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Local field effects and the field-dependent dielectric response of polymer dispersed liquid crystals
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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 numbeps): 61.30—v, 42.70.Nq, 77.84.Lf, 78.66.Sq

[. INTRODUCTION via their effects on a hierarchy of orientation order param-
eters. In this model the LC droplets are approximated as
Polymer dispersed liquid crystalBDLCS are inhomoge- isotropic inclusions with an averaged scalar dielectric coef-
neous materials in which a liquid crystdlC) is contained ficient, which depends on an internal order parameter. This
inside tiny droplets embedded in a polymer matrix. PDLCapproximation is then used to calculate the bulk dielectric
films of bipolar nematic LC droplets are of particular currentcoefficient of the film via the classical Maxwell Garnett for-
interest for optical applications, ranging from switchablemula[13] for a dispersion of isotropic inclusions in an iso-
windows to active matrix projection displaysee, for ex- tropic host. Reshetnyak, Sluckin, and Cd¥] proposed an
ample,[1,2]). These applications are based on the easy maeffective medium approach to calculate the dielectric tensor
nipulation of the LC orientation inside the droplets by anof a PDLC film. They too obtained an expression for the
externally applied electric field, thus modifying the electro- switching voltage of a very dilute PDLC, slightly different
optical properties of the material. Typically, a PDLC film is from that of[11]. In nondilute systems, they showed that this
sandwiched between conducting electrodes and is electrapproach can be used to numerically calculate the dielectric
cally driven to obtain the desired effect. Each application hasensor for a few initial orientation distributions of the bipolar
its own electrical constraints on the power consumptiondroplets.
driving voltage, maximum current, and frequency of opera- In this paper we present an alternative method for calcu-
tion, which are determined by the dielectric properties of thdating the bulk effective dielectric response of PDLC films,
film. These dielectric properties and their dependence on exsased on a recent extension of the Maxwell Garnett approxi-
ternally applied fields and the morphology of the materialmation for mixtures of anisotropic inclusiofis our case the
have been the subject of numerous experimental studidsC droplet3 embedded in an isotropic ho&he polymey
(some recent examples di&@-10)). In contrast, despite their [15]. The Maxwell Garnet{MG) approximation[13], also
inherent importance, very little theoretical work has beerknown as the Clausius-Mossotti approximation, is one of the
done to understand these issues. Wu, Erdmann, and Doan®st widely used methods for calculating the bulk dielectric
[11] studied the effect of an applied field on the directorproperties of inhomogeneous materigl$,17. It is particu-
orientation of an isolated bipolar LC droplet. They calculatedlarly useful when one of the components can be considered
the electrostatic torque on the droplet using a simple approxias a host in which inclusions of the other component are
mation for the field inside it. Balancing this torque with an embedded, as is the case in PDLCs. We obtain an expression
elastic torque, created by strong anchoring at the droplefor the effective dielectric tensor of a PDLC that depends
walls, they obtained the field-dependent orientation of theexplicitly on the distribution of director orientations of the
director. This derivation leads to a relation between theLC droplets. The field-dependent response of a PDLC film is
switching voltage of a PDLC in which LC droplets are di- calculated by relating this distribution to the magnitude of an
lutely dispersed and some of its microscopic parametersxternally applied low-frequency electric field. In the dilute
Kelly and Palffy-Muhoray{12] introduced a model that re- limit this method leads, as expected, to results identical to
lates the dielectric response of PDLC films to external fieldghose of the effective medium approach[@#]. In the non-
dilute case, we show that it gives an analytic solution for two
interesting types of initial droplet orientation distributions,
*Present address: Department of Physics, NRCN, P.O. Box 9001yith switching fields that depend on the volume fraction of
Beer-Sheva, Israel. the LC droplets. For all other initial distributions it provides
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a simple scheme for a numerical calculation of the dielectrichost[17]. In addition, it was proved that it provides an exact
response. The MG approach may therefore be a useful toablution for a geometry where the entire space is filled with
for the interpretation of experimental results and the prediceoated spheres, each with identical ratio of inner to outer
tion of PDLC properties under various conditions. radius, such that one component is the core matésalated

All the models described above assume strong planar anAclusions and the other is the coating materighe hos}.
choring at the droplet walls. A recent experimental study byThe microgeometry of PDLCs is clearly of this host-
Amundson demonstrated that this assumption is justified anhclusions type and therefore the MG approach may be con-
relatively low temperatures, well below the nematic-isotropicsidered as particularly appropriate for the calculation of its
transition inside the LC droplefgl]. Near the transition the macroscopic dielectric properties. In this paper, we use a
droplets undergo an internal structural change accompaniedriation of the MG approacfl5] that is adapted for mix-
by changes in the electro-optical properties. Amundsoriures where the host is an isotropic material but the inclu-
showed that in this temperature rangéthin 4-5 °C below sions are made of an anisotropic component in which the
the transition the transition starts by creating a shell of iso- direction of the dielectric tensor axes may vary from one
tropic liquid near the droplet walls. In this paper we will also inclusion to the other. The distribution of these directions
apply an adaptation of the MG approach to mixtures ofsignificantly influences the bulk effective dielectric response
coated inclusions for calculating the bulk dielectric coeffi- of the material.
cient of a PDLC near the nematic-isotropic transition, based Consider a parallel plate condenser whose plates are large
on the structural information from Amundson’s experiments.enough so that edge effects can be neglected. The condenser
The results obtained exhibit the main experimental features filled by a homogeneous host with a scalar dielectric con-
associated with the nematic-isotropic transition in PDLCstante, in which nonoverlapping spheres of an anisotropic

films and demonstrate the usefulness of the MG approach fefomponent with a tensor dielectric coefficiantare distrib-
the description of PDLC properties in this regime. uted randomly but uniformly. The orientation of the dielec-

The rest of the paper is organized as follows. The Max+ric tensor differs from inclusion to inclusion, such that
well Garnett approximation for suspensions of anisotropic

inclusions is introduced in Sec. Il, and explicit results are }S: ReRT, (1)
derived for uniaxial materials. In Sec. lll, we discuss the

reorientation of bipolar LC droplets in the presence of apwheree is a diagonal tensor aridis the inclusion dependent
plied field and its effects on the dielectric response of PDLGrotation. Our aim in this section is to derive an expression for
films for a few different types of initial orientation distribu- the bulk effective dielectric tensor of this mixture.

tion. The model is extended to systems of coated inclusions i st we consider a single sphékgimmersed in the host

in Sec._IV, and applied to the_ d_iscussi_on of PI?I__C diel_ectricfp' A voltage is applied between the condenser plates such
properties near the nematic-isotropic _transition. Finally.that the volume averaged field in the systenEjg In this
some brief conclusions are included in Sec. V. case, the electric fiel&€, and the displacement fiel®

='e.E, inside the inclusion are uniform and satisfy the exact

Il. DIELECTRIC RESPONSE OF MIXTURES OF relation

ANISOTROPIC INCLUSIONS Ds+25pEs:3EpE0- 2

An exact calculation of the effective properties of an in- , ) )
homogeneous medium is in general an intractable problen.N€ induced dipole moment of the sphere is
The literature on this subject therefore includes a wide vari-

ety of approximate schemes, each of which is appropriate for ps= Vs =V 2
different types of composite microgeometriesee, for ex- 4m AT e+ 2€p]
ample, the review papeifd6,17, and references thergin ) ) ]
One of those, which is particularly useful for microgeom- WhereVs is the volume of the sphere ands the identity
etries in which a host material and isolated inclusions offatrix. In this, and in the subsequent equations, the denomi-
other materials are clearly identified, is the Maxwell Garnetthators should be understood as representing inverse matrices.
(MG) approximation. It involves an exact calculation of the From this it follows that if the medium contains a few such
field induced in the uniform host by a single spherical orSPheres, sufficiently far apart for their mutual interactions to
ellipsoidal inclusion and an approximate treatment of its dis©e negligible, than the volume averaged polarization in the
tortion by the electrostatic interaction between the differenfnedium is

Ds—€Es 3¢€p ;S—epl E 3
R — P F,,

inclusions. This distortion is caused by the charge dipoles ~
and higher multipoles induced in the other inclusions. The (P)EE S :fﬁ €~ €pl (4)
induced dipole moments cause the longest range distortions VST 4w €t 26yl [ 4 o

and their average effect is included in the MG approxima-

tion, which results in a uniform field inside all the inclusions. wheref is the volume fraction of the inclusions afgk de-

This approach has been extensively used for studying theotes an average over the dielectric tensor orientations inside
properties of two-component mixtures in which both the hosthe inclusions.

and the inclusions are isotropic materials with scalar dielec- The bulk effective dielectric tensor can be defined by the
tric coefficients. It has been shown to be exact to secondatio between the volume averaged displacement fizjd
order in the volume fraction of the inclusions and to second=(D) and the volume averaged electric fidlg=(E). The
order in the dielectric contrast between the inclusions and theolume averaged displacement field is easily calculated by
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‘€~ €
|+3f( ——") |e
est2€pl [ o

The bulk effective dielectric tensor is therefore

~ € €pl ] e el 3¢6,Eo
=€yl +3fep{ m———) . 6 P)= 27\ = ~ ’
ce=ep ep<es+26pl>R ©® (P 4w<es+2ep| L1 ) +3fep((est 2¢p) g

(11)

which, in contrast to the dilute case, depends not only on the

pEo. (5)  dielectric tensor of the inclusion but on an average of the
polarization field of all the other inclusions in the system.
The volume averaged polarization is

Do=€pEq+4m(P)=

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

The electrostatic interaction between the inclusions is 5
negligible only in mixtures where the volume fraction of the ~ € €l
inclusions is small. In all other cases it should be taken into €e=€pl +3fep % el
account when calculating the dielectric properties of the sys- €sT e R
tem. This is easily done in the Maxwell Garnett approxima- 1
tion, where the average field acting on each inclusion is con- X _ )
sidered to be not the applied fiekl, but the well known (1-1)+3fep((est Zepl)*l)R
Lorentz local field[16]. Using this correction, the dipolar
interaction between the inclusions is taken into account in 3Rhis is the Maxwell Garnett result for mixtures of aniso-
averaged way. A simple method to calculate this correctlontropiC inclusions. It depends on the type of anisotropy of the
usually referred to as the excluded volume approach, was ~ . _ L .
proposed by Bragg and Pippaiti8]. The average field act- tens(.Jres and.on the orientation distribution function of the
ing on an inclusion, in a mixture that is not too dense, is thdotation matriceRR
average field in the host mediui.,. The difference be-
tweenE., and Eq is due to the correlations between posi- A. Mixtures of uniaxial inclusions
tions of different spheres that arise from the prohibition of
overlap between theril8]. SubstitutingE., for E; in Eq.
(2), we find that the field inside the inclusion satisfies the
relation

which leads to the bulk effective dielectric tensor

(12

The nematic LC droplets in a PDLC are usually arranged
in a bipolar configuration. This configuration is insensitive to
an externally applied electric field. The only effect of an
imposed field is to rotate the bipolar axis of the droplet to a

De+2€,E=3€,Ecx. (7)  new direction more closely aligned with the figlil]. Itis
therefore reasonable to describe the LC droplet as a uniaxial

The averaged field over the entire system, inside and outsiddielectric material where the dielectric coefficient obtains
the inclusions, must still b&,. This leads to a simple rela- one value along one preferred direction and another value in
tion between the average fields in the host and in the incluall perpendicular directions. The dielectric tensor of such a

sions material is
f(Eg)+(1—f)Eey=Ey, (8) e, 0 O
where the angular brackets denote a volume average inside e=| 0 € 0 (13
the inclusions. Substituting from Eqg.(7) we solve forEg, 0 0 ¢
and find

E in the coordinate system defined by the dielectric axis paral-
o= o . (9) lel to the droplet director. It should be noted that and ¢
(1-f)+3fex((est26,l) MR are effective values obtained by averaging the actual LC di-
, i , o .. electric tensor over the nonuniform local director field inside
The induced dipole moment of a single spherical inclusion ispe droplet[14]. For a mixture of many such inclusions,
~ embedded in an isotropic host, it is convenient to define the
zﬁ €~ &l 3epEo coordinate system such that the external fiejds applied in
AT e+ 2€p] (1—f)+3fep((7ss+ 2ep] )*1>R' the positivez direction. In this coordinate system the dielec-
(100  tric tensor of each inclusion may be written explicitly as

Ps

cog ¢ s cos¢ sing sifd  cosg cosd sin b
€s=RygeR}, =€ | +a| COSP sing sirfg  sirf¢ sirfd sin¢g cosésing | (14
cos¢ cosfsing  singcosdsing  cos o
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where a=¢—¢€, and 6 and ¢ are the orientation angles 5 3fe A
from the z axis. Substituting this in Eq6) we find an ex- ce=epl T — P o (15)
plicit expression for the bulk effective dielectric tensor of a (€L +2€p)(€)+2¢€p)
dilute PDLC, depending on the distribution of the orientation
anglesé and ¢, where
o Sae, , 3aep ,
8—3aey(COS O+ sirt ¢ sint ) > (sin 2 ¢ sir?6) 5 (cos¢sin20)
~ 3ae, ) . 3ae, .
A=l — (sin2 ¢ sirf4) 8—3aey(cos 0+ cos ¢ sin’ 6) 5 (singsin20) |,
3ae 3ae .
C; P (cos sin 26) 6; P (sin ¢ sin 26) 5—3ae,y(sino)
and 5= (€, +2¢,) (€~ €p). In the MG approximation we find similarly, from E¢12),
~ ~ 1
~ s 3fe, A 1—f4 3fe, B 16
T T (e 26, (T 2¢p) (€, +2€))(e|+ 2€,) 18
whereA is as defined above and
€, +2¢€,+ a(CoS O+ si ¢ sinf ) —g(sin 2¢ sirt ) —%(cosg& sin 26)
~ o . o
B=| —5(sin 24 Sint ) €, +2€,+ a(Ccos 0+ cos ¢ sir’ ) — 5 (singsin 26)
a ) a ) €, +¢+4e,— a(cos 29)
- §<cos¢ sin 26) - §<sm¢sm 20) >

The angular brackets denote averaging o#end ¢ of all and
the inclusions in the mixture. This result is greatly simplified
in cases where the averages odeaind ¢ can be calculated cm et 3fep(e|—€p) _ (19
exactly. Two such examples are the following. 2P (g~ ep)(1—1)+3¢,

(1) For very large fields, the dielectric axes of all the
inclusions are aligned with the applied field=€ 0). The MG
effective dielectric tensor is

As expected, this tensor is uniaxial and its diagonal elements
are given by the scalar MG results for inclusions with dielec-
tric coefficientse, and ¢, respectively. Similar results are

e 0 O obtained when all the inclusions are oriented in xhairec-
~ tion (6=/2,=0), by exchanging the-axis andz-axis
€e=| 0 & 0 17 terms, or when all the inclusions are oriented in yhdirec-

0 0 e tion (6= m/2,p=ml2) by exchanging thg-axis andz-axis

terms.
where (2) Uniform orientation distribution ove®¥e[0,7] and

¢ e[0,2]. Itis clear that in this case the material should be
(18) isotropic, with a scalar dielectric coefficient. Carrying out the
(€. —€p)(1—F)+3ep averaging in Eq(16) we indeed obtain

3fep(e, —€p)

€x=¢€pTt

e 13 (€, +2€p)(€e—€p) —2€y(€—€,)
TP TR (1=1) (e, + 2€,) (e 2€,) T fep(e, +2€) T 6ep)

(20
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Ill. FIELD-DEPENDENT TUNING OF THE DIELECTRIC uid crystal at the droplet interface. It depends on the droplet
RESPONSE shape and temperature, which affect the strength of the elas-

tic surface anchoring4,11]. In the following, we will as-

In Sec. Il we presented a simple method for calculatingS ST C .
. . . ) ume for simplicity thaWV is similar for all droplets in the
the dielectric behavior of PDLC films, based on the Maxwe"system, either because the PDLC is monodispersed or be-

O e mraton o son o e rapes aracors, CAUSaH depercs weakly enough on dropiet shiape and size
Y P " In perfectly spherical droplets the various orientations of the

[:)ipolar configuration are degenerate in zero field. In this case
alignment is achieved at relatively low fields where the an-
Ysotropic component of the electrostatic energy is larger than
the thermal rotation energy. However, in practice the drop-
fets are usually slightly elongated and therefore have pre-
ferred orientations to which they tend to reorient when the
applied field is removed. In such slightly ellipsoidal droplets

the elastic energy density may be approximated as

the different elements of the bulk effective dielectric tensor.
To determine the field-dependent distribution it is necessar
to consider the two opposing torques acting on each of th
LC droplets. One is the electrostatic torque that seeks t
orient the droplet in the direction of the applied field. This
torque is derived from the electrostatic energy

1
Eelec™ — Eps'El (21)

W~ — (23
where pg is the dipole moment of the droplet aiitlis the
electric field in its vicinity. In the MG approximatiops is
given by(10) andE=E,,is given by(9). The second torque WhereK is the Frank elastic constant amlis the droplet
is an elastic torque that seeks to hold the droplet in its origifadius[4,11].
nal direction. It is derived from an elastic energy of the gen- The calculation of the effective dielectric properties may
eral form[11] be generally divided into two steps. In the first step, the
droplet orientation distribution function is evaluated as a
_ 2 function of the applied field, given the initial conditions ap-
Eelas= ~WVS(M-N)%, (22 propriate for the specific case of interest. In the second step,
) ) ) ) o this distribution function is used to calculate the different
where M = (cos¢csin 6y,Sin ¢osin 6p,cosbg) is the original  elements of the dielectric tensor, under the same initial con-
director vector, in the absence of the field, amM gitions. In this section we present three simple examples of

= (cosg¢sind,singsin g, coso) is the director in the presence  this procedure to demonstrate the usefulness of the method
of an applied field. As in previous studies of this problemderived in Sec. II.

[11,14), we consider the bipolar configuration of each of the
droplets to be stable in the presence of an applied field, i.e.,
the effect of the field on a droplet is to change the orientation
of the bipolar director while just slightly affecting the inter-  One of the simplest distribution functions is tidefunc-

nal arrangement of the LC molecules. This assumption igion. In this case all droplets are aligned in parallel in a given
supported by most of the experimental studies mentioned ifitial direction with orientation angleg, and ¢,. Such an
the Introduction. In this approximation the droplet is as-initial §-function distribution may be obtained by using a
sumed to rotate as a rigid body with an anisotropic dielectrismall orienting field or by slightly shearing the PDLC film
tensor given by Eq(14). The prefactorW represents the during its formation. In this case it is easy to derive the
elastic distortion required to align a bipolar droplet by ané-dependent part of the electrostatic energy density from
electric field to preserve the tangential anchoring of the lig-Egs.(9) and(10) ,

A. Perfectly aligned droplets

¢ __QGSES(eH—el){(el+26p)(eu+26p)—fz[eg—ep(eH-i—ei)-l—qu]}COSZH
elec™  gr [e, +2€,— (e, —€p) ][+ 26,— (€~ €)1

(24)

Here we took into account the fact that= ¢, since¢ does  lated by finding the minimum of€, ;= Exject Eelas: A
not change when the field is applied in parallel to #exis.  simple minimization ove® leads to

In this case we can choose, without lose of generality,

=0. The elastic energy density is i
sin 26,

Eelas= — W COF(0— bp). (25 tan2o="— ot (Eg/E)?" (26)

The orientatior¥ obtained by a droplet depends on its initial
orientationf, and on the applied fiel&,. It can be calcu- with a volume fraction dependent critical field



5390 OHAD LEVY PRE 61

5 87TW[GJ_+2€p—f(EJ_—Ep)]2[€”+26p—f(€”—e‘p)]z

= . (27
°f geg(eu— € ){(e +2€,)(€t2¢,) fz[es— ex(ete)tee ]}
|
In dilute systems, which are simply tHe=0 limit of this Eo\? .
case, this result reduces to E 1|/Wsin 26. (29
cr

This derivative is zero either @#= /2, which is a minimum

5 (28)  for Eg<E(;, #=0, which is a minimum whei,>E,,, or

gep(€—€y) atEy=E,, . At the latter situation, the energy is independent
of # and the droplet may be oriented in any direction. This is
an unstable state, in which the energy is degenerate.

The effect of the electrostatic interaction between the inclu- The effects of an externally applied field @p are easily

sions is simply to decrease the critical figlssuming that deduced from the above results. The effective dielectric ten-

€|,€,.>¢€p) as the volume fraction of the inclusions in- sor of Eq.(16) is

creases. The switching voltage of a PDLC film can be easily

estimated using E(28). Let us consider a 10@sm PDLC 1

film made of a polymethylmethacrylat®MMA) polymer sifd 0 Zsin20

matrix and E7 LC droplets with typical radius of &m. 2

2 :87TW(EL+26p)(E”+2€p)

cr

Typical values for dielectric coefficients of these materials ‘€e= €pt 3fep(ej—€p) 0 0 0

are e,=5, =18, ande, =6. A typical value of Frank € t2e,—f(e—e€p)

constantk =10"°® dyn leads to an elastic energy density Zsin20 0  co<é
W=100 erg/cm. Substituting these values {28), we get a 2

threshold voltage/,,~43 V. This value is in good agree- (30

ment with the experimental results of Amundspf] for
PDLCs at low temperatures where the anchoring at the drog-lere we used for simplification the fact that PDLC films are
let interface is strong. ideally fabricated such that the dielectric coefficient of the
Similar equations have been previously obtained for thepolymer ¢, is closely matched to the dielectric component
critical field in the dilute caséhe independent droplet limit €, of the liquid crystal. The field dependent dielectric behav-
by different methods by Wat al.[11] and Reshetnyakt al.  ior described below does not depend on this assumption.
[14]. The above derivation shows that for nondilute systemgEquation(26) can now be used to evaluate the different ele-
of aligned inclusions the anglé follows exactly the same ments ofe, as a function of applied field for different values
behavior as in the dilute limit but with a lower critical field. of initial orientation 6,. Results for the diagonal element
Itis also apparent that the dependence of this critical field or, = cog¢ are shown in Fig. 2. The second diagonal element
the droplets volume fraction is usually quite weak. Figure 1¢ —=1—¢,, clearly follows a similar behavior. It is evident
shows ¢ as a function off, for different values of applied  that the sharpness of the transition at the critical field and the
field. As expectedy decreases &5 increases. However, the contrast between the two extremal states, at zero field and
form of the transition strongly depends on the initial orien-very large fields, can be controlled by determining the initial
tation. For smalldy, ¢ decreases smoothly to zero. The be-grientation angled,. Applications that require a sharp tran-
havior at larged, is less intuitive. Forgy=m/2, 6= 6, for  sition and a large contrast between the “on” and “off”
small fields and¢=0 for higher fields. At the critical field states should use PDLCs with largg Smaller values o#),

Eo=E,, the energy is independent éfand the droplet ori- will be appropriate for applications that require a more
entation is unstable. This causes a very sharp transition bgradual transition.

tween the low field stat®@,= 7/2 and the high field staté
=0. Similar, but slightly smoother, transitions occur at all
large 6y. This leads to a nonmonotonic dependencé ain
0, for fields larger than the critical one. Let us now consider the case in which in the initial state
The sharp transition at the critical field fég=7/2 had  all the bipolar droplet axes are in they plane, 6= 7/2,
already been noticed by Reshetnyatikal. [14]. They attrib-  with ¢ distributed uniformly ovef 0,27r]. Such a distribu-
uted it to a droplet cooperative effect in which the transitiontion is an approximate description of PDLC films formed by
in one droplet induces a transition in the others. Howevergncapsulation methods, which typically have their major
the results shown above demonstrate that this effect appeaases distributed near the film plah&2]. The application of
also in the dilute limit, where the droplets are considered asn external field in the direction does not change the dis-
independent. The effect of the interaction between the dropiribution of the azimuthal angleb. The effective dielectric
lets is simply to reduce the critical field at which this suddentensor will therefore remain uniaxial throughout the switch-
transition occurs. The origin of this behavior is the specialing process. The angle, on the other hand, will decrease as
dependence of the total energy density &nfor 6,= 7/2. the field is increased. The electrostatic energy density can
The first derivative of the total energy density is then again be derived from Eq$9) and (10)

B. Planar orientation distribution
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point 6 will abruptly jump from 77/2 to zero and will stay

0.45 05

the droplets and on the dielectric coefficients of the compo-

there at all higher fields. On the other hand, if we start anents. This is demonstrated in Fig. 3, where we consider a
very high fields withd=0, then decreasing the field gradu- 100-um PDLC film with two different compositions. In Fig.

ally will have no effect ond until we reach the point

, 87W (1-fa)?

O_3'spb 1+fa (36)

at which the term in the parentheses(8f) again vanishes.

3(a), we repeat the example of a PMMA/E7 mixture with
€,=5, € =18, ande, =6 and W=100 erg/cm. In Fig.

3(b), we consider the example used in REE4] with e,

=8, /=19, ande, =5.2 and the same elastic energy den-
sity. The switching voltages corresponding to the critical
fields (35), (36), and (27) are plotted as a function df As
expected, the three voltages converge to the same value at
f=0. In the first example all threshold voltages decrease
with increasingf, the strongest dependence shown by the

For f=0 both transition points are reduced to the dilute limit smallest one. In the second example, the variation of the two
critical field (28). In the nondilute case, the interaction be- lower voltages is much weaker and the higher threshold volt-
tween the different droplets causes splitting in the transitiorage increases with increasifcA discussion of the hysteresis
point with two critical fields instead of one. The width of the in PDLC with a planar initial orientation distribution was
resulting hysteresis loop depends on the volume fraction opreviously presented by Reshetnyatlal.[14]. However, us-
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ing their effective medium approach the existence of thigielectric tensor of Eq(16) is
behavior could only be deduced from a numerical calculation

and not from an explicit analytical argument as in this paper. exx 0 0
They obtained a dependence of the critical fields on LC con- €= ept+3fe(e—€)| 0 €x O |, (37)
centration that is similar to that shown in FigbR 0 0 e
The effects of an externally applied field ep may again “
be easily deduced from the above results. The effectivevhere
|
(1/2)sir? o
Exx™ - (38)
(1—1)(e+2€p) + F{3e,+ (e~ €y)[ cOL O+ (1/2)sinP 4]}
|
and dielectric tensor also has only two possible values corre-
sponding to these states, the transition between which is de-
cos 6 termined by the critical fields of35) and(36).

€27~ - . (39

(1—1)(e+2€p) +f[3ep+ ()~ €y)sinP ] C. Random initial distribution
Here, again, we used for simplicity the assumption of perfect Let us now consider the case in which in the initial state
dielectric matching between the polymer matrix and the perthe bipolar droplet axes are uniformly distributed over all
pendicular element of the LC droplets, = ¢, [in this case possible orientationg,e[0,7/2] and ¢ €[0,27]. As in the
the upper critical field of35) is independent of the LC con- previous example, the effective dielectric tensor remains
centrationf]. As explained above, starting from a planar uniaxial throughout the switching process. The electrostatic
distribution, # has only two states. The low field state  energy of each droplet now depends in a complicated way on
= /2 and the high field staté=0. Therefore, the effective the orientations of all the other droplets

36pE(2) (€, +2€p) (€t 2€p)[ (€, +2€p) (€= €p) —3€p(€— €,)sint ]

elee 87 [(1—f)(e, +2¢€,)(e)+2¢€y) +3Fe leL +2€,+ (€= €, )(SiIPO)}2 49
|
This should be minimized together with the elastic energy
density (25) to find 6 as a function off, and Ey. In most §,=87TW( Eljzep)(ewzep) . (43
cases this minimization problem, although easy in principle, 9ep(€—€.)
does not have an analytic solution but can only be solved
numerically.

The exception to this rule is the dilute limit in which the Starting with a uniform distribution functiorP, of 6,
orientation dependent part of the electrostatic ené4@y is €[0,7/2], an externally applied field will change,, con-

reduced to that of Eq24) with f=0, centrating it at smaller angles, while preserving its symmetry
aroundd=0. This effect is demonstrated in Fig. 4. At low
9e§E§ (€|~ €,)c0S 20 fields Eq<Eg,, Py is no longer uniform but still spans the
Eoloc=— 87 (e, +2¢,)(e+2¢))" (41  entire range of possiblé values| 0,77/2]. At the critical field

Eo=E,, the distribution is again uniform, but over the nar-
rower range of anglef0,7/4]. Above the critical field(see
The minimization of the energy of a single droplet then leadsnset of Fig. 4, P, no longer spans the entire rang®m/2]
to the same result as in Sec. Il A, but is concentrated at small angles, with a strong divergence
at the maximum of the corresponding curve in Fig. 1. The
sin 26, sharp change oP, at the critical'field' Ieads' to a si.gpificant
tan 20= (42) change in the value of the effective dielectric coefficient. The
cos 260+ (Eq/Egy)? uniform orientation distribution ovedye[0,7/2] and ¢,
e[0,27] leads to a uniaxial effective dielectric tensor simi-

for 6 as a function o, andE,, with the dilute limit critical lar to _that of Sec. Il B(again choosing perfect dielectric
field matchinge, =€)
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€x O 0
~ee= 6p+3f6p(6”—6p) 0 €x O ) (44)
0 0 €y

where

B (1/2){sir? 6)
C(1-f)(ey+2€p) +f[3ey+ (€~ €,)(COL O+ (1/DsirP6)]

(49)

€xx

and rounded by liquid. The volume fraction of the nematic com-
ponent appears roughly the same inside all droplets and is
decreasing continuously with temperature from unity, a few
(cog6) L o
= ) degrees below the transition, to zero at the transition, where
(1= f)(e+2€p) +f[Bep+ (g~ €p)(siM6)] the entire droplet becomes isotropic. From these observa-
(46)  tions Amundson identified the source of the change in the
) o ) ) ) electro-optical properties of the PDLC near the transition as
In the dilute limit we simply set=0 in the denominators of 5 gramatic drop in the anchoring energy, since the nematic
(45) and(46). The results for this case, wifh, of Fig. 4, are  component is no longer in contact with the polymer matrix
also _shown in Fig. 1. Th_e result for nondilute ma’ge.rlals IShut instead with its own isotropic liquid phase. He also ob-
considerably more complicated because of the additional deseryed Brownian reorientation of the droplets at zero field,
pendence of the denominators on weighted averag®s,of  which suggests that the balance between thermal energy and
The diagonal elements ¢44) are shown, for different values  gjectrostatic energy is the dominant factor that determines
of f, in Fig. 5. They were calculated choosieg=19 and  the droplet orientation distribution in this temperature range.
Ep:8. The variation of the dielectric tensor elements iS|n this section we use an adaptation of the MG approxima_
much smoother than in the examples of the previous sectionfon of [15] to coated inclusions to calculate the field-

€77

and increases, as expected, with increasing dependent dielectric tensor of a PDLC film near the transi-

tion, which is considered as a random dispersion of coated

IV. THE DIELECTRIC RESPONSE NEAR THE NEMATIC- spheres, with an anisotropic core and an isotropic shell, em-
ISOTROPIC TRANSITION bedded in an isotropic host.

As mentioned in the Introduction, a recent experimental
study by Amundsom4] demonstrated that near the nematic-
isotropic transition inside the LC droplets the droplets un- Consider a parallel plate condenser whose plates are large
dergo an internal structural transition. The transition starts bgnough so that edge effects can be neglected. The condenser
creating a shell of isotropic liquid at the droplet walls suchis filled by a homogeneous polymer with a scalar dielectric
that each droplet contains a nematic spherical core sueonstante, in which nonoverlapping spheres of liquid crys-

A. Dielectric response of mixtures of coated spheres
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tal are distributed randomly but uniformly. Each of the condenser plates such that the volume averaged field in the

spheres is made of a nematic core with dielectric teesof ~ System isEq. Solving the Laplace equation for this system
(1) and(14) and an isotropic coating with dielectric constant We find that the electrical potential is

€. that depends og| ande, . A common method to evaluate

€. is to view the coating material as a polycrystalline collec-

tion of anisotropic, randomly oriented, compact domains

much smaller than the coating itself. Its dielectric propgrtieqnside the core,
can then be calculated from the elements of the local dielec-
tric tensore| ande, using the well known effective medium
approximation(EMA) [16]. For a locally uniaxial material,

¢g(r,0)=—Egr cosd (49

!

this approximation leads to the relation

€| € €, —€¢
6H+26C

=0. (47)

€ +2e,

Solved fore., this gives

€+ \/GE-I—SEHQ

; (48)

€=

be(r,0)= cosé (50)

Cc
Ecr + T
in the coating, and

cosé (51

Ps
¢h(r,0):(_Eor+T

in the host. Applying the continuity conditions on the poten-
tial and the parallel component of the field at the surfaces of
the core (=rg) and the coatingr(=r.) we find the uniform
field in the core

Our aim in this section is to derive an expression for the bulk

effective dielectric tensor of this mixture of coated spheres.

B. The dilute limit

First we consider a single sphere with cEgeand coating

9¢€c€,E
Es=—= = (52
(€st2€c) (€.t 2€,) +2f(es—€c)(ec—€p)

and the induced dipole moment of the coated spRereThe

€. immersed in the host,, . A voltage is applied between the average dipole moment density inside the sphere is

Py (et2e)(ec—€p) +f(es—e)(2ectey) 3

Ps

—E,, (53

Vs (egt2ec) (et 2€p) +2f(es— o) (eg—€p) 4T
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whereV=4mr 33 is its volume and=(r/r.)°. From this ~ wherea andb are functions of, €, , €,, andf. (cos ) is
it follows that if the medium contains a few such spherestherefore given by
sufficiently far apart for their mutual interactions to be neg-

ligible, then the volume average of their polarization in the 1 —ElkaT _ 2mel@/bE
medium is (cos 20)= o} e “"8'cos 20dQ) = 0
1 3 E )
<p>E\_/ 2 Ps:fs4_\PEOr (54) e__(1+2E) V(ml2)erfi(v2E) (59
S ™ E 2(E)3/2eE !
where
~ 5 where
\If—< (€st2¢€c)(e.—€p)+T(es—€)(2€e.+ €p) > e
N\ ~ ' 2me'®
(€st2€c)(ect2€p) +2f(€s— €c) (€.~ €p) 0 Q:J’ e fkeTq() = W—E\ﬁ erfi(\/2E),
(55) JEeE V2
()oe denotes an average over the dielectric tensor orienta- br3g2
tions inside the inclusion cores arig=>.V¢/V is the vol- —_s0 (60)

ume fraction of the coated spheres. 2k, T
The bulk effective dielectric tensor, defined as the ratio )
between the volume averaged displacement f[QJ)d:<D> erfi(x)=féet dt is the modified error functiorkB is Boltz-
and the volume averaged electric fiflg=(E), is therefore mann constant, and is the temperature. When calculating
this average for a given temperature we should bear in mind

€e=€pl +3fsep V. (56)  thatf is itself a function of the temperature and should be

adjusted appropriately to give the correct valuesgandb.

A plot of (cos %) as a function of the normalized field

appears in Fig. 6. As expected, whEs-0, 6 is distributed

uniformly and(cos 2)=—1/3. It increases sharply at small

fields and reaches saturatiofcos %)=1, at large fields

where all the droplet cores are aligned parallel to the field.

The azimuthal orientation angl¢ is unaffected by the ex-

ternal field and remains uniformly distributed.

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

Substituting(14) in (56) we get a result for the effective
dielectric tensor that depends explicitly on the distribution of
0 and ¢. This result is particularly simple in two limiting
cases.

(1) The dielectric axes of all the inclusions are oriented in
the direction of the applied fieldd=0). This would be the
dielectric tensor of the system when a strong electric field is
applied. This tensor is uniaxial. lisandy diagonal elements
are obtained fron(56) by discarding the averaging oveér The electrostatic interaction between the different inclu-
and ¢ and substitutinge, for €. Thez element as well as sions is taken into account within the MG approximation by
the uniform field inside the core are similarly obtained byconsidering the average field acting on each inclusion to be
substitutinge| for e, in (56) and (52), respectively. the Lorentz local fieldE, [16]. This local field may be cal-

(2) Uniform orientation distribution oveé e[0,/2] and culated either by the excluded volume approach used in Sec.

$c[0,27]. In this case the composite is isotropic, with a !l OF Py the well known relation

C. The Maxwell Garnett approximation

scalar dielectric coefficient. Carrying out the averaging of At
Eq. (56) over ¢ we find a uniaxial tensor of the form EL=Eo+ ?<P> (61)
fx((cos 29)) 0 0 with (P) taken from(54), whereE, is again substituted for
0 fx((cos 29)) 0 . (57 E,. Using this correction, the dipolar interaction between the
0 0 f,((cos 29)) inclusions is taken into account in an averaged way. Solving

for E. we find

If 6 is also uniformly distributed, as is the case in the ab- E
sence of applied field, thefcos 2)=—1/3 and we findf, EL=—O.
(—=1/3)=f,(—1/3), which indeed leads to a scalar dielectric 1-f¥
coefficient. If a field is applied thed is no longer uniformly . i )
distributed but its distribution may be obtained from a simpleThis result can again be replaced 4 in Eq. (54) to cal-
thermodynamic calculation. Since the experimental evidencgulate the volume averaged polarization and the volume av-
[4] points to negligible weak elastic forces at the interfaceeraged displacement field,. This leads to the bulk effec-
between the core and the shell, the orientation distribution i§Ve dielectric tensor
completely determined by the electrostatic forces and ther-

(62

mal fluctuations. The electrostatic energy of a single coated €e=€pl + 3fep¥ ] (63
inclusion is 1-f¥
P 1 b E — +b 20)13E2 58 This is the MG result for mixtures of coated inclusions. In
-2 s 0 (a+bcos 2)reEp, 58 our case, it depends on the anisotropyegfand on the dis-
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FIG. 6. (cos ) as a function of the normal-
ized fieldE for a dilute PDLC near the nematic-
isotropic transition.

<Cos 20>

5 10 15 20 25 30 35 40 45 50
E

tribution of the droplet rotations. The field inside the inclu- In contrast to the dilute casa,andb are now also functions

sion cores is again uniform and is given by of (cos %) in addition toej, €, , €,, andf. The distribution
of # is no longer given by an analytic solution but requires a
1 9ecepEg simultaneous numerical solution 7) and (59).
Es=T7v ~ ~ - As an example, let us consider again a PDLC made of a
s¥ (est2ec)(€ect2€,)+2f(e—€c) (e~ €p) PMMA polymer matrix and E7 liquid crystal droplets, with

(64) typical values for dielectric coefficientg,=5, /=18, and

€, =6. Substitutinge) ande, in (47) we find e,=9. These
values may now be used if56) or (63) to find the
f-dependent dielectric tensor for different distributions of the
€ , (65) orientation angles. As discussed abof/és determined by
P (1-19)(ec—€p)+3¢p the temperature, it is zero at the nematic-isotropic transition
and 1 far below it. Its range of variation, according to the
which is the MG result for simple spherical inclusions with experimental resultg4], is 4—5 °C. If all the inclusion cores
dielectric coefficiente, and volume fractiorfs. In the case are aligned we find, as expected, that the dielectric tensor is

In the cases WherES= €. or f=0, (63) reduces to

€. €p

€= €pl +3f

wheree = €,, we get uniaxial with diagonal elements given by
€€ 32— 23f
€= €pl + 3ff 6p< I > , (66 Vo= (68)
(1—fsf)(es—€p) +3¢p 66 8(19-f)
which is the MG result for simple spherical inclusions with gnd
dielectric coefficienteg and volume fractiorf f.
Let us consider again the two simple cases discussed in 16+ 23f
Sec. IVB. If the dielectric axes of all the inclusions are ori- ‘I’zz=m, (69

ented in the direction of the applied field€0), we find

that the elements of the effective dielectric tensor may be _

obtained from(63) by discarding the averaging ovérand¢  which are the results obtained for a scadarequal toe, or

and substituting:, or €| for €. If ¢ is uniformly distributed ~ €|, respectively. We can use this to estimate the electric
over[0,27r], (63) again reduces to a uniaxial tensor li&) voltage reguwed to produce this ahgnment. .Equatlr?g the
but with more complex functions dicos ) in the diagonal ~ electrostatic energye=(1/2)Ps-E, for inclusions with
elements. These functions also obey the relafign-1/3) f=1 and rg=0.5 um with the thermal energy at
—f,(—1/3) thus leading to a scalar dielectric coefficient in T=55°C, we find V=12 V for a film thickness of
the absence of applied field, wheris uniformly distributed. 20 wm. This estimate is very close to the experimental re-

The electrostatic energy of each of the coated inclusions ma§uits reported by Amundsd]. For a uniform distribution
again be written as of core orientationsl reduces to a scalar function of

 (4—1)(76+23f)

1
__ = . _ 32 =
E=—5PsE .=—(a+bcos20)riE]. (67) 4(19—)(19+2f)

2

(70)
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In a typical experimental setting the orientations of thebecomes more and more anisotropic and its elements vary
inclusion cores are uniformly distributed in the absence ofharply near a potential drop of1 V, above which they
applied field. As the field is increased this distribution saturate quickly. The dielectric tensor element parallel to the

changes according to Eq&9) and (67) and the effective

dielectric tensor becomes more anisotropic. The MGA re

sults for a 20um-thick PMMA/E7 film are shown in Figs. 7
and 8, for a few different inclusion volume fractiofg and
core volume fraction$. At zero field the films are isotropic
with a dielectric constant that increases as a functiofgof

since the elements of are larger thare,, but decreases
slightly as a function of. This dependence dragrees quali-

field increases and the perpendicular elements decrease.

Their variation is stronger and the resulting dielectric tensor

more anisotropic at higher volume fractiohandfg, since
the anisotropic component of the PDLC is larger.

These results closely resemble the experimental observa-
tions of Amundsorj4], which are to our knowledge the only
published results for PDLC at the relevant temperature
range. The main feature is the relatively low switching volt-
age, of the order of 1 V, and its very weak dependence on

tatively with the experiment where the zero field dielectricthe temperature, or on the parameten our model. The

coefficient increases with temperature, sifitea monotonic

model also provides a simple method for estimating the de-

decreasing function of the temperature, although the megsendence of the electro-optical properties on the volume
sured dependence is stronger than indicated by our calculfaction of the LC cavities, which is still to be investigated
tion. As the applied field increases, the dielectric tensoexperimentally.



PRE 61 LOCAL FIELD EFFECTS AND THE FIELD-DEPENDEN . .. 5399

9.5 T T T T T T
of T T T T T ]
85F e i
/'/
8t s E
/
./'

750 o i FIG. 8. The diagonal elements ¢63) as a
W S function of applied voltagéin volts) for droplet
o .1 s emmmTTTTTTTTT i volume fractionsfs=0.1 (solid lineg, fs=0.3

P - - (dashed lines and f,=0.5 (dash-dotted lines
-zl P The film thickness is 20um andf=0.9.

65F ~. L7 4

oo=z2l Tl ]
550 4—,/:':’__-_____________'__;__‘_.:—

5 1 1 1 1 1 1

0 05 1 15 2 25 3 35

v
V. CONCLUSIONS effect may provide a simple mechanism to obtain PDLC

films with various types of behavior for different types of

taining bipolar LC droplets are studied using an extension o ppl_ications. For a plqnar injtial orientatipn di;tribution the
the classical Maxwell Garnett approximation to materials eorientation process Is again thrgsholdllke with some hys-
with anisotropic inclusions. As in previous studies of thistereSISi The width of the hysteresis depends on thg ITC con-
; CL centration and can be calculated analytically within our
problem, the essential physics involves a balance betweef

the elastic energy, which favors orientation of a droplet in amodel. This behavior may be used for some types of optical

locally preferred direction, and the electrostatic energySW'tChmg and should be quite interesting to verify experi-

which favors alignment with the applied field. The MG ap_’mentally. Systems with random orientation distributions ex-

i X ._hibit reorientations that are much more gradual but are still
proach provides a convenient framework for the evaluation

of the electrostatic effects. On the one hand, it can handlconcentratlon dependent. A similar gradual reorientation pro-

nondilute svstems and is therefore more aeneral than moSESS 0ccurs near the nematic-isotropic transition, where the
. ystel . 9 . aroplets themselves become composite structures with nem-
previously published studies. On the other hand, it is muc

simpler than the effective medium approach[bil. It pro- tic cores and liquid coatind€]. The main qualitative dif-
imp . : PP - LPro°  terence between this relatively high temperature regime and
vides analytical results for nondilute systems with some ini-

tial orientation distributions and a very simple numericalthe low temperature regime is the disappearance of the elas-

scheme for all the other cases. The treatment of the elastltic anchoring energy. This leaves thermal fluctuations as the
. . - : ; : fominant force acting against complete alignment with the
energy, as in all previous studies of this subject, is phenom:

; : i . ) ._applied field. This physical change is accompanied by a dra-
EQI?IIZ%E% A detailed microscopic theory of this energy Satic drop in the switching voltage], which is well repro-

Once an electric field is applied on a PDLC, the drople’[sduced by our model.

bipolar axes start to rotate, in accordance with their initial
orientations and the magnitude of the field. This reorientation
process changes the macroscopic dielectric response of the
material. For initially aligned droplets we found that the | thank P. Palffy-Muhoray for introducing me to this sub-
sharpness of the reorientation process depends on the initigct and for his hospitality at the Liquid Crystal Institute of
orientation in a quite dramatic way. For orientations close taKent State University where part of this work has been car-
the film plane the process is thresholdlike with a critical fieldried out. | also thank R. V. Kohn for useful conversations
that depends on the droplet concentration. For initial orienand for supporting my work through NSF Grant No. DMS-
tations far from this plane it is much more gradual. This9402763 and ARO Grant No. DAAH04-95-1-0100.

In this paper, the dielectric properties of PDLC films con-
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