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Polar electro-optic switching in droplets of an achiral nematic

T8I0

A polar electro-optic response is observed in droplets of an achiral nematic liquid crystal in
coexistence with the isotropic phase. Between crossed polarizers each pancake-shaped droplet
shows extinction brushes in the form of a centred cross aligned with the polarizer axes. An
applied electric field E induces a rotation of the crosses about the field direction, with about
half the droplets switching clockwise and the other half anticlockwise. The sense of rotation
in each droplet changes when E is reversed. We propose that a twisted bipolar director
structure is stabilized in the droplets by a relatively large splay elastic constant and tangential
boundary conditions. The molecules twist along the diameter of the droplets, perpendicular
to the applied field, which results in a linear rotation of the director by the inverse flexoelectric
effect. Since the molecules are achiral, the handedness of the twist, and hence the sense of the

switching, in any droplet is arbitrary.

1. Introduction

In liquid crystals, curvature strains may result in an
induced polarization of the medium. This phenomenon
is called the flexoelectric effect and is analogous to the
piezoelectric effect in solids. There is also an inverse
flexoelectric effect in which an external electric field may
induce a flexoelectric deformation of the medium. A
striking example of the latter was described by Meyer
[1] in his first paper on flexoelectricity. He proposed
that certain combinations of shape polarity (specifically,
drop- and/or bow-shaped molecules) and directions of
the net molecular dipole moments enable an applied
electric field E to induce a periodic structure with
alternating regions of splay and bend deformation, see
figure 1 ().

* Author for correspondence; e-mail: cfppru@fy.chalmers.se

A space-filling splay—bend structure, however, requires
a continuous rotation of the director in space. Moreover,
a transformation from a uniform orientation into one
with a periodic splay—bend structure, because it involves
the creation and motion of defects, is energetically very
costly and has not been observed. In a helicoidal
(twisted) director structure, such as a cholesteric liquid
crystal, the situation is very different. If we make a cut
through the medium, at an oblique angle to the twist
axis, the projection of the continuously rotating director
onto the cut-plane describes a periodic arc-pattern which
is in fact a splay-bend. The origin of this pattern was
first explained by Bouligand [2], and we therefore refer
to this plane as the ‘Bouligand cut’ or the ‘Bouligand
plane’. Evidently, if we turn the director around an axis
perpendicular to the helix until it is aligned along the
Bouligand plane, we will obtain this same periodic
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Figure 1. (a) Field-induced periodic

splay—bend deformation in a

nematic liquid crystal. (b)) The

flexoelectro-optic effect in a

cholesteric liquid crystal. A

CHIRHEHRTIE
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periodic splay—bend deformation

SHISTHSTHIRTIE

appears in the Bouligand plane
(marked with thick line) when
an electric field is applied normal
to the helix axis.

splay-bend deformation, and hence an average flexo-
electric polarization P oriented perpendicular to the helix
axis and in the Bouligand plane. The inverse flexoelectric
effect can thus be achieved easily in cells containing a
helix: an electric field E applied normal to the twist axis
of a cholesteric (or any twisted nematic structure) will
couple to the molecular dipoles and induce a periodic
splay—bend deformation by uniformly turning the director
to be along a certain Bouligand cut, see figure 1 (b).

Inverse flexoelectricity produces a strong linear electro-
optic response called the flexoelectro-optic effect in
cholesterics [ 3, 4]. The induced rotation of the director
¢ 1s given for moderate electric fields [3] by

¢=— (1)

where e is the average flexoelectric coefficient, X the
average elastic constant for splay and bend, and & the
helical wave vector. Since the angle of induced rotation
is proportional to the electric field, so is the orientation of
the Bouligand plane relative to the helix axis. As can be
seen from equation (1), the sign of the electro-optical
response depends on the sign of , i.e. whether the twist
is right- or left-handed. We emphasize that it is the
helical or twisted director structure rather than chirality
that is necessary for the flexoelectro-optic effect: even
if molecular chirality is often the reason for helical
ordering, as in cholesterics, the flexoelectro-optic effect
may be observed with any helical nematic structure,
even one formed by non-chiral molecules. In this paper

we describe such a case, in which a twisted arrangement
of achiral nematic molecules is imposed by confined
geometry effects.

2. Experimental

The material used in these experiments was a 3; 1
molar mixture of p-octyloxybenzoic acid (Isotropic <<%
Nematic <=5 Smectic <=5 Crystal; from Finton
Laboratories) with 1,10-phenanthroline (melting point
101-105°C; from Aldrich Chemical Company). In the
mixture, two kinds of dimer, shown in figure 2, are
stabilized by hydrogen bonding and we_ observed the

following phase sequence:_ Isotropic <~5 (Isotropic/

Nematic) <5 Nematic <5 Smectic C.

A sandwich cell of thickness 4 pm was filled with the
liquid crystal mixture in its isotropic phase. On cooling
to 7~ 100°C circular nematic regions 10 to 50 um in
diameter appeared which coexisted with the isotropic
phase over about a 10°C temperature range.

With the sample between crossed polarizers, extinction
crosses could be seen in many of these pancake-shaped
droplets, figure 3 (@). In the absence of an electric field
the brushes of the crosses were oriented essentially
parallel to the polarizers. An electric field E applied
perpendicular to the bounding glass plates of the cell
caused the crosses to rotate through an angle ¢(E) about
the field direction. The domains with crosses appeared
to be of two types, A and B, distinguished by their handed-
ness. In type A the crosses rotated clockwise for E> 0,
while in type B they rotated anticlockwise, figure 3 (b).
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Figure 2. Structural formulae of hydrogen-bonded dimers in the 3:1 molar mixture of p-octyloxybenzoic acid (I) with
1,10-phenanthroline (II).

When the electric field was reversed, so also was the
sense of rotation in both the A and B domains,
figure 3(c). In moderate fields, the rotation increased
linearly with field strength (¢ E), and in smaller drop-
lets (diameter < 30 um) the response also increased with
droplet size. In larger domains the crosses became
strongly distorted during the switching. Typically, ¢
reached values of about 30° for applied fields of
5Vpum-"' in domains about 30 pm in diameter. When
the analyser was turned slightly clockwise with no field
applied, the A domains became reddish and their crosses
darker, whereas the B domains became yellowish and
brighter and their crosses less distinct, figure 3 (¢). These
optical effects were exchanged when the analyser was
decrossed anticlockwise, figure 3 (e).

Above some threshold, the applied field induced
electrohydrodynamic instabilities, temporarily destroying
the original textures of the droplets and providing a
mechanism for changing the sign of their electro-optic
response. For example, by briefly applying a high electric
field, domains that before showed no crosses (let us call
them type O) could be transformed with equal probability
into type A or type B, and domains of type A or B
could be transformed into type O. Moreover, domains
of type A could be transformed into type B and vice versa.

3. Proposed model
In liquid crystals in confined volumes, the director
configuration is greatly influenced by the presence of
surfaces, particularly when the surface-to-volume ratio
is large. In nematic droplets these configurations there-

fore depend both on the relative magnitudes of the
Oseen—Frank elastic constants for splay, twist, and bend
(respectively, X,,, K,,, and K, ), and on the type and
strength of the boundary conditions. Surface anchoring
can usually be satisfied at the expense of introducing a
certain number of structural defects. In particular, two
idealized configurations that accommodate tangential
boundary conditions are the bipolar structure, with two
surface point defects, and the toroidal configuration,
with a line defect along the droplet axis, shown in figures
4 (a) and 4 (b). In practice, the director configuration may
often be more complicated than in either of these models
since the configuration adopted in nature is the one
that best accommodates differences in the splay, twist,
and bend elastic energies. In our experiments the thick-
ness of the cell (4 pm) is much smaller than the droplet
diameter (1050 um), so the droplets are not spheres,
but more like pancakes. The fact that we see domains
of opposite handedness, and that the switching is sensitive
to the sign of E, implies that they have neither a simple
bipolar nor a toroidal configuration.

Volovik and Lavrentovich [5] and later Xu er al.
[6] studied spherical nematic droplets with tangential
boundary conditions and found evidence in some
materials for the formation of a so-called ‘twisted bipolar’
structure, shown schematically in figure 4(c). Williams
[7] showed theoretically, using a axisymmetrical
approximation, that in a sphere with strong tangential
boundary conditions, this twisted bipolar structure is
favoured when K ,, = K ,, + 0431K,,, i.e. when the splay
elastic constant is large and/or the twist and bend elastic
constants are small.
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Bipolar Toroidal

Twisted bipolar

Figure4. Vertical cross sections of (a) bipolar, (b) toroidal,
and (c) twisted bipolar director configurations of spherical
droplets with tangential boundary conditions.

We propose that the domains of type A and B in
our experiments have a twisted bipolar director con-
figuration similar to that found in spherical droplets. A
vertical cross-section of this configuration in a pancake-
shaped droplet with azimuthal symmetry is shown
schematically in figure 5.

Let us correlate the features of the bipolar twisted
configuration to our experimental observations. Along
the diameter of the droplet there is, according to the
model, a twist of the director field. If we now apply an
electric field E parallel to the vertical symmetry axis of
the droplet, we have essentially the same situation as in
figure 1(b): the field couples to the molecular dipoles
and starts to orient them along E. The flexoelectric
coupling leads to a splay—bend deformation achieved by
locally reorienting the director, as shown in figure 6.
This in turn is manifested as a rotation of the extinction
cross observed in polarized light.

The analogue of the Bouligand plane in the droplets
is a curved surface which forms a double spiral as shown
in figure 7. By symmetry this Bouligand ‘ribbon’ begins
and ends at diametrically opposite positions on the edge
of the droplet. For small angles of induced director
rotation, the double spiral makes several revolutions N
around the droplet axis, with N »© as E— 0, and
N>0asE— o,

Since the liquid crystal material studied here is itself
achiral, droplets with either handedness of radial twist
(types A and B) should appear with the same probability.
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Figure 6. Field-induced rotation of the extinction crosses
in circular droplets with a bipolar twisted director con-
figuration. The sense of switching for a given direction
of the applied electric field is governed by the sign of
the radial twist [R (right-handed) with k>0, or L
(left-handed) with k< 0] according to equation (1). Note
that the cross rotates in the opposite direction to the local
director reorientation.

The sense of field-induced director rotation in the
flexoelectro-optic effect is dependent on the sign of the
twist wave vector k, so that type A and type B domains
have opposite responses. The birefringence colour changes
observed by decrossing the analyser prove that there is
a twist of the director from the bottom to the top of the
droplets, and that this twist sense is also different in
type A and type B domains. The director structure in
figure 5 shows a slight twist (II) from top to bottom of
the droplet, with a handedness opposite to that of the
radial twist (I).

4. Discussion
Linear electro-optic effects are rare in liquid crystals
and when they exist they are usually related to the
chirality of the molecules. Examples are the electroclinic
effect in chiral smectic A and surface-stabilized ferro-
electric liquid crystals, and the deformed helix mode in
chiral smectic C materials. By linear we mean that

Glass plate L ‘H P
S— Nematic
J::(*{;Y "Y‘—Yn_ : »‘(n—\/y—\; »\/t—[“n-/\r— "’—\'_/\’-'\.- 2 A A A—(&«::& - droplet
Isotropic f*J-'L-L‘L-L'Li-L-L-HTTTTTTTTT—rq‘TI
E —— e T THTT T o -
" Rt LA T T
> _L »
> >y r 7;»
N : —>( _|y -17—:/-1 : -oy —-l\/-o \-/t H\l—i\'L].—\»—i f\ —|)\—1 )ﬂ f —|A-1A—| )\—1 ):1 :
Glass plate yred Pl

Figure 5. Vertical cross section of twisted bipolar director configuration in a flattened droplet. Note the two directions of twist:
I, the (horizontal ) twist axis along the droplet radius, and 11, the (vertical ) twist from top to bottom of the droplet.
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Figure 7. Bouligand plane in

2

A H

nematic droplets. The analogue
of the flexoelectrically-induced
Bouligand plane in the case of
circular droplets is a double-
spiralled ribbon. An idealized

ribbon is drawn for the director bend
field in the vicinity of the
equatorial plane of the droplets.

the polarization P, whether spontaneous or induced,
couples linearly to the electric field (free energy density
~ — P E), so that the electro-optic response depends
on both the magnitude and the sign of E. Dielectric
coupling, in contrast, is not linear, being quadratic in
the field (free energy density « E?), and the electro-optic
response is dependent on the magnitude, but not the
sign of the applied field. The polar switching observed
in the nematic droplets under study can therefore not
be a dielectric effect. Neither is it electroclinic in origin
since the molecules are achiral. Flexoelectricity, on the
other hand, has (at least to first order) nothing to do
with chirality and is moreover a polar effect. Whenever
there is an intrinsic twist of the medium whether as a
consequence of chirality or of the boundary conditions,
a large linear electro-optic effect may result from inverse
flexoelectricity.

We have proposed that in order to minimize the total
free energy of the system, the liquid crystal adopts a
bipolar twisted configuration inside the flattened nematic
droplets, a structure with radial twist. The electric field
is applied perpendicular to this twist, which is the correct
geometry for flexoelectro-optic switching. The handed-
ness of the radial twist determines the sign of the
response. There is also twist along the vertical axis in
the droplets, which apparently has little unfluence on the
switching, but is responsible for the observed reduction
in extinction when the sample is between crossed
polarizers. As can be seen from figure 5, the vertical
twist always has the opposite sign from the radial twist.
This fact allows us to determine the sign of the average

A A
R TN
AN
[\ LN N~ = T
N NN o - T 7IE
N S LT
A R

\\5 ~ ~ -~ _— — —_
) 77\'""'\'"—1,,:, =i
b)
boundary centre boundary
splay bend

¢)

flexoelectric coefficient e in the liquid crystal material as
follows. Since we can determine the handedness of the
axial twist from the rotation of the plane of polarization
of the incident light [ 8], we therefore know the handed-
ness of the radial twist, i.e. the sign of k. The sense of
field-induced rotation of the extinction crosses then
reveals the sign of e. In our mixture, e was determined
to be negative.

In 1991, Komitov e al. [9] reported a huge linear
electro-optic effect in circular droplets of chiral nematic
liquid crystals embedded in the isotropic phase in tem-
perature regions where the helical pitch of the materials
diverged. The characteristics of the observed effect were
qualitatively similar to those described here (an electric
field perpendicular to the glass plates of the cell caused
the extinction crosses to rotate), but in this case although
the sign of the rotation was dependent on the sign of the
field, all droplets switched in the same direction. Since
no cross rotation was observed in droplets of an achiral
nematic, the response was attributed to an electro-
mechanical coupling made possible by the chiral sym-
metry of the molecules. Furthermore, it was pointed out
that a helical structure was neither present nor necessary,
chirality itself being sufficient to produce the observed
effect.

As shown experimentally by Volovik [5] and
theoretically by Williams [ 7], molecular chirality is not
essential to get bipolar twisted structures in confined
geometries. It is the relative magnitudes of the elastic
constants that makes the twisted structure favourable.
This means that in a chiral nematic with a very low
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twisting power (where the pitch is much longer than
the diameter of the droplets), the bipolar twisted con-
figuration could spontaneously appear just as in the
case of a non-chiral nematic. The two bipolar twisted
structures A and B should, however, in the chiral nematic
case, have slightly different energies and thus all droplets
would tend to adopt the same minimum energy structure,
and give the same sign of the electro-optic effect. To test
this hypothesis, we added a tiny amount of a chiral
dopant [10] to our achiral mixture: in the chiralized
mixture only one handedness and sign of switching was
now observed. This conforms with our proposed model
of the observed polar electro-optic effect.

We wish to thank Olu Adesola for his help in analysing
experimental video tapes. This work was supported by
ARO Grant DAAG55-98-1-0046, NSF MRSEC Grant
DMR-9809555, AFOSR MURI Grant F49620-97-1-0014,
and by the Swedish Foundation for Strategic Research.
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