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Electro optics of bip olar nematic liquid crystal droplets
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We directly visualize the response and relaxation dynamics of bipolar nematic liquid crystal
droplets to an applied electric eld E and show that there is no critical eld for switching. Instead,
upon application of E, the surfaceregion rst reorients, followed by movemernt of the disclinations
and the bipolar axis. After removing E, elastic forces restore the drop to its original state. The
collective electrooptic properties of ordered hexagonal-close-pa&ed monolayers of drops are probed
by diraction experiments con rming the proposedswitching mechanism.

PACS numbers: 61.30.Pq, 61.30.Gd, 61.30.-v

Electrooptical devices based on two and three di-
mensional arrays of polymer-encapsulated nematic lig-
uid crystal [1] o er considerablepromise for large-area
exible displays that can be assenbled on plastic sub-
strates [2]. Optimization of their designand performance
demandsa detailed understanding of the physics of their
switching. Thesedevicesare generally modelled as bipo-
lar droplets, with the nematic director, n, aligned, on
average, between two disclinations positioned at oppo-
site polesof the droplet. Disclinations, which are singular
points about which n rotates through a multiple of radi-
ans, are required by the topological constraints enforced
by the con nement of the liquid crystal, and the parallel
boundary conditions typically found. Switching of bipo-
lar droplets is generally thought to require application
of an electric eld, E, greaterthan a critical Freederiksz
eld, E; [3]. This reorients n along E, changingthe e ec-
tiv e index of refraction of the nematic droplets, reducing
the scattering of transmitted light and switching the de-
vice on. The increasedscattering of the incident light for
E < E. switchesthe device o. This switching model
doesnot require reorierntation of the disclinations sincen
is completely reoriented only for E > E; asa result the
relaxation time should be an order of magnitude shorter
than is obsened experimentally [3]. Possible explana-
tions for this discrepancyare suggestecby computer sim-
ulations basedon Franck-Leslie-Ericksen cortinuum the-
ory [4] which nd a cortinuous variation of the director
eld as E is increased, or by analytic calculations [5]
which balanceelectrostatic and elastic energiesassuming
the bipolar director eld rotates rigidly, and nd an ex-
plicit dependenceof E. on geometry. This discrepancy
in such essetial properties of the switching highlights
the needfor detailed experimental measuremets to crit-
ically reasses®ur picture for the fundamertal switching
mechanism of bipolar drops.

In this Letter, we study an ordered array comprised
of nearly identical, well de ned bipolar nematic droplets,
and shaw that the current understanding [3{6] of the
switching mechanism must be completely revised. We
study individual droplets and shaow that there is no criti-
cal Freederiksz eld. Insteadit is the surfaceregionthat
responds rst to the applied eld, driving the average
bipolar director eld to reorient with E; moreover, this

response occurs for vanishingly small E. By exploiting

the periodic padcing of the uniformly sizeddroplets, we
measurethe Bragg-re ected light to determine the mean
orientation of the bipolar structure and to probe the dy-
namics of the relaxation when E is switched o. These
dynamicsare slow becausehe full bipolar structure must
reorient. While the basicbehavior is adequatelycaptured
by a simple model basedon shape anisotropy [7] and by
the computer simulations [4], the complexbehavior high-
lights the fact that other mechanisms must be respon-
sible for the relaxation in most common liquid crystal
devices. Obsenations of di erent relaxation behavior at
very high E providesinsight into thesemedanisms, sug-
gesting that the relaxation dynamics are driven by mo-
tion of the meandirector from an E - eld aligned state to
the state with the least elastic distortion of the nematic
inside the drop; this con rms the absenceof a critical eld

for bipolar drops and implies that the long relaxation
times encountered for most polymer-liquid-crystal based
devicescannot arise from the bipolar relaxation. Our re-
sults provide a clear picture of the switching mechanism
for drops that are truly bipolar, and provide a switching
geometry that doesnot require a critical eld, which has
both fundamertal and practical implications.

Monodisperse emulsions are prepared by extrusion of
perthylcyanobipheryl (5CB), a nematic liquid crystal,
through a thin capillary (3-10 m in diameter) into
co owing water with 1% polyvinyl alcohol (PVA), yield-
ing droplets with polydispersities belowv 3% [8]. A small
volume of emulsion is placed on a glassslide coated with
indium tin oxide (ITO); as the water evaporates, the
liquid crystal droplets self-asserhle into a hexagonally
closedpadked (HCP) monolayer. The PVA prevents the
drops from coalescingwhile enforcing planar boundary
conditions on n. An ITO coated glasstop is added to
apply an electric eld, in the form of a 1K Hz bipolar
squarewave, along the Im normal.

A photomicrograph of a typical Im in the absenceof
an applied eld (E = 0) is shown in Fig. 1(a). The Im
has a total thicknessof 39m , and cortains a monolayer
of hexagonally shaped droplets of thickness2d = 7 m,
enclosedby PVA walls on a 2a = 18 m hexagonal-close-
padcked lattice. The color is consistert with a uniaxial
birefringent slabwith n = 0:21and athicknessof 5 m ,
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FIG. 1: (Color) Photomicrographs of the hexagonal-close-
packed monolayer taken between crossed polarizers (indi-
cated by P and A) for dierent elds: (a) E = 0, (b)
E = 003V/ mand(c) E = 0:15V/ m. (d) shows the
experimental geometry. Anisotropy in the drop shape xes
the polar axis of the drops in the x-y plane in the absence
of an E-eld. For E 6 0 the axis rotates through an angle
reducing the birefringence of the drops as indicated by the
color change. For the diraction experiment, light is incident
along k with polarization direction E, along the drop polar
axis. At E = 0 the e ectiv e refractive index for E, equals
the extraordinary index of refraction of the liquid crystal.

in agreemen with experiment. The droplets are bipolar
with the line connectingthe two disclinations residing in
the x-y plane 45 from the crossedpolarizers. The po-
lar axis is nearly perfectly aligned becauseof the slight
elongation of the droplets during drying. The bipolar
structure of all droplets is veri ed by textural obsena-
tions betweencrossedpolarizers[9]. Thus, this Im isan
ideal structure with which to investigate the switching
mechanism of bipolar liquid crystal drops.

Unexpected behavior is obserned upon application of
an electric eld: The polar axis rotates cortin uously out
of the x-y plane, decreasingthe averagebirefringence of
the droplets, asshawn by the changein colorin Figs. 1(b)
and (c). There is no critical eld for the switching in
cortrast to the responsetypically reported for polymer
dispersedliquid crystal (PDLC) and related devices|3,
5,6]. For E & 2:0V/ m optical birefringencedisappears
completely and the nematic director is aligned with E.

To elucidate the switching medanism of thesebipolar
drops, we focus on the behavior of a single drop. We
obsene three distinct stepsin the responseto the appli-
cation of an arbitrarily small electric eld. Surprisingly,
in the rst step, the polar axis remains xed but the di-
rector eld changesnear the interface of the drop, where
boundary conditions should pin n. This is showvn by the
di erence in intensity of the transmitted light between
the photomicrograph in Fig. 2(a), which hasE = 0, and
that in Fig. 2(b), which is taken 1=30 s after application
of a eld of E = 0:12V/ m. Second,the bipolar axis
moves out of the x-y plane with the disclinations mov-

ing toward the top and bottom of the drop, as shown
in Fig. 2(c), taken 4=30 s after application of the eld.
Third, equilibrium is reached with the electric and elastic
restoring forces balancing eat other. This equilibrium
is characterized by a bulk that is more tilted than the
edges,as can be seenby recognizing that the birefrin-
gencein the center of the drops in Figs. 1(b) and 1(c)
is lessthan that on the edges. This behavior implies
that the director rst rotates out of the Im plane at the
drop edge, producing a twist in n without changing the
bipolar axis, which remainsat = =2; this is shown in
Figs. 2(d) and (e), while the angle of bipolar axis, , is
shavn in Fig. 1. The initial switching at the edgecan
occur becauseof the unique geometry of the liquid crys-
tal droplet; n rotates parallel to the interface, thus the
boundary conditions remain unchanged. This twist in-
ducesthe subsequeh movemert of the disclinations and
the rotation of the bipolar axis as shavn in Fig. 2(f).

We also can usethe imagesof the individual droplets
to investigate the relaxation of the director eld when
the applied electric eld is switched o. When a large
E-eld of E = 20 V/ m is applied, the bipolar axis is
aligned with the eld and the disclinations are on the
top and bottom of the droplet, as shown in Fig. 2(g).
The relaxation sequenceis shovn in Figs. 2(h) and (i),
taken 1=30 s and 2=30 s after removing the eld. The
disclinations are clearly seenmoving along the top and
bottom surfacesto the vertices of the hexagonal drop.
The fact that they are on the surfaceof the drops can be
con rmed by changing the focal plane of the microscope.
After 0:85 s, the disclinations have returned to the
x-y plane, where the elastic distortions are minimized,
and = =2. We obsene that approximately 2=3 of
the total relaxation time is spent near the nal droplet
con guration indicating that the angular velocity of the
relaxation is peaked at high and thus at low times.

To understand the relaxation process,we exploit the
uniformity in size,shape and orientation of the droplets,
to study Bragg diraction from the Ims. A linearly po-
larized HeNe laser, with a wavelength of = 6328 nm
isincident alongthe E eld, with the polarization vector
aligned nearly parallel to the polar axis of the droplets,
as shown in Fig. 1. The resultant diraction pattern is
shown in the insert of Fig. 3(a), and has six-fold sym-
metry, re ecting the hexagonalorder of the droplets. It
exhibits asmany as10ordersof di raction, re ecting the
high degreeof pading order. Using a photodiode, the in-
tensity of the coherent transmitted beamis measuredas
a function of time after the eld is switched o, and is
shown in Fig. 3(a), where the curves A through D re-
ect decreasingE- elds, and where the arrows indicate
when the eld is switched o. For elds greater than
E = 0:11V/ m, six relative extremesin the intensity
of the transmitted light are obsered between the ini-
tial and nal intensities. These oscillations result from
an interference e ect, and are consistert with a simple
model of a phasegrating comprised of alternating peri-
odic regions of a xed refractive index of the polymer
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FIG. 2: Polarized optical microscopy obsenations of an indi-
vidual drop during application and after removal of an electric
eld. The photomicrographs in (a)-(c) show a sequenceof im-
agestaken after application of an E = 0:13V/ m eld. The
times are (@) t = 0, (b) t = 1=830s, and (c) t = 4=30 s.
Sketched below each of the photomicrographs, (d)-(f), is a
scheme depicting the director structure inside the drop dur-
ing switching. A time sequenceduring the relaxation after
removal of an E = 221 V/ m eld is shown in the photomi-
crographs in (g)-(i). The time after removal of the eld are
(@ t=0s,(h)t=1=3830s,and (i) t = 2=30 s. The sys-
tem continues to relax back to the state shown in (a) after
t = 0:85s. Image (g) appears black under conditions simi-
lar to the other photomicrographs and has beenelectronically
enhancefor clarity.

coating, ny, and a refractive index of the liquid crys-
tal, n( ), which varieswith the applied E- eld [10]. The
maximum changein n( ) inducesa maximum phaseshift

=2 @2d)(n() np)= of 5 ,in agreemen with the
three oscillations obsened. As the E- eld is reducedbe-
low E = 0:11 V/ m, fewer extremes are obsened, as
shown in curves B, C, and D in Fig. 3(a), since in
the on-state increasesas E decreasesthus traversing a
smaller angular interval during relaxation.

From the E- elds at which ead relative extreme dis-
appears,we can determine an approximate droplet mean
tilt angle . Wedo this by estimating n( ) from the bire-
fringence colors at those eld strengths and by further
assuminga uniaxial material, for which the relationship
n() 2=n,2co + n,2sin? allows calculation of
We measurethe time taken to reach ead relative ex-
treme from an initially high E- eld, and plot the results
in Fig. 3(b). Most of the relaxation occurs quite rapidly,
but the nal few degreegake signi cantly longer, consis-
tent with our obsenations of the disclination dynamics
using microscopy. Moreover, theseresults clearly rule out
any critical eld for the transition, asthe total relaxation
time upon removal of the eld would then be 60 ms,
instead of the 0:85 s measuredhere.
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FIG. 3: (Color) Time dependenceof the transmitted inten-
sity and orientation of droplet axis. (a) The arrows indicate
the times at which the square wave voltage signal is turned
OFF from (A) 0:12V/ m, (B) 0:056V/ m, (C) 0:041V/ m
and (D) 0:026 V/ m. The number of extremes in the trans-
mitted signal is reduced as the applied eld decreases. The
inset shows a diraction pattern re ecting the long range
hexagonal-close-paked order of the Im. (b) The time de-
pendenceof the angle betweenthe droplet axis and the Im

normal asthe droplet relaxes after the eld is removed. The
line corresponds to the model described in the text, assuming
a starting relaxation angle of 8 . The inset shows the total
time for the diraction pattern to be switched ON and relax
OFF after removing the eld.

The relaxation dynamics can be qualitativ ely under-
stood as being driven by the shape anisotropy of the
drops [7]. We assumethat the droplets are ellipsoidal
in shape with a radius r = afsin® + a?=cfcos® g %°
and that the elastic free energyarisesonly from the bend
cortribution, Fg = K=(2r?). By balancing the resultant
elastic torque, ¢ = dFg=d , with the viscoustorque,

v = d =dt, where s the rotational viscosity of the
liquid crystal, we predict the time ewolution of and plot
the results asthe solid line in Fig. 3(b). Despite the sim-



plicity of the model, it neverthelessqualitativ ely captures
the relaxation dynamics, con rming that they are driven
by the droplet shape anisotropy [7].

The total switching times for both ON and OFF are
plotted in the insert of Fig. 3(b). The E-eld strength
clearly drivesthe ON time; for E = 2.0V/ mit is0:8 ms.
As the E eld is decreasedthe ON times increaseand
evertually becomescomparableto the OFF times. We
can usethe simple torque balance[7] to accourt for the
limiting valuesof the responsetime. At high E- elds, the
equilibrium meantilt angleis ¢ 0, and the response
time is cortrolled by the electric eld; thus, by balancing
the electric torque arising from the dielectric anisotropy
of the liquid crystal, ¢, with the viscoustorque, ., we
obtain a responsetime of 0:6 ms for E = 220 V/ m, in
good agreemem with our obsenations. By cortrast, at
low E-elds, << ¢, and the characteristic response
time is then predicted to equalthe relaxation time, again
in reasonableagreemen with our obsenations. This sim-
ple model is based on the existence of a critical eld,
which does not play a role in these limiting cases,but
doesinvalidate the model for all other elds. The model
also predicts that the angular velocity reaches a maxi-
mum at = =4, whereasexperimentally this maximum
occursat higher and lower times; this discrepancyarises
from the inequivalenceof the = O0and = =2con gu-
rations, which forcesthe systemto move out of the = 0
con guration much faster than predicted.

A more complete description of the dynamics can be
achieved within the Franck-Leslie-Ericksen continuum
theory, and recert simulations capture the absenceof a
critical eld for switching, aswell asa relaxation angular
velocity that is peaked at low times [4], consistert with
our experimental obsenations. Moreover, the simula-
tions also show that, upon balance of electric and elastic
forces, the bulk is more tilted than the droplet edges,
again consistert with our obsenations. Howevwer, the
simulations use the fact that the x-z plane has mirror
symmetry and are restricted to two dimensions; hence
the essetial physicsof the responsedynamics, which are
governedby atwist in the x-y plane, cannot be described.
A full three-dimensional implemertation of the cortin-
uum theory equations is essetial to fully capture the
physics of the problem.
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A completely di erent relaxation processis obsened
at even higher applied elds, E 3.0V/ m. In this
case,the eld is large enoughto overcomethe surface
anchoring and sothat after the eld is removed there is
no preferred orientation for the director and a densede-
fect structure is generated. These multiple defectsthen
coarsenthrough pair annihilation until only two discli-
nations remain, which nally relax to their original po-
sition. This behavior may o er someinsight about the
slow relaxation obsened in typical PDLC's. The crit-
ical switching eld usually obsened implies that they
cannot be modelled as bipolar drops. Instead, confocal
microscopy studies of PDLC Im morphology shaw that
the constituent liquid crystal drops have a network of
polymer laments [11] that presumably pins the director
at elds below E;.. We further speculate that the slow
relaxation dynamics of typical PDLC devicesarisesfrom
coarseningof a defectnetwork rather than the movemert
of defect pairs. Our results provide a clear picture of the
switching of bipolar nematic droplets, and the media-
nismsare clearly at odds with the obsenations for PDLC
devices;thus any modelling of the electrooptic properties
of such devicesas bipolar structures must be rethought.

A full understanding of the switching medanism
of true bipolar drops, such as those studied here,
must recognizethe fundamenrtal di erence with the E-
eld response and relaxation of nematic Ims, where
the Freederiksz transition requires application of elds
above a critical value for the systemto respond. How-
ever, the absenceof a critical value reducesthe electric
eld neededfor switching; this is important for practical
applications [6]. Finally, we note that Ims of monodis-
perse, aligned bipolar drops are potentially valuable for
display applications, particularly where encapsulation of
the nematic liquid crystal is essetial to assureuniform
birefringencein exible displays.
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