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We study pyroelectric and electromechanical effects in the prototype antiferroelectric liquid crystal 4-(1-me-
thylheptyloxycarbonyl-phenyl)4’-octylbiphenil-4-carboxylate (MHPOBC). The linear electromechanical effect in
the freely suspended liquid crystal films of MHPOBC has been detected in the broad temperature range inclusive
of the antiferroelectric SmC? as well as paralelectric SmA. The anomalous behavior of the hysteresis loop of
SmCj in the (pyroelectric coefficient, dc bias electric voltage) coordinates has been found.

PACS: 64.70.Md, 68.15.4e, 62.30.+d

1. INTRODUCTION

Antiferroelectricity of a liquid crystal was first dis-
covered in 4-(1-methylheptyloxycarbonyl-phenyl)4'-oc-
tylbiphenil-4-carboxylate (MHPOBC) [1,2]. This ma-
terial has three chiral smectic subphases (SmC},
SmC7, and SmC?) between paraelectric SmA and anti-
ferroelectric SmC'). The arrangements of the molecules
in these phases are shown in Fig. 1. Different ex-
perimental techniques, such as resonant z-ray scat-
tering [4], dielectric spectroscopy [5,6], optical ro-
tation [7], conoscopic observation [8], ellipsometry
on freely suspended films [9], differential scanning
calorimetry [10], and electric current and optical trans-
mittance responses [1,11] have been used to identify
and characterize the structure of these phases.

In chiral mesophases, a spontaneous polarization
arises as a secondary order parameter due to a molecu-
lar tilt with respect to the smectic layer normal; the P
vector lies in the tilt plane, reflecting the polar prop-
erties of a liquid crystal [12]. Chirality plays a crucial
role for the emergence of polarization in the direction
of the tilt plane normal. In smectic phases, where rod-
like molecules are organized into fluid stacks of planar
layers, weak chiral twisting forces induce a helical or-
der with the helical axis parallel to the layer normal.
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The resulting helical pitch is in the optical wavelength
range. If the pitch is large, it is easy to unwind the
helix by application of a weak strain, for example, im-
posed by a mechanical shear or by a weak applied elec-
tric field. Then the sample has a ferroelectric response
under moderate applied electric and mechanical fields.

In this paper, the polar properties of chiral smec-
tic subphases of the classic antiferroelectric liquid crys-
tal MHPOBC are investigated by recording its pyro-
electric coefficient and studying the vibration of freely
suspended films induced by alternating electric volt-
age (the so-called linear electromechanical effect) [13].
The pyroelectric activity of the «unwound» chiral lig-
uid crystal confirms the polar structure of mesophases,
whereas the thermal behavior of the linear electrome-
chanical response reveals specific features related to
phase transitions of smectic subphases and their struc-
ture.

2. EXPERIMENTAL

2.1. Pyroelectric set-up and cell

To study the antiferroelectric and ferrielectric be-
havior of our material, we used a pulse pyroelectric set-
up shown in Fig. 2 [14]. A 100us pulse of a Nd** YAG
laser was used to provide a small local temperature
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Fig.1. Model structures of the paraelectric SmA, ferroelectric SmC*, ferrielectric SmC7, SmC}, and antiferroelectric SmC'
phases. The unit cells are marked by frames. In SmC}, (not shown in the picture), the superlattice incommensurate period
(corresponding to the helical pitch) ranges between 5 and 8 smectic layers [3]

change in the sample. Laser radiation (A = 1.06um)
was partly absorbed in indium-tin-oxide (ITO) layers.
The pyroelectric response was measured as a pulse volt-
age across the load resistor Ry = 100 £Q with a wi-
de-band amplifier and a storage oscilloscope. A dc field
of various strengths was applied to the sample in order
to measure hysteresis loops in the coordinates (pyro-
electric response, dc bias voltage).

The temperature dependence of the spontaneous
polarization (on an arbitrary scale) was calculated by
integrating the pyroelectric coefficient v in accordance
with the expression [14]

T
Ps(T) = [ (T)dT, (1)
/

i

where T; is the temperature of the transition to the
paraelectric phase. Then the correct scale for v and
P, was introduced by comparison of the pyroelec-
tric response at a certain temperature with the value
measured for a well-known ferroelectric liquid crystal.
Strictly speaking, Eq. (1) is valid only for the field-off
regime. When an external dc field is applied to prepare
a ferroelectric monodomain or an «unwound» antifer-
roelectric (or ferrielectric), the actually measured quan-
tity is the total polarization P = P, + P;, where P; is
the field-induced contribution, for example, observed in
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the isotropic phase. Because P; is much smaller than
P, we can use Eq. (1) for the measurements of P in
the «unwound» antiferroelectric phase.

The shape of the hysteresis loop is one of the major
criteria to refer the nonlinear dielectrics to ferro-, ferri-
or antiferroelectric types. Hysteresis loops are usually
represented in coordinates of the electric displacement
against the external electric field. But it is possible to
demonstrate that the representation of hysteresis loops
in the coordinates given by the pyroelectric coefficient
vs the external electric field differs only quantitatively.
Indeed, using the definition of the volume polarization
P, = (Npu/V){cos ) and the pyroelectric coefficient

where N is the number of dipoles of moment p within
the volume V' and (cosg) is the average value of the
cosine of the angle between the dipole direction and
the net polarization direction, we can deduce that the
ratio P;/~v is constant at a given temperature.

2.2. Linear electromechanical effect in
ferroelectric freely suspended film

Unlike in the standard case of a liquid crystal sam-
ple in a confined geometry, the surface of a freely sus-
pended liquid crystal film can easily be deformed under
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Fig.2. Pulse pyroelectric set-up: 1 — liquid crystal cell, 2 — amplifier, 3 — time-delay line, 4 — oscilloscope, 5 —
photomultiplier to control the form of the laser pulse, 6 — photomultiplier to start-up the line scanning, 7 — load resistor
(100 £Q), 8 — YAG laser

—

the action of weak acoustic or electric fields [15, 16].
Such a film is considered a perfect membrane, whose
vibrational motion depends only on the film geometry,
the isotropic surface tension o, and the homogeneous
two-dimensional density p, (including the inertia of the
air moving with the film) [17]. For excitation of the
transverse film vibrations, a linear coupling of the la-
teral electric field to the spontaneous polarization of
a ferroelectric liquid crystal has been exploited [13].
In the experiment, the azimuthal motion of the liquid
crystal director is accompanied by the so-called back-
flow, which induces viscous stress acting on the film
surface as shown in Fig. 3. This mechanism assumes a
velocity gradient along the normal to the film surface,
which implies the presence of an internal structure in
freely suspended films. The resulting film deformation
strongly depends on the surface viscosity of the liquid
crystal and also on the value and sign of spontaneous
polarization. This combination of properties makes the
measurements of freely suspended film oscillations a
useful tool for studying the spontaneous polarization
phenomenon in liquid crystals [13].

The periodical displacement of the film surface re-
sults in deflection of the probing beam of a low-power
He-Ne laser (Fig. 4). By passing the beam through an
iris diaphragm, the deflection of the beam is converted
into an amplitude modulation of the laser intensity, de-
tected by a photodiode. The photodiode response cur-
rent is analyzed by a lock-in amplifier tuned to the first
harmonic of the control voltage. Microscope observa-
tions were carried out by inserting the sample holder
on the turntable of the polarization microscope.
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Fig.3. Schematic representation of a smectic liquid
crystal freely suspended film: 1 — frame, 2 — menis-
cus, 3 — uniform part of the freely suspended film.
The insets illustrate a mechanism responsible for the
development of a viscous stress o4, in both ferroelec-
tric and paraelectric phases. ¢.(t) and 6;.(t) are the
recpective variable azimuthal and zenithal angles. V
is the liquid crystal velocity field, inhomogeneous along
the z axis, P is the spontaneous polarization. Roman
numerals | and Il correspond to the respective positions
of liquid crystal molecules for the positive and negative
electric field
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Fig.4. Experimental set-up for the study of the linear electromechanical effect in freely suspended films. 1 — ferroelectric

freely suspended liquid crystal film (MHPOBC), 2 — two Au electrodes, 3 — He-Ne laser (s-polarization), 4 — two polari-

zers, 5 — slit diaphragm, 6 — photodiode, 7 — lock-in amplifier, 8 — audio frequency generator, 9 — two glasses placed
near the film surfaces to prevent the influence draughts, 10 — polarization microscope

2.3. Materials and samples

The antiferroelectric liquid crystal used in our ex-
periment is S-MHPOBC with a moderate spontaneous
polarization (about 70 nC/cm? at 112°C) and the fol-
lowing sequence of phase transitions:

Iso-(149.8 °C)-SmA-(122 °C)-SmC-(120.9 °C)-
-SmC'3-(119.2 °C)-SmC7-(118.4 °C)-SmC7y .

For pyroelectric measurements, the liquid crystal
was introduced in a flat capillary cell made up of
ITO-covered, nontreated glass plates with 10 pum thick
Teflon spacers. ITO surfaces were cleaned with acetone
and used without any orienting layers. The cell (with
the area between electrodes A = 5 x 5 mm?) was filled
with the liquid crystal in the isotropic phase. Cells were
placed in a thermal jacket with optical windows.

The electromechanical effect was studied in freely
suspended films fabricated by the standard procedure
described in [18]. The experiment was performed with
a glass frame of fixed geometry (rectangular slit with
the area 2 x 10 mm? and the thickness 1 mm). The
frame with a spanned film of MHPOBC was mounted
in a heating stage and the film could be stabilized at a
given temperature to £0.3°C.
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Fig.5. The pyroelectric coefficient v (open circles)

and the spontaneous polarization P, (filled circles) of

10 pm-thick cell measured as functions of temperature
for the bias dc voltage 10 V

3. RESULTS AND DISCUSSIONS

Figure 5 presents the results of the measurements
of the pyroelectric coefficient 4 and spontaneous po-
larization Py as functions of the temperature obtained
in cooling process. In Fig. 5, from the analysis of the
pyroelectric curve, we can clearly distinguish three fer-
rielectric phases (SmCy, SmC%, and SmC7) from SmA
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Fig.6. Hysreresis loop in the coordinates (pyroelectric
coefficient, bias dc voltage) for MHPOBC measured at
the fixed temperature T = 120 °C corresponding to the
SmC'; phase. Arrows show the direction of the round

and SmC'. According to this plot, the pyroelectric sig-
nal is detectable not only in polar ferriellectric phases
but also in antiferroelectric SmC%. The pyroelectric
signal in these phases appears to be due to a distor-
tion of the helical structure induced by the external
electric field. The maximum of the pyroelectric effect
occurs in ferrielectric SmC'; (which some authors iden-
tified as SmC* [19]) at T = 120.3°C. It is interesting
to note that the temperature dependence of the real
part of the dielectric constant of MHPOBC peaked at
the same temperature [20]. A similar behavior has also
been detected in other antiferroelectric systems [21].

The polarization shown in Fig. 5 is obtained by in-
tegrating the pyroelectric coefficient over temperature,
starting from the temperature Ty = 126 °C, about 4°C
above the transition from paraelectric SmA to ferrielec-
tric SmC?: a small pyroelectric signal induced by the
field in SmA (about 0.04 nC/cm? - K) was subtracted
as a background value. The maximum value of polar-
ization in SmC’} of 60 nC/cm? is comparable with that
obtained by the repolarization current technique [22].

The bias dependence of the sum of the induced
and spontaneous pyroelectric coefficients mearured at
T = 120°C in SmC} is shown in Fig. 6. This plot
drastically differs from the standard hysteresis loop of
solid ferroelectrics [23]. First of all, the hysteresis loop
shrinks to a thin line, which is typical of ferroelectric
liquid crystal materials, where dipoles are ordered in a
helical fashion [24]. Second, the nonmonotonic behav-
ior of the pyroelectric signal, shown in this plot, is not
common for solid and liquid ferroelectrics. The initial
linear growth corresponding to the helix distortion is
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Fig. 7. Temperature dependence of the vibration am-
plitude in a freely suspended film in MHPOBC of the
linear (filled circles) and quadratic (open circles) elec-
tromechanical effects. Quadratic amplitudes were mul-
tiplied by the factor 3.5. The cooling rate is 5°C/min
with the temperature resolution 0.3 °C. The rectangu-
lar film size is 2 x 10 mm? (a = 2 mm, b = 10 mm).
The number of layers is N = 205. Sinusoidal volt-
age with the amplitude U = 115 V and frequency
v 2200 Hz was applied to electrodes. A photo-
voltage of 10 mV corresponds to displacement of the
film surface by 800 nm

followed by the decrease of the pyroelectric response
at elevated bias field. A decrease in the pyroelectric
response with a further increase in the field can be a
consequence of two reasons. One of them is explained
in [21] as the effect of the competition between the in-
duced and spontaneous polarizations having the oppo-
site signs of the pyroelectric coefficients. The other
cause can be connected with the electroclinic effect,
promoting the decrease of pyroelectric response with
the increasing dc bias voltage [25].

Figure 7 demonstrates the temperature dependence
of the linear and quadratic electromechanical effects in
a relatively thick, about 800 nm, freely suspended film
made from MHPOBC. Such a thickness corresponds
approximately to two complete turns of the natural
smectic helix in long-pitch phases. According to these
plots, the linear and quadratic electromechanical effects
are present in all phases (with the exception of SmC
in the case of the linear electromechanical effect). The
linear effect is rather strong in SmCj, SmC7, and (un-
expectedly) SmC?%. The temperature dependence of
the quadratic electromechanical effect correlates closely
with the temperature dependence of the real part of the
dielectric permittivity [20]. This condition is not occa-
sional but simply reflects the influence of the dielectric
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Fig.8. Spectra of the linear electromechanical effect

in a freely suspended film due to: the electroclinic

effect (a), T = 135°C (SmA) and the ferroelectric

switching (b), T = 114.5°C (SmC}). MHPOBC,
N =205 U=115V

torque, quadratic in the electric field, on the shape of
the film surface. Thus, the cause of the quadratic effect
in a freely suspended film is electrostriction, whereas
the dominating ferroelectric torque is responsible for
the linear effect in unwound ferroelectrics. In the ge-
neral case of chiral smectics, one should also take flex-
oelectric and «electroclinic» torques into account. (We
use «electroclinic» in quotation marks because the elec-
tric field exerts no torque on the director in the elec-
troclinic action but influences only the whole medium,
shifting the direction of the equilibrium in space [24]).
Obviously, the linear electromechanical effects, shown
in Fig. 8, in antiferroelectric SmC? and paraelectric
SmA are due to the influence of the sum of the flexoelec-
tric and «electroclinicy torques. The external torques
induce a «back-flow», which is linearly coupled with a
mechanical stress tensor [26]. Accordingly, the films vi-
brate with the fundamental and double frequencies of
the applied ac electric field.

As one can see in Fig. 7, the linear electromechan-
ical effect is absent in incommensurate tilted SmC.
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This phase has an extremely short helical period that
typically extends over ten smectic layers and, conse-
quently, requires large power expenses for its distur-
bance, which evidently could not be realized by rela-
tively weak lateral electric fields used in the experiment
(of the order 0.05 V/um). The difficulty of the gener-
ation of the linear effect is also favored by smallness of
the spontaneous polarization in SmC}, as one can see
in Fig. 5, and space averaging of the flexoelectric and
spontaneous polarization over the chiral structure.

4. SUMMARY

In conclusions, by pyroelectric and electrome-
chanical methods sensitive to both the polar and
non-central-symmetric ordering of molecules in liquid
crystalline media, we investigated the prototype
antiferroelectric liquid crystal MHPOBC. Our obser-
vations confirm the polar properties of MHPOBC in
ferrielectric phases and in the «unwoundy» antiferro-
electric state. We also found that MHPOBC manifests
a linear electromechanical effect in unpolar non-cent-
ral-symmetric SmA and SmC?%. This phenomenon
can be interpreted as the effect of electroclinic and
flexoelectric tourqes. In addition, we did not succed
in observation of the linear electromechanical effect
in noncommensurate SmC?, which is seemengly con-

o
nected with its nano-scale orientational order.
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