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Local field effects and the field-dependent dielectric response of polymer dispersed liquid crysta

Ohad Levy*
Courant Institute of Mathematical Sciences, New York University, New York, New York 10012

~Received 8 November 1999!

An anisotropic version of the Maxwell Garnett approximation is applied for studying the dielectric proper-
ties of polymer dispersed liquid crystals containing bipolar liquid crystal droplets. This approach provides an
explicit link between the droplet orientation distribution and the macroscopic response of the material. The
electrostatic energy of the droplets is balanced with a strong anchoring elastic energy term for different initial
orientation distributions. For aligned droplets we find a switching process whose sharpness depends on the
initial orientation and a concentration dependent threshold field. For a planar distribution we find sharp tran-
sitions with a hysteresis loop whose width depends on the droplet concentration. For a random distribution the
droplet reorientation is more gradual. The theory is also applied to the negligible elastic energy limit, recently
observed at temperatures near the nematic-isotropic phase transition, where the droplets consist of bipolar
nematic cores coated by isotropic liquid shells. This structural change within the droplets causes a considerable
modification of the electro-optical properties. The Maxwell Garnett approach is used to calculate the dielectric
response of this structure and reproduces all the main features of the experimental results.

PACS number~s!: 61.30.2v, 42.70.Nq, 77.84.Lf, 78.66.Sq
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I. INTRODUCTION

Polymer dispersed liquid crystals~PDLCs! are inhomoge-
neous materials in which a liquid crystal~LC! is contained
inside tiny droplets embedded in a polymer matrix. PDL
films of bipolar nematic LC droplets are of particular curre
interest for optical applications, ranging from switchab
windows to active matrix projection displays~see, for ex-
ample,@1,2#!. These applications are based on the easy
nipulation of the LC orientation inside the droplets by
externally applied electric field, thus modifying the electr
optical properties of the material. Typically, a PDLC film
sandwiched between conducting electrodes and is ele
cally driven to obtain the desired effect. Each application
its own electrical constraints on the power consumpti
driving voltage, maximum current, and frequency of ope
tion, which are determined by the dielectric properties of
film. These dielectric properties and their dependence on
ternally applied fields and the morphology of the mater
have been the subject of numerous experimental stu
~some recent examples are@3–10#!. In contrast, despite thei
inherent importance, very little theoretical work has be
done to understand these issues. Wu, Erdmann, and D
@11# studied the effect of an applied field on the direc
orientation of an isolated bipolar LC droplet. They calculat
the electrostatic torque on the droplet using a simple appr
mation for the field inside it. Balancing this torque with a
elastic torque, created by strong anchoring at the dro
walls, they obtained the field-dependent orientation of
director. This derivation leads to a relation between
switching voltage of a PDLC in which LC droplets are d
lutely dispersed and some of its microscopic paramet
Kelly and Palffy-Muhoray@12# introduced a model that re
lates the dielectric response of PDLC films to external fie
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via their effects on a hierarchy of orientation order para
eters. In this model the LC droplets are approximated
isotropic inclusions with an averaged scalar dielectric co
ficient, which depends on an internal order parameter. T
approximation is then used to calculate the bulk dielec
coefficient of the film via the classical Maxwell Garnett fo
mula @13# for a dispersion of isotropic inclusions in an iso
tropic host. Reshetnyak, Sluckin, and Cox@14# proposed an
effective medium approach to calculate the dielectric ten
of a PDLC film. They too obtained an expression for t
switching voltage of a very dilute PDLC, slightly differen
from that of@11#. In nondilute systems, they showed that th
approach can be used to numerically calculate the dielec
tensor for a few initial orientation distributions of the bipol
droplets.

In this paper we present an alternative method for cal
lating the bulk effective dielectric response of PDLC film
based on a recent extension of the Maxwell Garnett appr
mation for mixtures of anisotropic inclusions~in our case the
LC droplets! embedded in an isotropic host~the polymer!
@15#. The Maxwell Garnett~MG! approximation@13#, also
known as the Clausius-Mossotti approximation, is one of
most widely used methods for calculating the bulk dielect
properties of inhomogeneous materials@16,17#. It is particu-
larly useful when one of the components can be conside
as a host in which inclusions of the other component
embedded, as is the case in PDLCs. We obtain an expres
for the effective dielectric tensor of a PDLC that depen
explicitly on the distribution of director orientations of th
LC droplets. The field-dependent response of a PDLC film
calculated by relating this distribution to the magnitude of
externally applied low-frequency electric field. In the dilu
limit this method leads, as expected, to results identica
those of the effective medium approach of@14#. In the non-
dilute case, we show that it gives an analytic solution for t
interesting types of initial droplet orientation distribution
with switching fields that depend on the volume fraction
the LC droplets. For all other initial distributions it provide
1,
5385 ©2000 The American Physical Society
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5386 PRE 61OHAD LEVY
a simple scheme for a numerical calculation of the dielec
response. The MG approach may therefore be a useful
for the interpretation of experimental results and the pred
tion of PDLC properties under various conditions.

All the models described above assume strong planar
choring at the droplet walls. A recent experimental study
Amundson demonstrated that this assumption is justifie
relatively low temperatures, well below the nematic-isotro
transition inside the LC droplets@4#. Near the transition the
droplets undergo an internal structural change accompa
by changes in the electro-optical properties. Amunds
showed that in this temperature range~within 4 –5 °C below
the transition! the transition starts by creating a shell of is
tropic liquid near the droplet walls. In this paper we will als
apply an adaptation of the MG approach to mixtures
coated inclusions for calculating the bulk dielectric coe
cient of a PDLC near the nematic-isotropic transition, ba
on the structural information from Amundson’s experimen
The results obtained exhibit the main experimental featu
associated with the nematic-isotropic transition in PD
films and demonstrate the usefulness of the MG approach
the description of PDLC properties in this regime.

The rest of the paper is organized as follows. The M
well Garnett approximation for suspensions of anisotro
inclusions is introduced in Sec. II, and explicit results a
derived for uniaxial materials. In Sec. III, we discuss t
reorientation of bipolar LC droplets in the presence of a
plied field and its effects on the dielectric response of PD
films for a few different types of initial orientation distribu
tion. The model is extended to systems of coated inclusi
in Sec. IV, and applied to the discussion of PDLC dielect
properties near the nematic-isotropic transition. Fina
some brief conclusions are included in Sec. V.

II. DIELECTRIC RESPONSE OF MIXTURES OF
ANISOTROPIC INCLUSIONS

An exact calculation of the effective properties of an
homogeneous medium is in general an intractable probl
The literature on this subject therefore includes a wide v
ety of approximate schemes, each of which is appropriate
different types of composite microgeometries~see, for ex-
ample, the review papers@16,17#, and references therein!.
One of those, which is particularly useful for microgeom
etries in which a host material and isolated inclusions
other materials are clearly identified, is the Maxwell Garn
~MG! approximation. It involves an exact calculation of th
field induced in the uniform host by a single spherical
ellipsoidal inclusion and an approximate treatment of its d
tortion by the electrostatic interaction between the differ
inclusions. This distortion is caused by the charge dipo
and higher multipoles induced in the other inclusions. T
induced dipole moments cause the longest range distort
and their average effect is included in the MG approxim
tion, which results in a uniform field inside all the inclusion
This approach has been extensively used for studying
properties of two-component mixtures in which both the h
and the inclusions are isotropic materials with scalar die
tric coefficients. It has been shown to be exact to sec
order in the volume fraction of the inclusions and to seco
order in the dielectric contrast between the inclusions and
c
ol
-

n-
y
at
c

ed
n

f

d
.
s

or

-
c

-

s

,

.
i-
or

f
tt

r
-
t
s
e
ns
-

e
t
-
d
d
e

host@17#. In addition, it was proved that it provides an exa
solution for a geometry where the entire space is filled w
coated spheres, each with identical ratio of inner to ou
radius, such that one component is the core material~isolated
inclusions! and the other is the coating material~the host!.
The microgeometry of PDLCs is clearly of this hos
inclusions type and therefore the MG approach may be c
sidered as particularly appropriate for the calculation of
macroscopic dielectric properties. In this paper, we us
variation of the MG approach@15# that is adapted for mix-
tures where the host is an isotropic material but the inc
sions are made of an anisotropic component in which
direction of the dielectric tensor axes may vary from o
inclusion to the other. The distribution of these directio
significantly influences the bulk effective dielectric respon
of the material.

Consider a parallel plate condenser whose plates are l
enough so that edge effects can be neglected. The conde
is filled by a homogeneous host with a scalar dielectric c
stantep in which nonoverlapping spheres of an anisotrop
component with a tensor dielectric coefficientẽs are distrib-
uted randomly but uniformly. The orientation of the diele
tric tensor differs from inclusion to inclusion, such that

ẽs5RẽRT, ~1!

whereẽ is a diagonal tensor andR is the inclusion dependen
rotation. Our aim in this section is to derive an expression
the bulk effective dielectric tensor of this mixture.

First we consider a single sphereẽs immersed in the hos
ep . A voltage is applied between the condenser plates s
that the volume averaged field in the system isE0. In this
case, the electric fieldEs and the displacement fieldDs

5 ẽsEs inside the inclusion are uniform and satisfy the exa
relation

Ds12epEs53epE0 . ~2!

The induced dipole moment of the sphere is

ps5Vs

Ds2epEs

4p
5Vs

3ep

4p

ẽs2epI

ẽs12epI
E0 , ~3!

whereVs is the volume of the sphere andI is the identity
matrix. In this, and in the subsequent equations, the deno
nators should be understood as representing inverse matr
From this it follows that if the medium contains a few su
spheres, sufficiently far apart for their mutual interactions
be negligible, than the volume averaged polarization in
medium is

^P&[
1

V (
s

ps5 f
3ep

4p K ẽs2epI

ẽs12epI
L

R

E0 , ~4!

wheref is the volume fraction of the inclusions and^&R de-
notes an average over the dielectric tensor orientations in
the inclusions.

The bulk effective dielectric tensor can be defined by
ratio between the volume averaged displacement fieldD0
5^D& and the volume averaged electric fieldE05^E&. The
volume averaged displacement field is easily calculated
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D05epE014p^P&5F I 13 f K ẽs2epI

ẽs12epI
L

R
GepE0 . ~5!

The bulk effective dielectric tensor is therefore

ẽe5epI 13 f epK ẽs2epI

ẽs12epI
L

R

. ~6!

This result, ignoring the interaction between the differe
inclusions, is usually called the dilute limit and is valid
first order in the volume fraction of the inclusions.

The electrostatic interaction between the inclusions
negligible only in mixtures where the volume fraction of th
inclusions is small. In all other cases it should be taken i
account when calculating the dielectric properties of the s
tem. This is easily done in the Maxwell Garnett approxim
tion, where the average field acting on each inclusion is c
sidered to be not the applied fieldE0 but the well known
Lorentz local field@16#. Using this correction, the dipola
interaction between the inclusions is taken into account in
averaged way. A simple method to calculate this correct
usually referred to as the excluded volume approach,
proposed by Bragg and Pippard@18#. The average field act
ing on an inclusion, in a mixture that is not too dense, is
average field in the host mediumEex . The difference be-
tweenEex and E0 is due to the correlations between po
tions of different spheres that arise from the prohibition
overlap between them@18#. SubstitutingEex for E0 in Eq.
~2!, we find that the field inside the inclusion satisfies t
relation

Ds12epEs53epEex . ~7!

The averaged field over the entire system, inside and out
the inclusions, must still beE0. This leads to a simple rela
tion between the average fields in the host and in the in
sions

f ^Es&1~12 f !Eex5E0 , ~8!

where the angular brackets denote a volume average in
the inclusions. SubstitutingEs from Eq.~7! we solve forEex
and find

Eex5
E0

~12 f !13 f ep^~ ẽs12epI !21&R

. ~9!

The induced dipole moment of a single spherical inclusion

ps5
Vs

4p

ẽs2epI

ẽs12epI

3epE0

~12 f !13 f ep^~ ẽs12epI !21&R

,

~10!
t
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which, in contrast to the dilute case, depends not only on
dielectric tensor of the inclusion but on an average of
polarization field of all the other inclusions in the syste
The volume averaged polarization is

^P&5
f

4pK ẽs2epI

ẽs12epI
L

R

3epE0

~12 f !13 f ep^~ ẽs12epI !21&R

,

~11!

which leads to the bulk effective dielectric tensor

ẽe5epI 13 f epK ẽs2epI

ẽs12epI
L

R

3
1

~12 f !13 f ep^~ ẽs12epI !21&R

. ~12!

This is the Maxwell Garnett result for mixtures of anis
tropic inclusions. It depends on the type of anisotropy of
tensorẽs and on the orientation distribution function of th
rotation matricesR.

A. Mixtures of uniaxial inclusions

The nematic LC droplets in a PDLC are usually arrang
in a bipolar configuration. This configuration is insensitive
an externally applied electric field. The only effect of a
imposed field is to rotate the bipolar axis of the droplet to
new direction more closely aligned with the field@11#. It is
therefore reasonable to describe the LC droplet as a unia
dielectric material where the dielectric coefficient obtai
one value along one preferred direction and another valu
all perpendicular directions. The dielectric tensor of such
material is

ẽ5S e' 0 0

0 e' 0

0 0 e i

D ~13!

in the coordinate system defined by the dielectric axis pa
lel to the droplet director. It should be noted thate' ande i
are effective values obtained by averaging the actual LC
electric tensor over the nonuniform local director field insi
the droplet @14#. For a mixture of many such inclusions
embedded in an isotropic host, it is convenient to define
coordinate system such that the external fieldE0 is applied in
the positivez direction. In this coordinate system the diele
tric tensor of each inclusion may be written explicitly as
ẽs5RufẽRuf
T 5e'I 1aS cos2f sin2u cosf sinf sin2u cosf cosu sinu

cosf sinf sin2u sin2f sin2u sinf cosu sinu

cosf cosu sinu sinf cosu sinu cos2u
D , ~14!
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where a[e i2e' and u and f are the orientation angle
from the z axis. Substituting this in Eq.~6! we find an ex-
plicit expression for the bulk effective dielectric tensor of
dilute PDLC, depending on the distribution of the orientati
anglesu andf,
ed

e

ẽe5epI 1
3 f epÃ

~e'12ep!~e i12ep!
, ~15!

where
Ã5S d23aep^cos2u1sin2f sin2u&
3aep

2
^sin 2f sin2u&

3aep

2
^cosf sin 2u&

3aep

2
^sin 2f sin2u& d23aep^cos2u1cos2f sin2u&

3aep

2
^sinf sin 2u&

3aep

2
^cosf sin 2u&

3aep

2
^sinf sin 2u& d23aep^sin2u&

D ,

andd[(e'12ep)(e i2ep). In the MG approximation we find similarly, from Eq.~12!,

ẽe5epI 1
3 f ep Ã

~e'12ep!~e i12ep!
F12 f 1

3 f ep B̃

~e'12ep!~e i12ep!
G21

, ~16!

whereÃ is as defined above and

B̃5S e'12ep1a^cos2u1sin2f sin2u& 2
a

2
^sin 2f sin2u& 2

a

2
^cosf sin 2u&

2
a

2
^sin 2f sin2u& e'12ep1a^cos2u1cos2f sin2u& 2

a

2
^sinf sin 2u&

2
a

2
^cosf sin 2u& 2

a

2
^sinf sin 2u&

e'1e i14ep2a^cos 2u&
2

D .
nts
c-

e

be
he
The angular brackets denote averaging overu and f of all
the inclusions in the mixture. This result is greatly simplifi
in cases where the averages overu andf can be calculated
exactly. Two such examples are the following.

~1! For very large fields, the dielectric axes of all th
inclusions are aligned with the applied field (u50). The MG
effective dielectric tensor is

ẽe5S ex 0 0

0 ex 0

0 0 ez

D ~17!

where

ex5ep1
3 f ep~e'2ep!

~e'2ep!~12 f !13ep
~18!
and

ez5ep1
3 f ep~e i2ep!

~e i2ep!~12 f !13ep
. ~19!

As expected, this tensor is uniaxial and its diagonal eleme
are given by the scalar MG results for inclusions with diele
tric coefficientse' and e i , respectively. Similar results ar
obtained when all the inclusions are oriented in thex direc-
tion (u5p/2,f50), by exchanging thex-axis andz-axis
terms, or when all the inclusions are oriented in they direc-
tion (u5p/2,f5p/2) by exchanging they-axis andz-axis
terms.

~2! Uniform orientation distribution overuP@0,p# and
fP@0,2p#. It is clear that in this case the material should
isotropic, with a scalar dielectric coefficient. Carrying out t
averaging in Eq.~16! we indeed obtain
ee5ep13 f ep

~e'12ep!~e i2ep!22ep~e i2e'!

~12 f !~e'12ep!~e i12ep!1 f ep~e'12e i16ep!
. ~20!
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III. FIELD-DEPENDENT TUNING OF THE DIELECTRIC
RESPONSE

In Sec. II we presented a simple method for calculat
the dielectric behavior of PDLC films, based on the Maxw
Garnett approximation. The results obtained depend exp
itly on the orientation distribution of the droplet director
Various averages of this distribution must be evaluated
the different elements of the bulk effective dielectric tens
To determine the field-dependent distribution it is necess
to consider the two opposing torques acting on each of
LC droplets. One is the electrostatic torque that seeks
orient the droplet in the direction of the applied field. Th
torque is derived from the electrostatic energy

Eelec52
1

2
ps•E, ~21!

whereps is the dipole moment of the droplet andE is the
electric field in its vicinity. In the MG approximationps is
given by~10! andE5Eex is given by~9!. The second torque
is an elastic torque that seeks to hold the droplet in its or
nal direction. It is derived from an elastic energy of the ge
eral form @11#

Eelas52WVs~M•N!2, ~22!

where M5(cosf0sinu0,sinf0sinu0,cosu0) is the original
director vector, in the absence of the field, andN
5(cosf sinu,sinf sinu, cosu) is the director in the presenc
of an applied field. As in previous studies of this proble
@11,14#, we consider the bipolar configuration of each of t
droplets to be stable in the presence of an applied field,
the effect of the field on a droplet is to change the orientat
of the bipolar director while just slightly affecting the inte
nal arrangement of the LC molecules. This assumption
supported by most of the experimental studies mentione
the Introduction. In this approximation the droplet is a
sumed to rotate as a rigid body with an anisotropic dielec
tensor given by Eq.~14!. The prefactorW represents the
elastic distortion required to align a bipolar droplet by
electric field to preserve the tangential anchoring of the
al
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r
.
ry
e

to

i-
-
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n

is
in
-
c

-

uid crystal at the droplet interface. It depends on the drop
shape and temperature, which affect the strength of the e
tic surface anchoring@4,11#. In the following, we will as-
sume for simplicity thatW is similar for all droplets in the
system, either because the PDLC is monodispersed or
causeW depends weakly enough on droplet shape and s
In perfectly spherical droplets the various orientations of
bipolar configuration are degenerate in zero field. In this c
alignment is achieved at relatively low fields where the a
isotropic component of the electrostatic energy is larger t
the thermal rotation energy. However, in practice the dr
lets are usually slightly elongated and therefore have p
ferred orientations to which they tend to reorient when
applied field is removed. In such slightly ellipsoidal drople
the elastic energy density may be approximated as

W'
K

R2 , ~23!

whereK is the Frank elastic constant andR is the droplet
radius@4,11#.

The calculation of the effective dielectric properties m
be generally divided into two steps. In the first step, t
droplet orientation distribution function is evaluated as
function of the applied field, given the initial conditions a
propriate for the specific case of interest. In the second s
this distribution function is used to calculate the differe
elements of the dielectric tensor, under the same initial c
ditions. In this section we present three simple examples
this procedure to demonstrate the usefulness of the me
derived in Sec. II.

A. Perfectly aligned droplets

One of the simplest distribution functions is thed func-
tion. In this case all droplets are aligned in parallel in a giv
initial direction with orientation anglesu0 andf0. Such an
initial d-function distribution may be obtained by using
small orienting field or by slightly shearing the PDLC film
during its formation. In this case it is easy to derive t
u-dependent part of the electrostatic energy density fr
Eqs.~9! and ~10! ,
Eelec52
9ep

2E0
2

8p

~e i2e'!$~e'12ep!~e i12ep!2 f 2@ep
22ep~e i1e'!1e ie'#%cos 2u

@e'12ep2 f ~e'2ep!#2@e i12ep2 f ~e i2ep!#2 . ~24!
Here we took into account the fact thatf5f0, sincef does
not change when the field is applied in parallel to thez axis.
In this case we can choose, without lose of generality,f0
50. The elastic energy density is

Eelas52W cos2~u2u0!. ~25!

The orientationu obtained by a droplet depends on its initi
orientationu0 and on the applied fieldE0. It can be calcu-
lated by finding the minimum ofEtot5Eelec1Eelas. A
simple minimization overu leads to

tan 2u5
sin 2u0

cos 2u01~E0 /Ecr!
2

, ~26!

with a volume fraction dependent critical field
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Ecr
2 5

8pW@e'12ep2 f ~e'2ep!#2@e i12ep2 f ~e i2ep!#2

gep
2~e i2e'!$~e'12ep!~e i12ep!2 f 2@ep

22ep~e i1e'!1e ie'#%
. ~27!
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In dilute systems, which are simply thef 50 limit of this
case, this result reduces to

Ecr
2 5

8pW~e'12ep!~e i12ep!

gep
2~e i2e'!

. ~28!

The effect of the electrostatic interaction between the inc
sions is simply to decrease the critical field~assuming that
e i ,e'.ep) as the volume fraction of the inclusions in
creases. The switching voltage of a PDLC film can be ea
estimated using Eq.~28!. Let us consider a 100-mm PDLC
film made of a polymethylmethacrylate~PMMA! polymer
matrix and E7 LC droplets with typical radius of 1mm.
Typical values for dielectric coefficients of these materi
are ep55, e i518, ande'56. A typical value of Frank
constantK51026 dyn leads to an elastic energy dens
W5100 erg/cm3. Substituting these values in~28!, we get a
threshold voltageVth'43 V. This value is in good agree
ment with the experimental results of Amundson@4# for
PDLCs at low temperatures where the anchoring at the d
let interface is strong.

Similar equations have been previously obtained for
critical field in the dilute case~the independent droplet limit!
by different methods by Wuet al. @11# and Reshetnyaket al.
@14#. The above derivation shows that for nondilute syste
of aligned inclusions the angleu follows exactly the same
behavior as in the dilute limit but with a lower critical field
It is also apparent that the dependence of this critical field
the droplets volume fraction is usually quite weak. Figure
showsu as a function ofu0 for different values of applied
field. As expected,u decreases asE0 increases. However, th
form of the transition strongly depends on the initial orie
tation. For smallu0 , u decreases smoothly to zero. The b
havior at largeu0 is less intuitive. Foru05p/2, u5u0 for
small fields andu50 for higher fields. At the critical field
E05Ecr the energy is independent ofu and the droplet ori-
entation is unstable. This causes a very sharp transition
tween the low field stateu05p/2 and the high field stateu
50. Similar, but slightly smoother, transitions occur at
largeu0. This leads to a nonmonotonic dependence ofu on
u0 for fields larger than the critical one.

The sharp transition at the critical field foru05p/2 had
already been noticed by Reshetnyaket al. @14#. They attrib-
uted it to a droplet cooperative effect in which the transiti
in one droplet induces a transition in the others. Howev
the results shown above demonstrate that this effect app
also in the dilute limit, where the droplets are considered
independent. The effect of the interaction between the dr
lets is simply to reduce the critical field at which this sudd
transition occurs. The origin of this behavior is the spec
dependence of the total energy density onu, for u05p/2.
The first derivative of the total energy density is then
-

ly

s

p-

e

s

n
1

-
-

e-

l

r,
ars
s

p-

l

F S E0

Ecr
D 2

21GW sin 2u. ~29!

This derivative is zero either atu5p/2, which is a minimum
for E0,Ecr , u50, which is a minimum whenE0.Ecr , or
at E05Ecr . At the latter situation, the energy is independe
of u and the droplet may be oriented in any direction. This
an unstable state, in which the energy is degenerate.

The effects of an externally applied field onẽe are easily
deduced from the above results. The effective dielectric t
sor of Eq.~16! is

ẽe5ep1
3 f ep~e i2ep!

e i12ep2 f ~e i2ep! S sin2u 0
1

2
sin 2u

0 0 0

1

2
sin 2u 0 cos2u

D .

~30!

Here we used for simplification the fact that PDLC films a
ideally fabricated such that the dielectric coefficient of t
polymer ep is closely matched to the dielectric compone
e' of the liquid crystal. The field dependent dielectric beha
ior described below does not depend on this assumpt
Equation~26! can now be used to evaluate the different e
ments ofẽe as a function of applied field for different value
of initial orientation u0. Results for the diagonal elemen
ezz5cos2u are shown in Fig. 2. The second diagonal elem
exx512ezz clearly follows a similar behavior. It is eviden
that the sharpness of the transition at the critical field and
contrast between the two extremal states, at zero field
very large fields, can be controlled by determining the init
orientation angleu0. Applications that require a sharp tran
sition and a large contrast between the ‘‘on’’ and ‘‘off
states should use PDLCs with largeu0. Smaller values ofu0
will be appropriate for applications that require a mo
gradual transition.

B. Planar orientation distribution

Let us now consider the case in which in the initial sta
all the bipolar droplet axes are in thex-y plane,u05p/2,
with f distributed uniformly over@0,2p#. Such a distribu-
tion is an approximate description of PDLC films formed
encapsulation methods, which typically have their ma
axes distributed near the film plane@12#. The application of
an external field in thez direction does not change the di
tribution of the azimuthal anglef. The effective dielectric
tensor will therefore remain uniaxial throughout the switc
ing process. The angleu, on the other hand, will decrease a
the field is increased. The electrostatic energy density
again be derived from Eqs.~9! and ~10!
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FIG. 1. u as a function ofu0 ~in units of p)
for different values of applied field intensityC
5(E0 /Ecr)

2. Results are shown forC50 ~solid
line!, C50.5 ~dash-dot line!, C51 ~dotted line!,
C51.5 ~circles!, andC52 ~dashed line!.
-

is
ent
n.
elf

the
Eelec52
3epE0

2

8p

X

~12 f X!2 , ~31!

where

X5a2b sin2u, a5
e i2e'

e i12ep
, b5

3ep~e i2e'!

~e'12ep!~e i12ep!
.

~32!

The elastic energy density is

Eelas52W sin2u. ~33!

The first derivative of the total energy density is

S 3epbE0
2

8pW

11 f X

~12 f X!321DW sin 2u. ~34!
As in the caseu05p/2 discussed in Sec. III A, this deriva
tive is zero either atu5p/2, which is a minimum when the
term in the parentheses is negative,u50, which is a mini-
mum when this term is positive, or when this term itself
zero. At the latter situation, the energy is again independ
of u and the droplet may be directed in any orientatio
However, in contrast to the previous example, this term its
depends onu through the variableX. This means that it will
vanish at different values of applied field depending on
initial orientation. If we start withu5p/2 at zero field, then
increasing the field gradually will have no effect onu until
we reach the point

E0
25

8pW

3epb

@12 f ~a2b!#3

11 f ~a2b!
~35!

at which the term in the parentheses of~34! vanishes. At this
e

FIG. 2. The diagonal elements of~30! and

~44! as a function of applied field. Results ar
shown forezz of ~30! with u05p/2 ~solid line!,
u053p/8 ~dash-dot line!, u05p/4 ~dashed line!,
and u05p/8 ~dotted line!, and for ezz ~circles!
andexx ~crosses! of ~44! in the dilute limit.
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FIG. 3. The threshold voltages~in volts! cor-
responding to the three critical fields of~27!
~solid line!, ~35! ~upper curve!, and ~36! ~lower
curve! as a function of droplet concentration for
100mm PDLC film. ~a! ep55, e i518, ande'

56. ~b! ep58, e i519, ande'55.2.
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point u will abruptly jump from p/2 to zero and will stay
there at all higher fields. On the other hand, if we start
very high fields withu50, then decreasing the field grad
ally will have no effect onu until we reach the point

E0
25

8pW

3epb

~12 f a!3

11 f a
~36!

at which the term in the parentheses of~34! again vanishes
For f 50 both transition points are reduced to the dilute lim
critical field ~28!. In the nondilute case, the interaction b
tween the different droplets causes splitting in the transit
point with two critical fields instead of one. The width of th
resulting hysteresis loop depends on the volume fraction
t

t

n

of

the droplets and on the dielectric coefficients of the com
nents. This is demonstrated in Fig. 3, where we conside
100-mm PDLC film with two different compositions. In Fig
3~a!, we repeat the example of a PMMA/E7 mixture wi
ep55, e i518, ande'56 and W5100 erg/cm3. In Fig.
3~b!, we consider the example used in Ref.@14# with ep
58, e i519, ande'55.2 and the same elastic energy de
sity. The switching voltages corresponding to the critic
fields ~35!, ~36!, and ~27! are plotted as a function off. As
expected, the three voltages converge to the same valu
f 50. In the first example all threshold voltages decrea
with increasingf, the strongest dependence shown by
smallest one. In the second example, the variation of the
lower voltages is much weaker and the higher threshold v
age increases with increasingf. A discussion of the hysteresi
in PDLC with a planar initial orientation distribution wa
previously presented by Reshetnyaket al. @14#. However, us-
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ing their effective medium approach the existence of t
behavior could only be deduced from a numerical calculat
and not from an explicit analytical argument as in this pap
They obtained a dependence of the critical fields on LC c
centration that is similar to that shown in Fig. 3~b!.

The effects of an externally applied field onẽe may again
be easily deduced from the above results. The effec
ec
e
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ar

rg
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e

d
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e

dielectric tensor of Eq.~16! is

ẽe5ep13 f ep~e i2ep!S exx 0 0

0 exx 0

0 0 ezz

D , ~37!

where
exx5
~1/2!sin2u

~12 f !~e i12ep!1 f $3ep1~e i2ep!@cos2u1~1/2!sin2u#%
~38!
rre-
de-

te
all

ins
atic

on
and

ezz5
cos2u

~12 f !~e i12ep!1 f @3ep1~e i2ep!sin2u#
. ~39!

Here, again, we used for simplicity the assumption of perf
dielectric matching between the polymer matrix and the p
pendicular element of the LC droplets,e'5ep @in this case
the upper critical field of~35! is independent of the LC con
centration f ]. As explained above, starting from a plan
distribution, u has only two states. The low field stateu
5p/2 and the high field stateu50. Therefore, the effective
t
r-

dielectric tensor also has only two possible values co
sponding to these states, the transition between which is
termined by the critical fields of~35! and ~36!.

C. Random initial distribution

Let us now consider the case in which in the initial sta
the bipolar droplet axes are uniformly distributed over
possible orientationsu0P@0,p/2# andfP@0,2p#. As in the
previous example, the effective dielectric tensor rema
uniaxial throughout the switching process. The electrost
energy of each droplet now depends in a complicated way
the orientations of all the other droplets
Eelec52
3epE0

2

8p

~e'12ep!~e i12ep!@~e'12ep!~e i2ep!23ep~e i2e'!sin2u#

$~12 f !~e'12ep!~e i12ep!13 f ep@e'12ep1~e i2e'!^sin2u&#%2
. ~40!
try

e

r-

nce
he
t
he

i-
lar to that of Sec. III B~again choosing perfect dielectric
matchinge'5ep)
This should be minimized together with the elastic ene
density ~25! to find u as a function ofu0 and E0. In most
cases this minimization problem, although easy in princip
does not have an analytic solution but can only be sol
numerically.

The exception to this rule is the dilute limit in which th
orientation dependent part of the electrostatic energy~40! is
reduced to that of Eq.~24! with f 50,

Eelec52
9ep

2E0
2

8p

~e i2e'!cos 2u

~e'12ep!~e i12ep!
. ~41!

The minimization of the energy of a single droplet then lea
to the same result as in Sec. III A,

tan 2u5
sin 2u0

cos 2u01~E0 /Ecr!
2

~42!

for u as a function ofu0 andE0, with the dilute limit critical
field
y

,
d

s

Ecr
2 5

8pW~e'12ep!~e i12ep!

9ep
2~e i2e'!

. ~43!

Starting with a uniform distribution functionPu of u0

P@0,p/2#, an externally applied field will changePu , con-
centrating it at smaller angles, while preserving its symme
aroundu50. This effect is demonstrated in Fig. 4. At low
fields E0,Ecr , Pu is no longer uniform but still spans th
entire range of possibleu values@0,p/2#. At the critical field
E05Ecr the distribution is again uniform, but over the na
rower range of angles@0,p/4#. Above the critical field~see
inset of Fig. 4!, Pu no longer spans the entire range@0,p/2#
but is concentrated at small angles, with a strong diverge
at the maximum of the corresponding curve in Fig. 1. T
sharp change ofPu at the critical field leads to a significan
change in the value of the effective dielectric coefficient. T
uniform orientation distribution overu0P@0,p/2# and f0

P@0,2p# leads to a uniaxial effective dielectric tensor sim
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ẽe5ep13 f ep~e i2ep!S exx 0 0

0 exx 0

0 0 ezz

D , ~44!

where

exx5
~1/2!^sin2u&

~12 f !~e i12ep!1 f @3ep1~e i2ep!^cos2u1~1/2!sin2u&#
~45!

FIG. 4. The distribution functionPu of u ~in
units ofp) for applied field intensities below and
above ~inset! the critical field. The different
curves are for field values as in Fig. 1.
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ezz5
^cos2u&

~12 f !~e i12ep!1 f @3ep1~e i2ep!^sin2u&#
.

~46!

In the dilute limit we simply setf 50 in the denominators o
~45! and~46!. The results for this case, withPu of Fig. 4, are
also shown in Fig. 1. The result for nondilute materials
considerably more complicated because of the additional
pendence of the denominators on weighted averages ofPu .
The diagonal elements of~44! are shown, for different value
of f, in Fig. 5. They were calculated choosinge i519 and
ep58. The variation of the dielectric tensor elements
much smoother than in the examples of the previous sect
and increases, as expected, with increasingf.

IV. THE DIELECTRIC RESPONSE NEAR THE NEMATIC-
ISOTROPIC TRANSITION

As mentioned in the Introduction, a recent experimen
study by Amundson@4# demonstrated that near the nemat
isotropic transition inside the LC droplets the droplets u
dergo an internal structural transition. The transition starts
creating a shell of isotropic liquid at the droplet walls su
that each droplet contains a nematic spherical core
e-

ns

l
-
-
y

r-

rounded by liquid. The volume fraction of the nematic com
ponent appears roughly the same inside all droplets an
decreasing continuously with temperature from unity, a f
degrees below the transition, to zero at the transition, wh
the entire droplet becomes isotropic. From these obse
tions Amundson identified the source of the change in
electro-optical properties of the PDLC near the transition
a dramatic drop in the anchoring energy, since the nem
component is no longer in contact with the polymer mat
but instead with its own isotropic liquid phase. He also o
served Brownian reorientation of the droplets at zero fie
which suggests that the balance between thermal energy
electrostatic energy is the dominant factor that determi
the droplet orientation distribution in this temperature ran
In this section we use an adaptation of the MG approxim
tion of @15# to coated inclusions to calculate the fiel
dependent dielectric tensor of a PDLC film near the tran
tion, which is considered as a random dispersion of coa
spheres, with an anisotropic core and an isotropic shell,
bedded in an isotropic host.

A. Dielectric response of mixtures of coated spheres

Consider a parallel plate condenser whose plates are l
enough so that edge effects can be neglected. The conde
is filled by a homogeneous polymer with a scalar dielec
constantep in which nonoverlapping spheres of liquid cry
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FIG. 5. The diagonal elements of~44! as a
function of applied field forep58, e i519 and
f 50.1 ~solid lines!, f 50.3 ~dashed lines!, and f
50.5 ~dash-dot lines!. The upper curve in each
couple isezz and the lower curve isexx .
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tal are distributed randomly but uniformly. Each of th
spheres is made of a nematic core with dielectric tensorẽs of
~1! and~14! and an isotropic coating with dielectric consta
ec that depends one i ande' . A common method to evaluat
ec is to view the coating material as a polycrystalline colle
tion of anisotropic, randomly oriented, compact doma
much smaller than the coating itself. Its dielectric propert
can then be calculated from the elements of the local die
tric tensore i ande' using the well known effective medium
approximation~EMA! @16#. For a locally uniaxial material
this approximation leads to the relation

e i2ec

e i12ec
12

e'2ec

e'12ec
50. ~47!

Solved forec , this gives

ec5
e'1Ae'

2 18e ie'

4
. ~48!

Our aim in this section is to derive an expression for the b
effective dielectric tensor of this mixture of coated spher

B. The dilute limit

First we consider a single sphere with coreẽs and coating
ec immersed in the hostep . A voltage is applied between th
-
s
s
c-

k
.

condenser plates such that the volume averaged field in
system isE0. Solving the Laplace equation for this syste
we find that the electrical potential is

fs~r ,u!52Esr cosu ~49!

inside the core,

fc~r ,u!5S Ecr 1
Ec8

r D cosu ~50!

in the coating, and

fh~r ,u!5S 2E0r 1
Ps

r D cosu ~51!

in the host. Applying the continuity conditions on the pote
tial and the parallel component of the field at the surfaces
the core (r 5r s) and the coating (r 5r c) we find the uniform
field in the core

Es5
9ecepE0

~ ẽs12ec!~ec12ep!12 f ~ ẽs2ec!~ec2ep!
~52!

and the induced dipole moment of the coated spherePs . The
average dipole moment density inside the sphere is
ps5
Ps

Vs
5

~ ẽs12ec!~ec2ep!1 f ~ ẽs2ec!~2ec1ep!

~ ẽs12ec!~ec12ep!12 f ~ ẽs2ec!~ec2ep!

3

4p
E0 , ~53!
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whereVs54pr c
3/3 is its volume andf [(r s /r c)

3. From this
it follows that if the medium contains a few such spher
sufficiently far apart for their mutual interactions to be ne
ligible, then the volume average of their polarization in t
medium is

^P&[
1

V (
s

Ps5 f s

3

4p
CE0 , ~54!

where

C5K ~ ẽs12ec!~ec2ep!1 f ~ ẽs2ec!~2ec1ep!

~ ẽs12ec!~ec12ep!12 f ~ ẽs2ec!~ec2ep!
L

uf

,

~55!

^&uf denotes an average over the dielectric tensor orie
tions inside the inclusion cores andf s5(sVs /V is the vol-
ume fraction of the coated spheres.

The bulk effective dielectric tensor, defined as the ra
between the volume averaged displacement fieldD05^D&
and the volume averaged electric fieldE05^E&, is therefore

ee5epI 13 f sepC. ~56!

This is the dilute limit result valid to first order in the volum
fraction of the inclusions.

Substituting~14! in ~56! we get a result for the effective
dielectric tensor that depends explicitly on the distribution
u and f. This result is particularly simple in two limiting
cases.

~1! The dielectric axes of all the inclusions are oriented
the direction of the applied field (u50). This would be the
dielectric tensor of the system when a strong electric field
applied. This tensor is uniaxial. Itsx andy diagonal elements
are obtained from~56! by discarding the averaging overu

andf and substitutinge' for ẽs . The z element as well as
the uniform field inside the core are similarly obtained
substitutinge i for ẽs in ~56! and ~52!, respectively.

~2! Uniform orientation distribution overuP@0,p/2# and
fP@0,2p#. In this case the composite is isotropic, with
scalar dielectric coefficient. Carrying out the averaging
Eq. ~56! over f we find a uniaxial tensor of the form

S f x~^cos 2u&! 0 0

0 f x~^cos 2u&! 0

0 0 f z~^cos 2u&!
D . ~57!

If u is also uniformly distributed, as is the case in the a
sence of applied field, then̂cos 2u&521/3 and we findf x
(21/3)5 f z(21/3), which indeed leads to a scalar dielect
coefficient. If a field is applied thenu is no longer uniformly
distributed but its distribution may be obtained from a sim
thermodynamic calculation. Since the experimental evide
@4# points to negligible weak elastic forces at the interfa
between the core and the shell, the orientation distributio
completely determined by the electrostatic forces and th
mal fluctuations. The electrostatic energy of a single coa
inclusion is

E52
1

2
Ps•E052~a1b cos 2u!r c

3E0
2 , ~58!
,
-

a-

o

f

is

f

-

e
e
is
r-
d

wherea andb are functions ofe i , e' , ep , andf. ^cos 2u& is
therefore given by

^cos 2u&5
1

QE e2E/kBTcos 2udV5
2pe~a/b!E

Q

3FeE

E
2

~112E!A~p/2!erfi~A2E!

2~E!3/2eE G , ~59!

where

Q5E e2E/kBTdV5
2pe~a/b!E

AEeE
Ap

2
erfi~A2E!,

E5
brs

3E0
2

2kbT
, ~60!

erfi(x)5*0
xet2dt is the modified error function,kB is Boltz-

mann constant, andT is the temperature. When calculatin
this average for a given temperature we should bear in m
that f is itself a function of the temperature and should
adjusted appropriately to give the correct values fora andb.
A plot of ^cos 2u& as a function of the normalized fieldE
appears in Fig. 6. As expected, whenE50, u is distributed
uniformly and^cos 2u&521/3. It increases sharply at sma
fields and reaches saturation,^cos 2u&51, at large fields
where all the droplet cores are aligned parallel to the fie
The azimuthal orientation anglef is unaffected by the ex-
ternal field and remains uniformly distributed.

C. The Maxwell Garnett approximation

The electrostatic interaction between the different inc
sions is taken into account within the MG approximation
considering the average field acting on each inclusion to
the Lorentz local fieldEL @16#. This local field may be cal-
culated either by the excluded volume approach used in S
II or by the well known relation

EL5E01
4p

3
^P& ~61!

with ^P& taken from~54!, whereEL is again substituted for
E0. Using this correction, the dipolar interaction between
inclusions is taken into account in an averaged way. Solv
for EL we find

EL5
E0

12 f sC
. ~62!

This result can again be replaced forE0 in Eq. ~54! to cal-
culate the volume averaged polarization and the volume
eraged displacement fieldD0. This leads to the bulk effec
tive dielectric tensor

ee5epI 1
3 f epC

12 f sC
. ~63!

This is the MG result for mixtures of coated inclusions.
our case, it depends on the anisotropy ofẽs and on the dis-
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FIG. 6. ^cos 2u& as a function of the normal-
ized fieldE for a dilute PDLC near the nematic
isotropic transition.
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tribution of the droplet rotations. The field inside the incl
sion cores is again uniform and is given by

Es5
1

12 f sC

9ecepE0

~ ẽs12ec!~ec12ep!12 f ~ ẽs2ec!~ec2ep!
.

~64!

In the cases whereẽs5ec or f 50, ~63! reduces to

ee5epI 13 f sep

ec2ep

~12 f s!~ec2ep!13ep
, ~65!

which is the MG result for simple spherical inclusions wi
dielectric coefficientec and volume fractionf s . In the case
whereec5ep , we get

ee5epI 13 f sf epK ẽs2ep

~12 f sf !~ ẽs2ep!13ep
L

uf

, ~66!

which is the MG result for simple spherical inclusions wi
dielectric coefficientẽs and volume fractionf sf .

Let us consider again the two simple cases discusse
Sec. IV B. If the dielectric axes of all the inclusions are o
ented in the direction of the applied field (u50), we find
that the elements of the effective dielectric tensor may
obtained from~63! by discarding the averaging overu andf

and substitutinge' or e i for ẽs . If f is uniformly distributed
over @0,2p#, ~63! again reduces to a uniaxial tensor like~57!
but with more complex functions of^cos 2u& in the diagonal
elements. These functions also obey the relationf x(21/3)
5 f z(21/3) thus leading to a scalar dielectric coefficient
the absence of applied field, whenu is uniformly distributed.
The electrostatic energy of each of the coated inclusions
again be written as

E52
1

2
Ps•EL52~a1b cos 2u!r c

3E0
2 . ~67!
in

e

ay

In contrast to the dilute case,a andb are now also functions
of ^cos 2u& in addition toe i , e' , ep , andf. The distribution
of u is no longer given by an analytic solution but requires
simultaneous numerical solution of~67! and ~59!.

As an example, let us consider again a PDLC made o
PMMA polymer matrix and E7 liquid crystal droplets, wit
typical values for dielectric coefficientsep55, e i518, and
e'56. Substitutinge i ande' in ~47! we find es59. These
values may now be used in~56! or ~63! to find the
f-dependent dielectric tensor for different distributions of t
orientation angles. As discussed above,f is determined by
the temperature, it is zero at the nematic-isotropic transit
and 1 far below it. Its range of variation, according to t
experimental results@4#, is 4 –5 °C. If all the inclusion cores
are aligned we find, as expected, that the dielectric tenso
uniaxial with diagonal elements given by

Cxx5
32223f

8~192 f !
~68!

and

Czz5
16123f

4~1912 f !
, ~69!

which are the results obtained for a scalarẽs equal toe' or
e i , respectively. We can use this to estimate the elec
voltage required to produce this alignment. Equating
electrostatic energyE5(1/2)Ps•E0 for inclusions with
f 51 and r s50.5 mm with the thermal energy a
T555 °C, we find Vth51.2 V for a film thickness of
20 mm. This estimate is very close to the experimental
sults reported by Amundson@4#. For a uniform distribution
of core orientationsC reduces to a scalar function off

C5
~42 f !~76123f !

4~192 f !~1912 f !
. ~70!
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FIG. 7. The diagonal elements of the effectiv
dielectric tensor~63! as a function of applied
voltage ~in volts! for core volume fractionsf
50.3 ~solid lines!, f 50.5 ~dotted lines!, f 50.7
~dashed lines!, and f 50.9 ~dash-dotted lines!.
The film thickness is 20mm. ~a! f s50.1, ~b!
f s50.3.
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In a typical experimental setting the orientations of t
inclusion cores are uniformly distributed in the absence
applied field. As the field is increased this distributio
changes according to Eqs.~59! and ~67! and the effective
dielectric tensor becomes more anisotropic. The MGA
sults for a 20-mm-thick PMMA/E7 film are shown in Figs. 7
and 8, for a few different inclusion volume fractionsf s and
core volume fractionsf. At zero field the films are isotropic
with a dielectric constant that increases as a function off s ,

since the elements ofẽs are larger thanep , but decreases
slightly as a function off. This dependence onf agrees quali-
tatively with the experiment where the zero field dielect
coefficient increases with temperature, sincef is a monotonic
decreasing function of the temperature, although the m
sured dependence is stronger than indicated by our calc
tion. As the applied field increases, the dielectric ten
f

-

a-
la-
r

becomes more and more anisotropic and its elements
sharply near a potential drop of;1 V, above which they
saturate quickly. The dielectric tensor element parallel to
field increases and the perpendicular elements decre
Their variation is stronger and the resulting dielectric ten
more anisotropic at higher volume fractionsf and f s , since
the anisotropic component of the PDLC is larger.

These results closely resemble the experimental obse
tions of Amundson@4#, which are to our knowledge the onl
published results for PDLC at the relevant temperat
range. The main feature is the relatively low switching vo
age, of the order of 1 V, and its very weak dependence
the temperature, or on the parameterf in our model. The
model also provides a simple method for estimating the
pendence of the electro-optical properties on the volu
fraction of the LC cavities, which is still to be investigate
experimentally.
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FIG. 8. The diagonal elements of~63! as a
function of applied voltage~in volts! for droplet
volume fractions f s50.1 ~solid lines!, f s50.3
~dashed lines!, and f s50.5 ~dash-dotted lines!.
The film thickness is 20mm and f 50.9.
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V. CONCLUSIONS

In this paper, the dielectric properties of PDLC films co
taining bipolar LC droplets are studied using an extension
the classical Maxwell Garnett approximation to materi
with anisotropic inclusions. As in previous studies of th
problem, the essential physics involves a balance betw
the elastic energy, which favors orientation of a droplet i
locally preferred direction, and the electrostatic ener
which favors alignment with the applied field. The MG a
proach provides a convenient framework for the evaluat
of the electrostatic effects. On the one hand, it can han
nondilute systems and is therefore more general than m
previously published studies. On the other hand, it is m
simpler than the effective medium approach of@14#. It pro-
vides analytical results for nondilute systems with some
tial orientation distributions and a very simple numeric
scheme for all the other cases. The treatment of the ela
energy, as in all previous studies of this subject, is phen
enological. A detailed microscopic theory of this energy
still lacking.

Once an electric field is applied on a PDLC, the dropl
bipolar axes start to rotate, in accordance with their ini
orientations and the magnitude of the field. This reorientat
process changes the macroscopic dielectric response o
material. For initially aligned droplets we found that th
sharpness of the reorientation process depends on the i
orientation in a quite dramatic way. For orientations close
the film plane the process is thresholdlike with a critical fie
that depends on the droplet concentration. For initial ori
tations far from this plane it is much more gradual. Th
l.
-
f

s

en
a
,

n
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st
h

i-
l
tic
-

s
l
n
the

tial
o

-

effect may provide a simple mechanism to obtain PD
films with various types of behavior for different types
applications. For a planar initial orientation distribution th
reorientation process is again thresholdlike with some h
teresis. The width of the hysteresis depends on the LC c
centration and can be calculated analytically within o
model. This behavior may be used for some types of opt
switching and should be quite interesting to verify expe
mentally. Systems with random orientation distributions e
hibit reorientations that are much more gradual but are
concentration dependent. A similar gradual reorientation p
cess occurs near the nematic-isotropic transition, where
droplets themselves become composite structures with n
atic cores and liquid coatings@4#. The main qualitative dif-
ference between this relatively high temperature regime
the low temperature regime is the disappearance of the e
tic anchoring energy. This leaves thermal fluctuations as
dominant force acting against complete alignment with
applied field. This physical change is accompanied by a d
matic drop in the switching voltage@4#, which is well repro-
duced by our model.
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