures, additional
corresponding averaging is necessary.

For the geometrical configuration presented in
Fig. 1, the wave that is polarized along the y axis is
extraordinary, while the wave polarized along the z
axis is ordinary.

The solution of Eq. (2) has the form

v, (x) = exp(iky;x), 3)
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where k, and k| are the propagation constants that cor-
respond to the extraordinary and ordinary waves,

oy = ke +iq (S3)). (4)

In order to determine the amplitude transmission

coefficients 7,"”and 7, of the PDLC layer for the vv-
and vA-polarizations, we will write the following rela-
tions:

Tavv = eVV‘l_IeVV 3 (5)

Tth = evhyevv’ (6)
exp(ik,l) 0

= 7

¥ ( 0 exp(ikll)j' @

Performing necessary transformations, we find
from (5)—(7) that

T)" =t,cos’o.+1,sin’ o, (8)

T" = (t,—1,)sino.cos o, 9)

where 7, and ¢, are the amplitude transmission coeffi-
cients of the PDLC layer for the extraordinary (e) and
ordinary (o) waves,

., = explikDexp(—ig(ImsSy,)exp(~g(ReS5,))). (10)

It is convenient to transform expression (10) to the
form

feo = eXPUKD EXP(=0,,)exP(=Y,,//D). (1)
Here,
0c0 = a(ImS3,)1, (12)
Yeo = Ny (Oo0)- (13)
4
(0.,) = ki§<ReS£1>, (14)

where ¢, and ¢, are the phase differences for the
extraordinary and ordinary waves that were accumu-
lated along thickness / of the PDLC layer; vy, and v,
are the extinction indices of the layer for the extraordi-
nary and ordinary waves; and (c,) and (G,) are the
corresponding average values of the extinction cross
sections for the individual LC droplet, which are

determined in accordance with the optical theorem
[39].

The coefficient of coherent (direct) transmission of
the PDLC layer 7,” upon its illumination in the
absence of an analyzer can be written as follows:

T2 =T +T.". (15)

Here, 7"V and 7,”" are the coherent transmission
coefficients for the parallel and crossed polarizer and
analyzer, respectively,

vv
T,

TVV —

c

2
) (16)

2
vh vh
T =17

c

A7)

In order to find coherent transmission coefficient
T."”” upon illumination by unpolarized light, it is neces-

sary to average T.” over polarization angle a. Using
expressions (8), (9), and (15)—(17), we obtain

T — T/ (0=0)+T/ (o= n/2).

‘ 2
Relations (16)—(18) allow one to analyze the
coherent transmission coefficients of the PDLC layer
upon its illumination by polarized and unpolarized
light in the case of polydisperse oriented droplets of

the same internal structure. We can easily find from
formulas (8), (9), (11), and (15)—(18) that

(18)

(19)

T? = exp(—Y,/)cos’ o, + exp(—y,/)sin’ o,

TC"P — CXD(_yel) + CXD(_'YOI).
2

As a rule, the relative refractive index of LC drop-
lets dispersed into a polymer slightly differs from unity
[4, 8]. Therefore, we used the anomalous diffraction
approximation [22—26, 37]. It allows one to analyze
the light scattering by large optically soft LC droplets:
the size parameter is p = ka > 1, |n;- — 1| < 1, where
n; ¢ is the maximum relative refractive index of the LC,
which, in the general case, can be complex. In terms of
this approximation, the scattered field in the far zone
is determined as a result of the diffraction by an equiv-
alent plane amplitude—phase screen [39] with a com-
plex transmission matrix that is defined on the princi-
pal cross section of the droplet, o = mtbc, where b and
c are the semiaxes of the droplet along the y and z axes
of the laboratory coordinate system in the plane that is
orthogonal to the direction of incidence of the light

(20)

(x axis). For elements Sf, , of the amplitude scattering
matrix, using relations obtained in [30], we have

0 _ K’
i = [ A= 1,0, 9)dvez. @
2n

Here, T,,(y,z) are the diagonal elements of the
Jones matrix 7'(y,z) [40] for the equivalent ampli-
tude—phase screen, which is identified with the LC
droplet,

X=X our(¥,2)

T
T(y,2)= II R (x)PR(x). (22)
- X=X, ($,2)
OPTICS AND SPECTROSCOPY  Vol. 120 No. 1 2016
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Fig. 2. Schematic representation of the geometry of (a) a droplet with an arbitrary internal structure and (b) its elementary volume
dV.Here, n(r) is the local director for the elementary volume ¢V at the point with radius vector r; x;,, and x,,,, are the coordinates
of the input and output of the ray on the surface of the LC droplet; 6 and ¢ are the polar and azimuthal angles of orientation of
the local director; and e, and e, are the polarization unit vectors of the ordinary and extraordinary waves at point r.

In expression (22), x;,, and x,,, are the coordinates
of the input and output of the ray on the surface of the
LC droplet, which depend on y and z (Fig. 2a); Pis the
matrix of local accumulated phase differences for the
extraordinary and ordinary waves; R(x) is the matrix of
transformation (rotation) of the local basis to the lab-
oratory one; and R”(x) is the transposed matrix of the
inverse transformation. The latter three matrices are
expressed as follows:

P exp(ik(n,(x)/n, —1)Ax) 0
B 0 explik(n,/n, —1)Ax)

(23)

_(cos(x) —sin@(x)
k) = [sin o(x) cos@(x) j (24)

and

r, [ cos®(x) sin@(x)

R(x0)= (— sin @(x) cos (p(x)j’ (25)

Here, n,(x) is the local refractive index for the
extraordinary wave at point x =x(y, z); n, is the refrac-
tive index for the ordinary wave, which does not
depend on the coordinates x, y, and z and is equal to
ordinary refractive index n; of the LC; Ax is the longi-
tudinal size of elementary volume dV along the direc-
tion of propagation of the light; and @(x) is the azi-
muthal angle of orientation of the local principal plane
at the point x = x(y, z) (Fig. 2b).

In Fig. 2, n(r) is the local director of elementary
volume dV at the point with radius vectorr, [n(r)| = 1;
0 is the polar angle of orientation of the local director;
n, n,, and n_are the Cartesian components of the local
director n(r); and e, and e, are the unit polarization
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vectors of the ordinary and extraordinary waves at
pointr.

It can be seen from Fig. 2b that the local refractive
index n,(x) for the extraordinary wave and the values
of the cosine and sine of the azimuth @(x) of orienta-
tion of the local principal plane are expressed via the
components n,, n,, and n, of the local director as fol-
lows:

2 2 2 .. 2
n, = n”nL/\/n” cos“0+n;sin” 0

22, 2 2
= n”nL/\/anx +n,(1—-ny),

where n is the extraordinary refractive index of the

(26)

LC,
cos(x) = n,/\1 - n, (7)
sin@(x) = n, /\1—n’. (28)

Analysis of expressions (21)—(28) shows that, if the
anisometry of LC droplets in the layer is the same, i.e.,
the semiaxes a, b, and ¢ of the droplet obey the rela-
tions &, = b/a = const and ¢, = c/a = const, then, at the
same configuration of the director in the droplet vol-

ume, the elements S;’J of the amplitude scattering
matrix at zero scattering angle depend only on the lon-
gitudinal axis a,

Sy1 = 83.(a). (29)

As can be seen from formulas (13), (14), and (29),
in order to calculate v, and v,, it is necessary to know
the distribution function P(a) of the longitudinal
semiaxis. Finding it is a complicated problem, because
it is necessary to experimentally analyze a large num-
ber of transverse sections of the specimen. Therefore,
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we will consider another method of finding vy, and v,
that makes it possible to determine values of the longi-
tudinal semiaxis from measurements of the transmis-
sion coefficient of the layer.

Using expressions (13) and (14) and taking into
account formula (29), we have

Yoo = N, 5 [ Re i@ Plarda, (30)

where a, and a, are the minimum and maximum val-
ues of the longitudinal semiaxis a for the ensemble of
LC droplets in the layer. Based on the mean-value the-
orem, this formula can be written as follows:

Yeo = N, 2ERe 83, a5) [ Pla)da
k . 31)
- N, i—’;Re S%,@a5).

Here, a;; and ay; are the effective values of the lon-
gitudinal semiaxis upon consideration of the extinc-
tion of the extraordinary and ordinary waves, respec-

tively, @, < a;f’ < a,. The distribution function P(a) is
normalized as follows:

IP(a)da =1. (32)

As a result, expressions (19) and (20) can be written
as

T = exp(=Y.(a;))cos o + exp(=Y,(ac))sin’ot, (33)
T”P — exp(_ve(aeef)l) + exp(_Yo(aeof )l)

c 2 M
As is seen from expression (33), the effective values

(34)

a;; and a;; of the longitudinal semiaxis a can be found
from comparison of numerical calculations with
experimental data for the coherent transmission coef-

ficient 7.” upon illumination of the PDLC layer by
light the polarization angle of which isa = 0 and a =

/2, respectively. The values of a;; and aZ; can also be
found if the distribution function P(a) of longitudinal
semiaxes is known a priori. Below, in a separate sec-
tion, we compare the data on the coherent transmis-
sion coefficient calculated in terms of the described
model with experiment.

‘We emphasize that the obtained relationships make
it possible to analyze the coherent transmission coef-
ficient of the PDLC layer based on the data on the
configuration of the director n(r) in the volume of the
LC droplet. This configuration depends on the
boundary conditions on the droplet surface and on the
controlling field. At specified boundary conditions,

the configuration of the director n(r) in the volume of
the LC droplet is found from the solution of the
problem of minimization of the free energy volume
density [1].

THE CALCULATION TECHNIQUE
OF INTERNAL ORIENTATIONAL
STRUCTURES OF NEMATIC LC DROPLETS

The internal orientational structure of LC droplets
in a polymer matrix is determined by the following
main factors [8, 41, 42]: (i) the intermolecular interac-
tion in the LC, which leads to the ordering of mole-
cules that is characteristic of a given LC phase (nem-
atic, cholesteric, smectic, etc.); (ii) the interaction
with the polymer, which, depending on the interphase
boundary conditions on the surface of the droplet,
causes LC molecules to be oriented either along its
boundary (tangential boundary conditions) or per-
pendicularly to it (normal boundary conditions);
(iii) and the external electric (or magnetic) field. Mol-
ecules in the LC droplet are oriented so as to ensure a
minimum in the free energy.

In the single-constant approximation [1], the fol-
lowing differential equation can be written for the vec-
tor field of the local director n(r) corresponding to the
minimum of the free energy density:

KAn(r) + e(E,n(r))E = 0. (35)
Here, A is the Laplace operator; K is the elastic
constant of the LC; € = gjAe, where g, = 8.85 X
10~2C%/(N m?) is the electric constant and Ae is the
dielectric anisotropy of the LC; and E is the external
controlling electric field vector.
Upon solving Eq. (35) in a Cartesian coordinate
system, in order to find the components n,, n,, and n,
of local director n(r), we use the difference scheme of

calculations [43]. For point r = (0, 0, 0) in the center
of the LC droplet, we have

(nx(— 1,0,0) + n,(1,0,0) — 2n,
K 2
(Ax)

L 1(0,~1,0) +1,(0,10) ~ 2n,
(Ay)® (36)
L 1(0,0,=) +1,(0,0,1) - 2nxj
(A7)?
+eE(Exn,+ Epn, + En)=0,
K(ny(— 1,0,0) + n,(1,0,0) — 2,
(Ax)®
L 1(0.=1,0) +1,(0,10) - 2,
(Ay)® (37)
. n,(0,0,—1) + n,(0,0,1) — 2nyj
(A7)
+eE(Exn,+En,+ En)=0,
OPTICS AND SPECTROSCOPY  Vol. 120 No. 1 2016
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K(nA—LQO)+nALQO)—2m

(Ax)?
N n(0,-1,0) + n,(0,10) — 2n,
(Ay)° (38)
+n4QQ—D+n4QQD—2@]
(A2)?
+eL (E.n, + En, + E.n,)=0,
ni + nﬁ + nz2 =1, (39)

where Ax, Ay, and Az are the iteration steps along the
corresponding axes of the laboratory coordinate sys-
tem (x, y, z) upon discretization of expression (35); E,,
E,, and E, are the values of the projections of electric
field vector E onto the corresponding coordinate axes.

The calculation technique of the internal orienta-
tional structure of the LC droplet is as follows. (i) Ini-
tially, some certain orientation of the director in the
volume of the droplet is specified; (ii) the volume of
the droplet is then divided into cells and the orienta-
tion of local director n = n(r) in each cell is sought; and
(iii) after that, the components n,, n,, and n, of the
local director in the cell with the coordinates x, y, and
z are found from Egs. (36)—(38). At each subsequent
iteration, the influence of the strictly specified orien-
tation of the director at the interface is extended fur-
ther into the volume of the droplet. As a result, this
iterative procedure (relaxation method) leads to the
determination of the orientational structure of the
nematic LC droplet that corresponds to a minimum of
the free energy of its entire volume. In this case, we can
assume at a first approximation that the surface of the
LC droplet is divided into two characteristic areas
(Fig. 3), in which the long axes of molecules of the LC
droplet are directed along the normal to the surface
(normal boundary conditions) and along the tangent
to it (tangential boundary conditions). Figure 3 shows
a schematic representation of the LC droplet in the
shape of an ellipsoid. In order to quantitatively deter-
mine the degree of inhomogeneity of the interphase
surface anchoring of the LC with the polymer matrix,
we will use the parameter w (Fig. 3). It characterizes
the area of the droplet with normal surface anchoring.
We note that the values w = 0% and w = 100% corre-
spond to homogeneous surface anchoring on the LC—
polymer surface. At w = 0%, only tangential surface
anchoring occurs and a bipolar configuration of the
LC is formed in the droplet. At w =100%, only normal
surface anchoring is realized and the internal structure
of the droplet is radial.

The parameter w depends on the external con-
trolling field, which leads to an electrically controlla-
ble change of the internal structure of droplets and,
correspondingly, their optical characteristics and
characteristics of the layer as a whole. In practice, as
was already noted above, a change in the parameter w
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Fig. 3. Schematic representation of the cross-section of a
LC droplet with inhomogeneous boundary conditions in
the (x, y) plane. The parameter w characterizes the fraction
of the surface of the droplet with normal (homeotropic)
surface anchoring, and a and b are the semiaxes of the
droplet.

in the field is realized by using surface-active sub-
stances, surfactants [16, 17].

ANALYSIS OF RESULTS AND COMPARISON
WITH EXPERIMENT

Let us compare results that were obtained in frame-
work of the developed optical model with experimen-
tal data. We will use the experimental dependence of
the electrooptical response (the dependence of the

coherent transmission coefficient 7, on strength of
the applied field F) that was presented in [44] for a
PDLC layer upon the field transition corresponding to
the initial (in the absence of a field) radial configura-
tion of LC droplets (parameter w = 100%) in the layer.
Upon application of an external controlling electric
field in the plane of the specimen, the parameter w
decreases.

A composite film was prepared based on the SCB
LC, with its ordinary refractive index at wavelength
A=0.658 um being n, =1.531 and the extraordinary
one being n; =1.717. As a polymer matrix, polyvinyl
alcohol (PVA) plasticized with glycerol was chosen.
The LC was doped with the CTAB surfactant. The
PVA : glycerol : 5CB : CTAB weight proportion was
9.3: 3.7 : 1 : 0.02, which, in terms of volume
concentration ¢, of LC droplets, yielded ¢, = (1 +
0.02)/(9.3 + 3.7) = 0.078. The thickness of the film
was / =16 um. The concentration of LC droplets in the
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Fig. 4.Values of the coherent transmission coefficient 7,/
of a PDLC film calculated in relation to radius a of spher-

ical droplets of the SCB LC (n; =1.531, n = 1.717).w=
(curve 1) 0, (2) 25, (3) 50, (4) 75, and (5) 100%. .= 0, n, =
1.515, A= 0.658 um, ¢,=0.073, and / = 16 um.

prepared specimen decreased because of dissolving of
the LC in the polymer and due to the occurrence of
residual water. In numerical calculations, the volume
concentration of LC droplets in the PDLC layer was
taken to be ¢, = 0.073. With a chosen amount of the
surfactant (2 wt % with respect to LC), the normal sur-
face anchoring and the radial configuration of LC
droplets in the absence of a controlling field (w =
100%) were realized. Under the action of the field, the
inverse regime of the ionic modification of interphase
boundaries was realized, in which the fraction of the
tangential anchoring to the polymer increased [17].
The refractive index of the used polymer was n, =
1.532. Addition of glycerol reduced the refractive
index of the specimen to the value of n, = 1.515. The
specimen was illuminated along its normal. The polar-
ization vector of the incident wave was parallel to the
yaxis (a = 0). The vector of applied electric field was
directed along the y axis. The transverse size of drop-
lets in the plane of the film was in the range of 2—3 um.
Polarization-microscopy measurements showed that,
in the absence of mechanical tension of the PDLC
film, droplets had a spherical shape, with the anisom-
etry parameters being ¢, = ¢, = 1. The value of the
coherent transmission coefficient in the absence of a

field was 7.” = 0.77 (in this case, the photon mean free
path was ~60 um).
Figure 4 presents the dependences of the transmis-

sion coefficient 7.” on radius a of LC droplets in the
layer calculated at different values of the parameter w.
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Fig. 5. (/) Experimental and (2) calculated dependences of

the transmission coefficient 7,7 on the controlling field
strength for a composite PDLC film with inhomogeneous
interphase surface anchoring. The polarization vector of
the incident wave is parallel to the y axis. The SCB LC was

used (ny =1.531, m=1.717). @ = 0, n, = 1.515, A =

0.658 um, ¢, =0.073, /=16 um, and af; = 2.85 um.

Radial
w=100%

IBC IBC
w=85% w=50%
IBC IBC Bipolar
w=40% w=30% w=0%

Fig. 6. Calculated textures of LC droplets in crossed polar-
izers. The first texture corresponds to the normal surface
anchoring (w = 100%), while the last one corresponds to
the tangential surface anchoring (w =0%). The remaining
textures were obtained at inhomogeneous surface anchor-
ing (inhomogeneous boundary conditions (IBC)) at the
values w = 85, 50, 40, and 30%, which were used in the
experiment (Fig. 5 and table).
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Calculated and experimental data for the coherent trans-

mission coefficient 7, of a PDLC film with inhomoge-
neous interphase boundaries and retrieved values of the
parameter w at different strengths of the controlling field

E,V/um Tc.p’ AT w, % |T? theory
experiment
0.0 0.77 0.0 100.0 0.7699
0.01 0.77 0.0 100.0 0.7699
0.02 0.761 0.009 85.0 0.7578
0.03 0.77 0.0 100.0 0.7699
0.04 0.64 0.13 50.0 0.6447
0.05 0.54 0.23 30.0 0.5337
0.06 0.54 0.23 30.0 0.5337
0.07 0.54 0.23 30.0 0.5337
0.08 0.55 0.22 35.0 0.5494
0.09 0.55 0.22 35.0 0.5494
0.1 0.58 0.19 40.0 0.5708

The first column contains values of strength of the field £. The
second column lists experimental values of the transmission coef-

ficient 7,7 . The third column represents differences of experimental
values of the transmission coefficient determined at £ =0 and at a
specified value of E: AT =T (E = 0)— T, (E # 0). The fourth
column yields retrieved values of the parameter w. The fifth column

vields calculated values of the transmission coefficient 7,7 .

The shape of each of them is determined by the oscil-
lating character of the dependence of the extinction
efficiency factor of the LC droplet. As can be seen
from the comparison of these results with the experi-
mental data of Fig. 5, the radius ¢ = 2.85 um corre-
sponds to the experimental value of the transmission

coefficient 7.7 = 0.77 at w = 100%, which is realized in
the absence of a field (£ = 0) (Fig. 4). It determines

the value of effective size ag; of the droplet in expres-

sion (33). Therefore, a;; = 2.85 um.

The further procedure of comparison with experi-
ment was the calculation of the transmission coeffi-

cient 7.’ (o0 = 0) at the fixed value a;; = 2.85 um and
varied parameter w and of the determination
(retrieval) of values of w that correspond to the exper-
imentally measured values of the transmission of the
specimen in the applied electric field £. Results of this
comparison are presented in Fig. 5 and in the table.
The table also shows experimental values of the mod-
ulation depth in the forward-transmitted light

AT =T/(E =0)—-T/(E # 0), where E is the con-
trolling field strength. The discrepancy between the
theoretical and experimental data on the transmission
upon retrieval of w did not exceed 1.6%.

Figure 6 shows textures of the LC droplet for the
retrieved values of the transmission coefficient of the
OPTICS AND SPECTROSCOPY  Vol. 120
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layer. The first texture, which has the shape of a Mal-
tese cross, corresponds to completely homogeneous
normal boundary conditions and radial configuration
of the LC droplet. The four subsequent textures were
constructed at values of w that correspond to the val-
ues of the applied voltage at which measurements of
the transmission were performed (see table). The last
of the presented textures is realized at tangential sur-
face anchoring.

From the data presented in Figs. 5 and 6 and in the
table, we can conclude that the structure of LC drop-
lets in the controlling field does not change from the
radial structure (for which w = 100%) to the bipolar
one (for which w = 0%). As follows from the compar-
ison of the theoretical and experimental data, the min-
imal value of w is 30%. This is likely to be determined
by the energetically favorable balance between the
elastic and dielectric components of the volume
energy at the used concentration of the surfactant in
the specimen under investigation in the considered
range of variation of the controlling field.

As follows from Fig. 4, for the considered modifica-
tion of interphase boundaries, the modulation of the
coherent transmission coefficient is caused by a
decrease in the fraction of the droplet surface with nor-
mal surface anchoring and by an increase in the fraction
of the surface with tangential surface anchoring.

CONCLUSIONS

We developed an optical model for the description
of the coherent transmission coefficient of a layer of
anisotropic droplets in an isotropic matrix. It is based
on the extension of the Foldy—Twersky and the anom-
alous diffraction approximations to the vector case for
a layer of LC droplets with an arbitrary internal struc-
ture.

The model allows one to analyze the coherent
transmission coefficients of a PDLC layer upon its
normal illumination of linearly polarized and unpo-
larized radiation in relation to the size of LC droplets,
their anisometry, the concentration, the layer thick-
ness, the refractive index of the LC, and the internal
structure of droplets. In order to find the internal
structure of LC droplets, we used the relaxation
method of solving the problem of minimization of the
free energy volume density in the single-constant
approximation. We compared theoretical and experi-
mental data for a PDLC layer of polydisperse ellipsoi-
dal droplets of a nematic LC with inhomogeneous
interphase surface anchoring. The developed optical
model makes it possible to solve problems of optimiza-
tion of the electrooptical response of such films. We
proposed a technique for determination of the size of
LC droplets using data on the dependence of the
transmission coefficient on the applied voltage.
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