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The Optical Response of Polymer Dispersed 
Liquid Crystals 
J. R. KELLY and P. PALFFY-MUHORAY 
Liquid Crystal Institute and Department of Physics, Kent State University, Kent, OH 44242, USA 

A simple model is proposed to describe the electrooptic response of polymer dispersed liquid crystals. 
A hierarchy of order parameters is introduced to describe orientational order on different length scales. 
External fields reorient the liquid crystal in the inclusions, and thus alter the orientational order. The 
resulting changes in the dielectric and optical properties of the sample are taken into account via changes 
in the order parameters. The transmittance of PDLC films is considered as a function of static and time 
dependent magnetic and electric fields. 

INTRODUCTION 

Polymer dispered liquid crystals are inhomogenous materials, consisting of a low 
molecular weight liquid crystal dispersed in a polymer.1~2 These materials may be 
formed by the phase separation of an initially homogeneus liquid crystal-polymer 
mi~ture,3.~ or by encapsulation of the liquid crystal by the p ~ l y m e r . ~  A wide variety 
of structures are possible, depending on the material properties of the polymer and 
the liquid crystal and on their concentration. Since the orientation of the liquid 
crystal in these structures may be altered by modest fields, they are promising 
materials for display applications. Polymer dispersed liquid crystal (PDLC) films, 
consisting of micron sized droplets of a nematic liquid crystal dispersed in a polymer 
binder, are of particular current interest for projection television, direct view display 
and switchable windows applications. 

Understanding the optical response of these materials is important from both 
fundamental and applied points of view, and considerable work has been carried 
out in both measuring and understanding the optical response to electric,6-lo magnetic" 
and ~pticall*-'~ fields. The structural complexity poses a considerable obstacle to 
modelling; PDLC films consist of more or less randomly distributed irregular cav- 
ities containing the liquid crystal. The heart of the problem is determining the field 
and liquid crystal configuration everywhere in the film. This is a non-trivial task 
for liquid crystals even in the simplest geometries, and an exact solution for PDLC 
films appears prohibitively difficult. In this paper we develop a simple but ap- 
proximate approach to describe the optical response of PDLC films, based on the 
assumption that while the applied field reorients the liquid crystal in the inclusions, 
it does not otherwise significantly change its internal configuration. 
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12 J .  R. KELLY AND P. PALFFY-MUHORAY 

In this model, we introduce a hierarchy of order parameters,16 and express the 
optical response in terms of these. Some of the basic elements of the model have 
been developed previously. The minimization of the free energy of a single ellip- 
soidal droplet was carried out by Wu el al. using a somewhat less general approach 
than is presented here, although the result is essentially the same. The notion of 
a droplet director was qualitatively presented by Zumer and Doane.” The result 
for the sample order parameter in the presence of a static magnetic field has 
appeared before without the details of the derivati0n.l’ 

The utility of the model lies in its ability to describe physical phenomena of 
interest. Following the development of the sample response, the model is applied 
to the optical response of PDLC films. 

Order Parameters 

The anisotropic bulk properties of nematics originate in the orientational order of 
the molecules. The bulk properties of PDLC material can be related to this ori- 
entational order via a hierarchy of order parameters. 

If the molecules of the liquid crystal are assumed to possess cylindrical symmetry, 
where i is a unit vector along the symmetry axis of a molecule, and xII and xI are 
the molecular diamagnetic susceptibilities parallel and perpendicular to i ,  then the 
bulk diamagnetic susceptibility can be written, in a uniform homogeneous bulk 
phase, as 

) (; (3l,l, - S,,) 
2 ( x l l  - (XI, - 2x1) 

x,p = P Sap + P 3 

where p is the number density and the brackets ( ) denote the ensemble average. 
A suitable order parameter to describe nematic order is of symmetric molecules is 
therefore 

The symmetric traceless tensor Q,, may be diagonalized; if its eigenvectors are i ,  
rh and 8, it can be written in terms of the components of these as 

If the phase is uniaxial, the eigenvalues associated with i and rh are identical. In 
this case, ((i.i)z) = ((m-i)’), and 

Q,p = S4(3n,np - a,,) (4) 

where 13 is the nematic director and S = (4(3(f1.i)~ - 1)) is the scalar order 
parameter. The physical significance of the director ii is that it is parallel to the direction 
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OPTICAL RESPONSE OF PDLC 13 

of average orientation of the symmetry axes of the molecules, while S gives a 
measure of the degree of orientational order. 

In PDLC samples, although some of the liquid crystal is dissolved in the polymer 
binder, most of it is contained in micron sized cavities which are distributed through- 
out the sample volume. In general, both the order parameter S and the director 
B may vary as a function of position in the nematic liquid crystal contained in the 
inclusions. We assume that the length scale of spatial variations of the director is 
much greater than a molecular length, and therefore both S(r) and n(r) can be 
unambiguously determined at each point in the liquid crystal containing inclusions. 

Magnetic Field Induced Order 

nematic liquid crystal and a magnetic field H to the free energy density is 
Field energy and order parameters. The contribution of the interaction of a 

where A x  = p(xII - xl )  and we have omitted in the last term the isotropic part of 
the susceptibility. Explicitly, in terms of the angle between the director and the 
applied field, the energy density becomes 

where P&) is the second Legendre polynomial, and H is a unit vector along H. 
Although most nematic liquid crystals are diamagnetic with x,, < 0, Ax is positive 
and these materials prefer to align with the director i'i parallel to the applied field 
H. The average magnetic free energy density of the liquid crystal droplet in a 
uniform applied field H is 

where the integration is over the droplet volume Vd. In analogy with the order 
parameter for uniform bulk nematics, (cf. Equation 5 )  it is useful to define an 
order parameter tensor for the droplet as 

r) d3r = - S - (3n,(r)np(r) - Sap)  d3r (8) 'I 1 
QdQ, = V ,  IVd Q d  v d  v d  2 

The droplet order parameter Q,, is the volume average of Q,, over the droplet; 
it is also symmetric and traceless and may be diagonalized. If QdQp is uniaxial, that 
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14 J .  R. KELLY AND P. PALFFY-MUHORAY 

is, if two of its eigenvalues are identical, then, as before, it may be written in terms 
of the eigenvector N, associated with the unique eigenvalue to give 

This defines N,, the droplet director. The associated eigenvalue is A, = (S4(3(N,  
*fi(r))2- l)),, and the brackets ( ), now denote the volume average. 

In the theory of Oseen and Frank,18 which is valid in the limit of long wavelength 
distortions of the director field ii(r), the orientational order parameter S is assumed 
to be constant. For simplicity, we also assume that (with the exception of point 
and the line defects and in regions very near the surface) S is constant in the 
droplets. In this case, the eigenvalue A, can be written as A, = SSd where 
S, = (4(3(N,*d(r))* - l)), is the scalar droplet order parameter. The physical 
significance of the droplet director N, is that it is parallel to the direction of average 
orientation of the nematic director A, while the droplet order parameter Sd gives 
a measure of the degree of orientational order of the nematic director n in the 
volume V,. The degree of orientational order of the liquid crystal molecules in the 
droplet is 4(3(N,*1)2 - l), = SS,. Droplet order parameters have been calculated 
for a variety of director configurations.'J9 Examples are shown in Figure l(a). 

The free energy per volume of a single uniaxial nematic droplet with constant 

s,= 0 S,=l 

FIGURE 1 Examples of droplet (a) and film (b) order parameters. 
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OPTICAL RESPONSE OF PDLC 15 

order parameter S and arbitrary director configuration n(r) a uniform magnetic 
field H can therefore be written as 

Since Ax > 0, the liquid crystal prefers to align with the droplet director N, parallel 
to the applied field H. 

We next consider the elastic energy associated with 
distortions of the director field fi(r). The Frank free energy density for an arbitrary 
director field, neglecting surface terms, is given by 

Effects of cavity shape. 

3",, = 4K,(V.A)2 + 4K,(ii.V x n), + 4K3(n x V x n)' (11) 

where K , ,  K2  and K3 are elastic constants associated with splay, twist and bend. 
In the one constant approximation, where K ,  = K2 = K 3  = K ,  the free energy 
density becomes 

where R, = IV.iil-' and R, = IV X nl-' are the radii of curvature of the director 
field associated with divergence and curl of n. In principle, in the absence of external 
fields, the director configuration of the nematic liquid crystal in the inclusion can 
be determined by minimizing 9,, subject to boundary conditions at the sur- 
face.20-22 In practice, such a calculation is difficult, and we turn therefore to an 
approximate analytic description. 

For simplicity, we assume that the shape of the cavity containing the liquid crystal 
is an ellipsoid. In terms of a vector r = rf from its center to a point on its surface, 
its equation is R 2  = r,r,A,p where nap is the characteristic tensor of the cavity 
shape. For a prolate ellipsoid of revolution, A,, = ( S a p  - $ E ~ ~ ( ~ L , L ,  - ti,,)) 
where E is the eccentricity, and i is a unit vector along the symmetry axis of the 
ellipsoid. We expect the elastic free energy per volume to have the form 

Amp + . . . 

where R;2 = + R;2)d is mean squared curvature of the director field in 
the cavity, and ai is a constant of the order of unity. The first term on the right 
hand side of Equation (13) is the elastic energy of the liquid crystal in a spherical 
inclusion; it is independent of the orientation of the droplet director. The second 
term is the contribution due to the non-spherical shape of the cavity. Higher order 
terms in the expansion correspond to higher moments of the cavity shape. Ignoring 
the orientation independent first term and letting a,/Rf. = 1/R& the elastic free 
energy density can be written as 
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16 J .  R.  KELLY AND P. PALFFY-MUHORAY 

Detailed calculations for certain director configurations confirm this result .23 Thus, 
to lowest order, the effect of the cavity shape on the droplet order parameter is 
the same as that of an external field, and, for a prolate ellipsoid, the droplet 
direction N d  prefers to align parallel to the cavity axis i. In addition, we expect 
that other mechanisms, such as surface interactions, which may significantly con- 
tribute to the free energy and help determine the ground state configuration, will, 
for reasons of symmetry, give rise to terms of the form of Equation (14). 

The free energy per volume of 
a single droplet in an external field H is then given by 

Orientation of droplet directors in the sample. 

1 
$ =  - - - E  2SS,P2(i.N,) - - poAxH2SS,P2(H.N,). 

3 R:ff 3 

If we further assume that S d  is a constant (independent of orientation and of the 
fields), then the free energy density of a single droplet can be written, to within 
an additive constant, in units of K E ~ S S , / ~ R : ~ ~ ,  as 

9 = -P2(L*N,J - h2P2(H*Nd) (16) 

where h = (HRefr/E)d= is the dimensionless applied field. The dimensionless 
magnetic field hH and the cavity symmetry axis i both act as fields, which, in 
general, compete to align the droplet director. Minimizing 9 with respect to N, in 
Equation (16) gives N d ‘ ( H  x i) = 0, and 

1 3 h 2  - 1 + 2(H*i )2  
P2(H*Nd) = 4 + - 

4 d ( h 2  - 1)’ + 4h2(H*L)2  

If h = 0, then P2(H.N,) = P2(H-L); that is, the droplet director N, is parallel to 
the cavity symmetry axis L. In the limit as h + m, P2(H*Nd) +- 1 ;  that is, the 
droplet director aligns parallel to the magnetic field. Equation (17) thus allows the 
calculation of the direction of the droplet director if h ,  H and L are known. 

The sample order parameter may now be defined as S, = (P2(H*Nd)), where 
the average is over all droplets in the sample. S, gives a measure of the alignment 
of the droplet directors in the sample; the degree of alignment of the liquid crystal 
molecules in the entire sample with the field is (3(H.i)’ - l ) ,  = s s d s , .  Examples 
of the sample order parameter are shown in Figure l(b). We assume that the 
orientational distribution of the symmetry axes L of the droplets is uniform; then 

where d f l L  is an element of solid angle associated with the orientation of L. The 
integration gives 

1 3(h2 + 1 )  3(3h2 + l ) ( h 2  - 1 )  
4 32h 

+ 
16h2 

s , = - +  (19)  
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OPTICAL RESPONSE OF PDLC 17 

The expression for the field dependence of the sample order parameter is our 
central result. The optical and dielectric response of the sample,can be expressed 
in terms of this and as well as other order parameters. 

The sample order parameter S, is shown in Figure 2 as function of the dimen- 
sionless field h. Higher moments of the director distribution can be evaluated in 
the same way. In particular, the sample average of P4 is 

7 5  35 
12 12 32h 

P& = - + -s, - - 

2 (h2  - 1) (h2 + 1)'(h2 - 1) 2h - 
' ( 3  + 4h2 8h3 

Electric Field Induced Order 

In the case of an applied electric field E, the free energy of each droplet cannot 
be considered independently because of droplet interactions via strong depolarizing 
fields. The electric field contribution to the free energy for the sample is 

E * D  dV. 

Exact evaluation of Equation (21) for a PDLC sample is prohibitively difficult. 
Instead, we use an effective medium approximation which has proven useful for 
describing the dielectric constant of these We imagine the real sample 
to be replaced by a homogeneous sample with the same dielectric characteristics. 

Film Order Parameters vs. Reduced Field 

1 

0.0 

b 
E 0.6 
c 
Q 

c 
Fi 

0 

a 0.4 

0.2 

n 
I 

a 0.5 1 1.5 2 

Reduced Field 

FIGURE 2 The sample order parameters S, and Pa,, as a function of reduced field. 
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18 J .  R. KELLY AND P. PALFFY-MUHORAY 

A self-consistent calculation of the dielectric constant of the effective medium, E,, 

gives 

Here vlc is the volume fraction of liquid crystal in the sample; E~ is the dielectric 
constant of the polymer and qc is the dielectric constant of the liquid crystal, 
averaged over the sample, in response to the applied field 8. That is, 

The sum is over the N droplets in the sample. glC is the dielectric tensor of the 
liquid crystal; E~ is the perpendicular dielectric constant of the liquid crystal and 
AE is its dielectric anisotropy. If we again assume identical inclusions, with ellip- 
soidal shape and constant droplet order parameter, then 

qC = E~ + f(1 + 2SdS,)Ae (24) 

In terms of E,, the free energy density due to the field is 

The evaluation of the sample order parameter is similar to the magnetic field case. 
The total free energy is minimized with respect to each droplet director A d ;  then 
the sample order parameter is calculated by averaging over all cavity orientations. 
The result for S, is identical in form to the magnetic field case (Equation 19), 
however, the dimensionless magnetic field h is replaced by a dimensionless electric 
field e: 

where 

3 E P  

g (Ss )  = Elc + 2Ep - V I C ( E / ,  - E p ) '  

The order parameter S, is thus given implicity by Equation (19) in this case because 
of the dependence of e on S, through qc (cf. Equation 24). g(SJ is a dimensionless 
factor which describes the extent to which the applied field is shielded by depo- 
larization charge built up at the droplet-polymer interface. If the dielectric constants 
are equal, E~~ = E ~ ,  then g = 1. If g is only weakly dependent on S,, then the 
dependence of the sample order parameter on the applied field is essentially the 
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OPTICAL RESPONSE OF PDLC 19 

same for both electric and magnetic fields. In general, however, this is not the 
case. As an example, using typical values ( E ~  = hO, E~ = 6 ~ ~ ,  AE = 1 2 ~ ~ ,  and vlc 
= 0.4) for a PMMNE7 sample, we find g(0) = 0.83 and g(1) = 0.65. Thus there 
is more shielding of the applied field when the droplets are oriented by the field. 
This “negative feedback” results in a broader turn on region for the sample. 

ORDER PARAMETER DYNAMICS 

The dynamic response of system to time varying fields can be obtained by consid- 
ering the torques acting on the liquid crystal in the droplets. Since the free energy 
can be expressed in terms of the orientation of the droplet director N d ,  (Equation 
18), the dynamical equation for A d  is obtained by assuming that elastic and field 
induced torques are balanced by a viscous damping torque.6 Then 

where 0 is angle between the droplet director and the applied field, and r is a 
viscosity coefficient. Detailed analysis of the damping mechanism during reorien- 
tation has not been carried out; it is expected to originate from reorientation of 
the nematic director ii as the droplet configuration rotates. Elastic deformations 
in bipolar droplets are primarily bend and splay, and we assume that r is an average 
of the associated viscosity coefficients. Explicitly, the equation of motion is 

TO = -$[sin@(@ - y)) + f 2  sin(2o)l (29) 

where y is the angle between the applied field E and the symmetry axis f, of the 
cavity. Since the electric and magnetic field are formally equivalent, f = h or e 
designates the reduced field, and 

is the characteristic time for the droplet. 
The dynamic response can be determined by solving the equation of motion, 

Equation (29), with appropriate initial conditions, then the sample order parameter 
can be evaluated. Analytical results have been obtained for a number of special 
cases. 

If the applied field varies slowly compared to T, that is, if ~ [ a  In f(t)lat] << 1, 
the viscous torque can be neglected. The response is then quasistatic, and the order 
parameters are the same as for the static case but with constant field replaced by 
the time dependent f ( t ) .  

The situation where a constant field fO is suddenly applied or removed is of 
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20 J .  R. KELLY A N D  P. PALFFY-MUHORAY 

considerable practical importance. It is convenient to write Equation (29) in this 
case as 

1 sin(2y) 
27 sin(2a) 

6 =-.- sin 2(0 - a) 

where 

Integration of Equation (31), with initial condition 0 = Oo at t = 0, gives 

The time dependence of the order parameter, S,(t),  can be obtained by noting that 

(1 - w tan 
cos20 = 

(1 + w2)(1 + tan2a)' (34) 

where 

w = tan(@ - a). (35) 

Then, from Equation (18), 

(1 - w tan a)2 
Ss(t) = -- + - d% 2  IT nL (1 + wz) ( l  + tan2a) 

and similarly 

1' d a L .  (37) 
(1 - w tan a)2 351 [ 7 5  

(P4(f)), = -- - - Ss(t) + - 
8 2  321~ n, (1 + w2)(1 + tan2a) 

For an arbitrary applied field fo and initial distribution of droplet directors, Equa- 
tions (36) and (37) must be evaluated numerically. A special case of considerable 
importance is the case where initially Ss = 1, due to a large applied field fo which 
is removed at t = 0. The optical transmittance of a PDLC sample in this case will 
decrease with time as the directors relax to the zero field equilibrium states. This 
decay in transmittance is an important material property for light shuttering ap- 
plications. Settingf, = 0 and 0, = 0 gives a = y, and 

w = - t a n ( ~ ) e - " ~ .  (38) 
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OPTICAL RESPONSE OF PDLC 21 

Equations (36) and (37) can be integrated to give 

m 
&(t)  = 1 - 3R2 3R tan-' ( ) I .  (39)  

and 

7 35R 1421R2 35 
48 3 

- + - + -  + - R 3  
7 5  
8 2  

(P4(t))s = -- - - &(t)  + 

V-i -TF  ( R ) I 3  (40) 7 R 4  35(8R + l ) R  
3 1 6 d m  

+ - +  

where 

(41) R = -117 

This decrease of order with time is shown in Figure 3 .  Unlike the response of 
a single droplet, the decay is not simply exponential, except at very late times 

For a periodic applied fieldf(t) = fo sin(wt), the droplet directors oscillate about 
(t >> 7). 

some average direction Oo, and we write 

0(t) = 0, + A(t).  (42) 

The equation of motion, Equation (29) gives, to lowest order in A, 

1 

0.0 

3 0.6 ' 0.4 

a 
0.2 3 e 

0 0  

-0.2 

5 

0 1 2 3 4 5 

f/r 
FIGURE 3 Decay of the film order parameters S, and P,, with time after removal of a strong applied 
field. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
32

 1
8 

Fe
br

ua
ry

 2
01

3 



22 J. R. KELLY AND P. PALFFY-MUHORAY 

Taking the time average of both sides gives 

(44) sin(2(B0 - y)) + (f2)sin(20,) = 0 

and the average angle 0, of the droplet director is the same as the equilibrium 
response to the root mean square value of the applied field. Equations (43) and 
(44) give 

(45) 
-1 
407 

A(?) = - sin(2(0, - y))sin(2wt) 

As expected, the response is at 20, and the oscillations are small when 07 >> 1. 
At high frequencies therefore the order parameters are given by their equilibrium 
expressions with the static field replaced by its root mean square value. 

APPLICATION OF THE MODEL: LIGHT TRANSMISSION IN PDLC SAMPLES 

The optical and dielectric properties of PDLC materials are related to the sample 
order parameters. An expression for the dielectric constant has already been given 
in Equations (22) and (24). Next, we consider the optical transmittance of PDLC 
materials in some detail. 

The intensity of light traversing a PDLC film is attenuated as light is scattered 
out of the beam by the liquid crystal droplets. Ignoring multiple scattering effects, 
the intensity Z(z) of the beam after transversing a distance z in the sample is 

where pd is the number density of droplets and uf is the average droplet scattering 
cross-section, averaged over the sample. 

We are interested in the transmittance of PDLC films as a function of a field 
applied normal to the film. If a plane-polarized beam of monochromatic light of 
wavelength A is incident normal to the film plane, its electric field is 

Each droplet director makes an angle 0 with respect to the applied field. The total 
cross-section for a given droplet will depend on the relative orientations of the 
three vectors k, E,, and A d .  Since the projection of the droplet directors onto the 
plane normal to k is random, the droplet cross-section can only be a function of 
the angle Nd-k = cos 0. Expanding in Legendre polynomials, 

(. . . ) E  indicates that the dependence on the orientation of the electric vector has 
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OPTICAL RESPONSE OF PDLC 23 

been averaged out. Only even order terms are admissible since there is no physical 
difference between N, and - N,. The detailed information about the droplet cross- 
section-its dependence on shape, size, wavelength and director configuration- 
is contained in the expansion coefficients. Averaging over all droplets, 

The quantities in brackets are just the sample order parameters. Although all even 
terms in the expansion are required to specify us exactly, we show below that the 
first few terms give an adequate description of the transmitted light intensity in 
some typical situations. 

Z ~ m e r , ~  and Zumer and Doane” have looked in detail at the scattering of light 
from a single spherical liquid crystal droplet. The droplet is presumed to be embed- 
ded in an isotropic matrix with a comparable refractive index. We now combine 
their results with our order parameter formalism. 

Rayleigh-Gans Scattering 

We first consider small droplets, where the droplet diameter d is much smaller 
than the wavelength of light A. Here the Rayleigh-Gans approximation26 (RGA) 
is valid. A good description of the scattering can be provided in terms of the droplet 
order parameter in the regime where kd << 1 and k = 2 d A .  

In general, the differential scattering cross-section, daldfi, can be expressed in 
terms of the scattering amplitude f(k, k’) and the incident field E, by 

da 
- = If(k, k’)12/IEo12, dfi 

where k and k’ are the incident and scattered wavevectors, respectively. In the 
RGA, the scattering amplitude is given by 

1 
4n  

f(k, k’) = - V,k2(P - i’[i’.P]). 

where V, is the volume of the droplet, i’ = k’/k, and 

where (. . .), denotes a volume average over the droplet, ks = k’  - k is the 
scattering vector, and the relative dielectric tensor is defined in its local principal 
axis frame by 
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24 J .  R. KELLY AND P. PALFFY-MUHORAY 

E~ is the dielectric constant of the (polymer) matrix, and E~~ is the dielectric constant 
for fields parallel to the local director fi(r). 

If kd << 1, eiks.r 2: 1, and Equations (52) gives 

In this approxiniation, the droplet is a radiating dipole whose polarizability is the 
volume averaged polarizability of the droplet. Following the notation of Zumer 
and Doane,17 we separate the dielectric tensor into an isotropic and an anisotropic 
part: 

where 

and 

- Q is the local order parameter tensor. It follows at once that 

where Q, is the droplet order parameter tensor. We note that if we make the 
formal replacement q + S&, subsequent development is the same as that of Zumer 
and Doane17 for a uniform director configuration (S, = 1) in the limit of kd << 
1. In particular, the total scattering cross-section is found to be 

uw d = (TO-' (kd)4 [(( - qSJ2 + 3qS,(2( + qS,)cos2ao sin2@]. (59) 108 

Here uo = 7rd2/4 is an effective geometrical cross-section for the droplet, and a. 
is the angle between the incident electric field and the plane defined by N, and k. 
The scattering cross-section of the droplet shows the l/X4 dependence characteristic 
of Rayleigh scattering. We have carried out detailed comparisons of Equation (59) 
with the numerical results for a variety of director  configuration^'^; the agreement 
is within 1% for kd < 0.3 and within 10% for kd < 1.0. Averaging over all 
orientations of the incident electric field as before, (cos2ao) = 4, and 
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OPTICAL RESPONSE OF PDLC 25 

Finally, to obtain the average sample cross-section, we average overall droplet 
director orientations in the film. This gives 

Equation (61) gives the average scattering cross section for droplets in the sample 
in terms of the droplet and sample order parameters; it is expected to hold when 
the RGA is valid. When Sd = 1, the second term in the brackets vanishes. In this 
case, the cross-section vanishes when 

This is the index matching criterion for samples with small droplets. 

Anomalous Diffraction Regime 

For droplets larger than a few tenths of a micron, the anomalous diffraction ap- 
proach (ADA) gives a better description of the scattering than the Rayleigh-Gans; 
however, analytical results are then restricted to the case of a uniform director 
configuration. We expect that, for the purposes of calculating the scattering cross- 
section for bipolar droplets, the uniform director configuration is an acceptable 
approximation. We also restrict the analysis to the case where kd < 10; in this 
regime, it is possible to obtain detailed analytical results. For optical wavelengths, 
this restricts the droplet size to d C 1 micron. The total droplet cross-section for 
a sphere with a uniform configuration in the ADA is,25 for small kd, 

u o d 0  = 1 - u o . ( k d ) 2 . [ c o s 2 u o . [ ~  n e ( @ )  - 1 1 2  + sin2ao*[; - I]’]. (63) 
d 2  

Here no and n, are the ordinary and extraordinary indices of the liquid crystal 
and np is the index of the polymer matrix. 0, uo, and a0 have been defined earlier; 
and 

- 1/2 
cos20 sin2@ 

Expanding n , ( 0 )  in terms of An = no gives, to lowest order, 

n,(@) -- no + An.sin20. (65) 

Averaging u$du over field and droplet director orientations as before obtains the 
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26 J .  R. KELLY AND P. PALFN-MUHORAY 

average scattering cross section of the droplets in the sample in terms of the sample 
order parameter S, and (P4),, 

1 4 
(1 + S,) + l05.(7 - lOS, + 3*(P4),) . (66) 

2 s  -[ (:)* - 3.G' 

Here 6 = np - no is a measure of the mismatch between the index of the polymer 
and the ordinary index of the liquid crystal. When 6 = 0, a,"da is a monotonically 
decreasing function of S, and vanishes when the droplets are parallel to the applied 
field. If 6 < 0, afda is again monotonically increasing but does not vanish when S, 
= 0. If 6 > 0, then a,"da vanishes at S, < 1 and is nonzero when the droplets are 
completely aligned. The three situations are shown in Figure 4 for typical sample 
parameters. This behavior has been observed in certain PDLC films.27 In contrast, 
we note that a:@ increases monotonically in all cases; the transmission does not 
show similar peaking for non-index-matched films containing small droplets. 

Equation (66) indicates a quadratic wavenumber dependence for the dispersion 
in the ADA. In fact, deviations from this quadratic dependence in the detailed 
numerical results25 at higher values of kd can be used to establish an upper limit 
for the validity of Equation (66). This gives kd = 10 as a cutoff. 

Next, we calculate the transmittance in the AD regime of a PDLC film composed 
of E7 and the thermoplastic polymer polymethylmethacrylate (PMMA) as a func- 
tion of applied voltage. Experimental results together with predictions of the model 
are shown in Figure 5. Index matching was assumed in the calculation, and the 

1 

0.8 

0.6 
0 - : 

0.4 

0.2 

0 
0 0.5 1 1.5 2 2.5 3 

8 

FIGURE 4 Calculated sample transmittance versus field for different mismatch between the polymer 
refractive index n,, and the ordinary index of the liquid crystal, no. 
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OPTICAL RESPONSE OF PDLC 27 

Sample thickness = lop 

0.0 I I I t 
0.0 20.0 40.0 60.0 80.0 

Voltage (volts) 

FIGURE 5 
voltage in the anomalous diffraction regime. 

Optical transmittance of a 10-pm thick PMMAIE7 PDLC film as function of applied 

0 
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0.8 

0.6 

0.4 

0.2 

0 
0 1 2 3 4 5 

f/r 
FIGURE 6 Calculated decay of sample transmittance as function of time with time, for two different 
film thicknesses using the same material characteristics as in Figure 5. 

zero-field value of the exponent p&,z in Equation (46) was chosen to match the 
zero-field transmittance from the data. The shape of the curve was then completely 
determined. The model curve was scaled to achieve a match of the two curves at 
50% transmittance. This scaling was necessary because the parameters of the re- 
duced field, particularly the droplet eccentricity, are not sufficiently well known. 

The time dependence of the transmittance can be obtained by using the time 
dependent expressions for the sample order parameter in the expressions for the 
scattering cross section. The calculated decay of the transmittance for the P M M N  
E7 sample is shown in Figure 6 for two different film thicknesses. It is interesting 
to note that the turn-off time is nearly 50% greater for the thinner film. 
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28 J. R. KELLY AND P. PALFFY-MUHORAY 

CONCLUSIONS 

Polymer dispersed liquid crystals are complex materials with aspects which are 
incompletely understood. Rather than attempting a detailed description, we have 
proposed a simple approximate model which provides a framework for the inter- 
pretation and prediction of the optical behavior. The model relates the optical and 
dielectric response of these materials to external fields via their effect on a hierarchy 
of order parameters. This approach may be useful in describing other complex 
materials. 

Results for the average droplet scattering cross-sections in terms of the order 
parameters give a good description of the transmittance of a function of applied 
field. a;@ and a;du, given by Equations (61) and (66), are sufficient to describe 
the scattering from nematic droplets over the range 0 < kd < 20. The crossover 
occurs in the region near kd = 2. Terms up to P4 in the expansion for the cross- 
section are sufficient to model the response in this range. In other cases, we 
anticipate that it may be necessary to include terms of higher order, or  to make 
use of the distribution function directly. 

The assumption that the droplet directors are randomly distributed is realistic 
for PDLC materials formed by phase separation techniques. However, films formed 
by encapsulation methods (NCAP) typically have their major axes distributed near 
the film phane. In this case, it is possible to formulate a response model based on 
the distribution of critical switching fields for droplets of different sizes.9 

The model has been used to interpret dielectric studies and the wavelength 
dependence of light transmission in PDLC films.28 The model can also be easily 
extended to include non-uniform droplet size distributions"; multiple scattering 
has also been c o n ~ i d e r e d . ~ ~  Studies to compare predictions of the model with the 
measured response in other PDLC materials are under way. These results will 
appear elsewhere. 

Acknowledgment 

This work has been supported by the NSF under ALCOM grant DMR89-20147. One of us (J.R.K.) 
acknowledges support from the NSF under grant ECS-9020420. 

References 

1 .  G. P. Crawford and J. W. Doane, Condensed Matter News, 1, 5 (1992). 
2. J. W. Doane, MRS Bulletin, XVI, 22 (1991). 
3. J. L. West, Mol. Cryst. Liq. Cryst., 157, 427 (1988). 
4. N. A. Vaz, G. W. Smith and G. P. Montgomery, Jr., Mol. Crysr. Li9. Cryst., 146, 1 (1987). 
5. P. S. Drzaic, J .  Appl. Phys., 60, 2142 (1986). 
6. B-G. Wu, J. Erdmann and J. W. Doane, Liq. Cryst., 5, 1453 (1989). 
7. P. Palffy-Muhoray, SPZE Proc., 1080, 32 (1989). 
8. J. D. Margerum, A .  Lackner, J. Erdmann and E. Sherman, SPZE Proc., 1455, 27 (1991). 
9. P. S. Drzaic, SPZE Proc., 1080, 11 (1989). 

10. F. Bade,  F. Bloisi, L. Vicari and F. Simoni, Book of Abstracts, 14ILCC. J-M, 776 (1992). 
11. Z. Li, J. R. Kelly, P. Palffy-Muhoray and C. Rosenblatt, Appl. Phys. Lett., 60, 3132 (1992). 
12. P. Palffy-Muhoray, Michael A .  Lee and J. L. West, Mol. Crysr. Liq. Cryst., 179, 445 (1989). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
32

 1
8 

Fe
br

ua
ry

 2
01

3 



OPTICAL RESPONSE O F  PDLC 29 

13. P. Palffy-Muhoray, B. Frisken, J. Kelly and H. J. Yuan, SPIE Proc., 1105, 33 (1988). 
14. R. L. Sutherland, SPIE Proc., 1080, 83 (1989). 
15. F. Simoni, G. Cipparrone, C. Umeton, G. Arabia and G. Chidichimo, App. Phys. Lett., 54, 896 

16. J. R. Kelly and P. Palffy-Muhoray, ALCOM Symposium Series 1, 1 (1991). 
17. S. Zumer and J. W. Doane, Phys. Rev. A, 34, 3373 (1986). 
18. F. C. Frank, Disc. Faraday SOC., 25, 19 (1958). 
19. D. Allender (private communication). 
20. E. Dubois-Violette and 0. Parodi, J. Phys. Paris, C4, 57 (1969). 
21. S. Kralj, S. Zumer and D. Allender, Phys. Rev. A.,  43, 2943 (1991). 
22. A. Golemme, S. Zumer and J. W. Doane, Phys. Rev. A, 37, 559 (1988). 
23. P. Palffy-Muhoray and J. R. Kelly (unpublished). 
24. J. R. Kelly and D. Seekola, SPIE Proc., 1257, 17 (1990). 
25. S. Zumer, Phys. Rev. A, 37, 4006 (1988). 
26. H. C. van de Hulst, Light Scattering by  Small Particles (Dover, New York. 
27. B.-G. Wu, J. L. West and J.  W. Doane, J. Appl. Phys., 62, 3925 (1987). 
28. J. R. Kelly, Wei Wu and P. Palffy-Muhoray, Mol. Crysr. Liq. Crysr., 223, 251 (1991). 
29. J. R. Kelly and Wei Wu, to appear in Liq. Crysr. (Proceedings of the 14th International Liquid 

(1989). 

Crystal Conference). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
32

 1
8 

Fe
br

ua
ry

 2
01

3 


