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Piezoelectric effects in cholesteric elastomer gels

C.-C. Chang,1 L.-C. Chien,2 and R. B. Meyer1
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~Received 27 August 1996!

We report a piezoelectric effect in cholesteric liquid crystalline elastomer gels. When we apply a shear stress
to a cholesteric elastomer gel in the direction perpendicular to its helical axis, a polarization can be induced in
the direction perpendicular to both the stress and the helix. This experimental observation agrees with the
theory proposed by Pelcovits and Meyer@J. Phys. II France5, 877 ~1995!#. @S1063-651X~97!12801-X#

PACS number~s!: 61.30.2v, 77.65.2j, 77.84.Nh, 82.70.Gg
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INTRODUCTION

Piezoelectric materials are characterized by the app
ance of an electric polarization when a suitable mechan
stress is applied. Under symmetry consideration, these m
rials have to be noninvariant under inversion. Chiral liqu
crystals like cholesterics or chiral smectics satisfy this
quirement. However, these low-molecule-weight liquid cry
tals are basically liquidlike and cannot sustain a static sh

Brand @1# first noted that chiral liquid crystalline elas
tomers are the right candidates for studying this piezoelec
effect because these elastomers can support a static stres
also predicted erroneously that applying a stress along
direction of the cholesteric helix can induce a polarizat
along the same direction. Inspired by Brand’s theory, Va
rien et al. @2# and Meier and Finkelmann@3# were able to
determine piezoelectricity in these materials.

Recently, Pelcovits and Meyer@4# wrote down the theory
for piezoelectricity of cholesteric elastomers from the sy
metry point of view. In that paper they showed that, if on
considering the linear effect from theE field and the strain
tensor or rotation pseudovector, the free energy densityFp
for the piezoelectric effect can be written down as

Fp5g1q0Eie i jkpjpldkm
~ tr !uml1g2q0Eipipjv j

1g3q0Eid i j
~ tr !v j , ~1!

where g1,2,3 are the piezoelectric coefficients
q0(52p/pitch length! the wave vector,e i jk the antisymmet-
ric pseudotensor,dkm

(tr )([dkm2pkpm) the projection operato
transverse to the helical axis,pi a unit vector along the he
lical axis, Ei the applied electric field,ui the displacemen
field of the elastomer,ui j @51/2(]ui /]xj1]uj /]xi)# the
symmetric strain tensor, andvk @5 1

2e i jk(]uj /]xi)] the ro-
tation pseudovector. From this equation, they were able
conclude that compression along the helix does not prod
piezoelectricity; instead, a shear stress or a local rotation
produce a polarization.

If we assume that the pitch axis is along theZ axis, i.e.,
px5py50 andpz51, we can simplify the free energy as

Fp5g1q0Eie izkukz1g2q0Ezvz1g3q0~Exvx1Eyvy!.
~2!
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Based on this equation, several experiments with differ
geometries can be carried out. In this paper, we will pres
the simplest geometry which involves the planar cell in t
cholesterics. If we have a planar cell, i.e., the pitch axis
the cholesteric elastomer is perpendicular to the plates,
displace one of the plates relatively to the other in thex
direction, we can induce a piezoelectric polarization in t
y direction, where

^P&5 ŷuxzq0~g31g1!. ~3!

Theng31g1 can be determined.

EXPERIMENT

The cholesteric liquid crystal we used was a mixture
E46, R811, and CB15~EM Chemicals!. The concentration of
chiral dopants R811 and CB15 was adjusted so that the p
length of the cholesteric liquid crystal is in the visible ran
at room temperature. The host E46 has a very wide temp
ture range in the nematic phase and has no preceding sm
A phase, so the pitch length of the cholesteric phase does
change much with the temperature. The acrylate mono
~I! ~16.5%! was added to the cholesteric material, as w
diacrylate monomer 4,48-bisacryloyl-biphenyl~II ! ~0.8%! for
crosslinking. In addition to these, a small amount of pho
initiator was also added to the mixture.

~ I!CH25CH2CO22~CH2!42O2C6H42CO22C6H3F

2~CH2!42CH3

~ II !CH25CH2CO22C6H42C6H42O2C2CH5CH2.

The cholesteric liquid crystal showed green color fir
After we added those monomers, the mixture began to refl
red light. The reason for the color change is that the perc
age of the chiral dopants drops because those monomer
not chiral. The center of its selective reflection band is a
proximately 0.62mm, which is obtained from the reflectivity
measurement. The average index of fraction of the nem
host is around 1.5, so we can get the pitch length of t
cholesteric mixture. This mixture was sandwiched betwe
two glass plates with indium tin oxide~ITO! electrodes sepa
rated by a Mylar spacer. The direction of the piezoelec
polarization was perpendicular to both the directions of
534 © 1997 The American Physical Society
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FIG. 1. ~a! Sample configuration;~b! Experimental setup.
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helix and the shear stress. Because we were measurin
surface charges induced by electric polarization at the
side and the right side of the liquid crystal gel menisci, on
the areas marked by a bold line were coated with ITO@see
Fig. 1~a!#. Two thin wires were used to connect the IT
coated areas, thus forming two conductive plates at the
and right sides of the liquid crystal gel. The ITO plates we
coated with PVA~polyvinyl alcohol! and rubbed unidirec-
tionally first so that a cholesteric planar cell could
achieved. Then the cell was irradiated with UV light to p
lymerize the monomers and form a gel structure. Because
monomers follow the twist structure inside the choleste
mixture, the polymer network is expected to keep the sa
twist structure after the polymerization. The pitch length d
not change with the polymerization, again from the reflect
ity measurement. The cholesteric gel was disklike in sh
with a diameter of 10 mm and thicknesses of 20mm.

The experimental setup@5# is shown in Fig. 1~b!. A
lock-in amplifier ~EG&G 124! with preamplifier ~EG&G
119! was used to measure the induced voltage, also as
signal generator. The sinusoidal signal from the internal
cillator was magnified by the stereo amplifier, and then dro
the loudspeaker, causing the membrane of the loudspeak
vibrate. The upper plate of the sample was connected to
membrane by a shaft, so the upper plate also moved sinu
dally. We put a large capacitor (C521.3 nF! in parallel with
the two conductive plates as shown in Fig. 1~a!, so we can
ignore the small capacitance of the coaxial cables and
input capacitance of the lock-in amplifier. Then we used
lock-in amplifier to measure the charges on this capaci
We can treat the amount of charges on the capacitor equ
those surface charges on the liquid crystal gel because o
large capacitance of this capacitor and the high input re
the
ft
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tance (R5100 MV) of the lock-in amplifier. We attached
magnet to the shaft and put a coil around it, so that we w
able to determine the phase shift between the motion of
upper plate and the piezoelectric signal. We used an op
microscope to monitor the shear motion and measure
shear displacement.

RESULTS

We started the shear experiment with a nematic gel.
expected, only a tiny residual voltage appeared. Then
tried a cholesteric cell without polymers. A voltage in th
range of microvolts showed up across the cell. This polari
tion was induced by the shear flow which could break
symmetry of the twist distortion. It is hard to get an accura
measurement here because of the fluidlike property of
cholesteric liquid crystals. Finally we tried the choleste
gel. This time the gel did not flow at all; it only distorte
along the direction of the shear stress. The same magni
of voltage appeared steadily.

The induced voltages (Vp) from the piezoelectric polar-
ization as a function of the shear frequency are shown in F
2. Here the amplitude of displacement is fixed
ux510 mm. This figure clearly shows that there is a fr
quency dependence on the induced voltage, which incre
with increasing shear frequency and then gradually satura
Figure 3 shows the dependence of piezoelectric polariza
on the amplitude of the shear displacement with two diff
ent shear frequencies. When the displacement is small,
polarization increases with the increasing displacement
early as the theory predicts. When the displacement beco
larger,Vp increases at a decreasing rate. This could be du
nonlinear effects. Since the sample is only 20mm thick, the
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larger displacements~above 20mm! are beyond the consid-
eration of the linear theory. At large displacements, the he
may also be disrupted. If we make a linear fit to the first fe
data points of the two sets of data shown in Fig. 3 and u
Eq. ~3!, we can calculate the piezoelectric coefficien
ug11g3u to be 3.031025 statC/cm and 4.531025 stat
C/cm for 20 Hz and 75 Hz, respectively.

In liquid crystals, it is known that splay-bend distortion
can produce a polarization due to the flexoelectric effect@6#:

P5esn~¹•n!2eb@n3~¹3n!#, ~4!

wherees andeb are flexoelectric coefficients. In their paper
Pelcovits and Meyer wrote down the structure of the direct
for planar geometry due to the shear stress as

FIG. 2. Induced voltage from piezoelectricity as a function o
shear frequency with fixed shear displacement. The solid line is
fitting curve which will be explained later.

FIG. 3. Induced voltage from piezoelectricity as a function o
shear displacement with two different frequencies. Note that t
induced voltage saturates at larger shear displacement.
ix

e

r

n~z!5 x̂cosc1 ŷsinc1 ẑauxzcosc ~5!

for small value ofuxz , wherea is a measure of the couplin
of the director to the strain andc5q0z1c0, c0 a phase
constant. They were able to write down

^P&5 ŷuxzq0a
eb2es
2

~6!

and identify g1 as a(eb2es/2) for the case of
]ux /]z5]uz /]x. The value of the flexoelectric coefficient
eb2es , was measured for 48-octyloxy-4-cyanobiphenyl
~8OCB! to be approximately 5.031024 stat C/cm@7#. Us-
ing this result as an estimate, we found the range ofa to be
approximately on the order of 0.1. This coupling is phy
cally not unreasonable.

After we got these data, we heated the liquid crystal ge
its isotropic state, and the induced voltage dropped dram
cally. After the gel went back to its cholesteric phase,
voltage came back, but it was not as large as it used to
indicating that the alignment is a key role for this polariz
tion measurement. The polarization will reach the maxim
when the helical axis is perpendicular to the plates.

THEORY

In order to understand the frequency dependence, we h
to write down the torque equation fornz , which is the small
deviation of the director along thez direction or the angle by
which the helix rotates about theY axis caused by the stres

n5 x̂cosq0z1 ŷsinq0z1 ẑnz~z!. ~7!

If we only consider the linear coupling between the direc
and the shear strain, as Pelcovits and Meyer did in th
theory, the dynamic equation under shear stress can be
ten as@8#

KS q02nz2 ]2nz
]z2 D2~s11s2!cosq0z52G

]nz
]t

2a3

v
d
cosq0z,

~8!

whereK(5K15K3 , for simplicity,! is the elastic constant
G(5a32a2) the rotational viscosity,v(5]x/]t,x5 shear
displacement! the shear velocity, andd the sample thickness
The terms ins1 ands2 represent the stresses on the direc
due to deformation of the polymer network.s1 is the stress
from the fraction of the gel network that can sustain a sta
strain ands2 represents the stress from polymer coils th
are free to relax after deformation:

s15A
x

d
~9!

and

s252tP
]s2

]t
1B

v
d
, ~10!

whereA and B are constants, andtP the relaxation time
constant of the polymers. Note that a term comparable to
for s2 would also arise from a direct coupling of shear flo
in the liquid crystal to stress on the director, as shown

f
e

f
e
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Prost@9#. The dependence of cosq0z on the shear stress term
in Eq. ~8! describes that the interaction from the shear str
to the director is the largest when the shear stress is par
to the molecular orientations; it is zero when the shear st
is perpendicular to the molecular orientations. The static
lution for Eq. ~8! can be described as

nz5fcosq0z. ~11!

Comparing Eq.~11! with Eq. ~5!, f can be identified as
auxz .

The shear displacementx is a function of shear frequenc
f (5v/2p). By substitutingfei (vt1u)cosq0z into Eq.~8! and
assuming thata3 is small in the low frequency range whe
the experiment was conducted, we are able to calculatef:

f5
1

2Kq0
2

x

d

1

A11v2tLC
2 SA21

2ABv2tP1B2v2

11v2tP
2 D 1/2,

~12!

where tLC5G/2Kq0
2 is the relaxation time constant of th

cholesteric liquid crystals.
By combining Eq.~6! and Eq.~12!, using the value of

eb2es of 8OCB as an approximation, and extrapolating t
first few data linearly tov50, we are able to ge
uAu51.23103dyn/cm2. The rest of the parameters can
obtained by using Eq.~12! to fit the data shown in Fig. 2. I
turns out thatuBu511 poise,tP55 ms, andtLC50.3 ms.
The values ofuBu andtP justify the assumption thata3 can
be ignored in the low frequency range. These values indic
that, in the frequency range we studied, the frequency de
dence is mainly from the polymers. The polymer network
stretched by the shear stress, and part of it relaxes with
time constanttP . The liquid crystal molecules basically fo
.
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low the strain of the polymer network and some of the
relax quickly. ThistLC dependence should become drama
at higher frequency, which can decrease the value off. The
result of fitting is shown as the solid line in Fig. 2.

In Pelcovits and Meyer’s theory, they only considered t
situation of static shear, which is the low frequency lim
in our experiment. Whenv50, andf5uAu/2Kq0

2(x/d), we
can get uau5 f/uxz5uAu/Kq0

250.06, and ug11g3u
51.431025 stat C/cm. This finite value off verifies the
major difference between shearing the cholesteric liq
crystals and cholesteric gels: whenv goes to zero, in the
former case, the polarization will go to zero; but in the lat
case, it will go to a finite value due to the existence of t
shear strain (s1) term.

The values ofA anda should have the same sign depen
ing on the value ofu, the phase difference between the p
ezoelectric signal, and the shear strain, atv50, where posi-
tive a ~or A) means that the director will rotate towards th
elongation direction. We measuredu by comparing the phase
difference of two signals from the sample and the coil. T
value ofu is negative in our measurement; it decreases w
increasing shear frequency and then reaches the minim
which is about290°. Our theoretical expression forA either
positive or negative does not agree with this. Therefore
this time we cannot confirm the sign ofA.
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