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antiferroelectric liquid crystal
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D-38678 Clausthal-Zellerfeld, Germany

(Received 21 August 1996, in final form 25 November 1996; accepted 3 December 1996)

The switching currents and field-induced apparent tilt angles in an antiferroelectric liquid
crystal, (R)-MHPOBC, were measured. The structural differences among different smectic C*
subphases may sensitively reflect the field or temperature dependence of the apparent tilt
angle. In a thin cell, the apparent tilt angle was found to change in two steps as a function
of field strength in the SmC and SmC* phases a steep increase at lower fields and a small
linear increase at hlgher ﬁelds The steep increase in apparent tilt angle is divided into two
parts via a plateau in the ferrielectric SmCy phase. Stepwise change with a plateau is also
seen in the relation of apparent tilt angle versus temperature under various electric fields.
Moreover, the apparent tilt angle in the vicinity of the plateau is almost temperature- and
field-independent, implying a preferred orientation of the molecules in the ferrielectric state.

The influence of the cell thickness on the structural changes was also investigated.

1. Introduction

An antiferroelectric liquid crystal (AFLC) is a special
type of chiral liquid crystal which was first reported in
1989 for the compound 4-(1-methylheptyloxycar-
bonyl)phenyl 4'-octylbiphenyl-4-carboxylate, MHPOBC
[1,2]. Unlike simple ferroelectric liquid crystal (FLC)
materials, AFLC compounds usually exhibit several
types of chiral smectic C* subphases, e.g. ferro- (SmC*),
ferri- (SmCY*) and antiferroelectric (SmCA*) phases [1, 3].
Although in each smectic layer the molecules are ori-
ented quite similarly as in ordinary FLCs, the orienta-
tional correlation between the neighbouring layers is
supposed to be significantly different in the SmC and
SmCa phases compared with that in SmC*; for example
the molecules in two adjacent layers are tilted in opposite
directions with respect to the layer normal in the anti-
ferroelectric state. Such differences may result from
certain special and complicated interactions between
the molecules in adjacent layers, which also lead to
difficulties in the explanations of experimental results.

Landau type free energy expansion has been utilized
in order to describe the structural changes during phase
transitions, such as from the smectic A phase to the
chiral smectic C phase of ordinary FLCs [4,5].
Although some attempts have also been made by using
modified Landau models to describe the AFLC systems
[6-8], the proposed potential functions are too
complicated and have only generalized forms, and

* Author for correspondence.

therefore do not seem very suitable for rigidly describing
the structural features. In such a situation, we are trying
to determine some structural parameters and related
potential functions, and to use them to describe
the characteristics of ferro-, ferri- and antiferro-electric
structures and phase transitions.

We chose the compound, (R)-MHPOBC, as the object
of our investigation, a compound which to some extent
has been studied before. However, some parameters of
this compound need to be gathered again in more detail,
for example, the temperature and/or field dependences
of the spontaneous polarization and the apparent tilt
angle of the molecules, as well as the dielectric properties
in the various smectic C* subphases. It was also found
that these parameters may sensitively depend on the cell
property and measurement conditions. In this paper we
will describe the switching current behaviour and the
changes of apparent tilt angle while using only one cell.
The results obtained from the dielectric measurements
will be reported separately (cf. succeeding paper).

2. Experimental
The compound (R)-MHPOBC was filled into a 6:4 pm
cell (E.H.C. Co. Ltd., Tokyo) with ITO layers and
polyimide coating. In this cell, the sample showed an
homogeneous alignment of the molecules and exhibited
the following sequence of phase transitions on cooling:

I-145°C- SmA* 123-2°C- SmC -121-5° C SmC*—
119-3°C- SmC ~117-5°C-SmCs— 66°C Sml-31°C—Cr.

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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The transition temperatures differed slightly from those
determined on a sample by DSC measurement. In this
study, they were determined by careful observation
of morphological changes, as well as the changes in
the switching behaviour under electric fields of various
waveforms and strengths.

Another cell of 11 um thickness was also employed,
in order to clarify the cell influence on the field-induced
structural changes in some C* subphases.

Spontaneous polarization measurement was carried
out by applying a triangular-wave electric field
(4 MVm ' and 20 Hz) which was generated by a pulse
function generator (Hewlett-Packard 8116A) through
a wide band amplifier (Krohn-Hite Mod. 7500). The
signals of switching current were transferred to a
two-channel digitizing oscilloscope (Hewlett-Packard
54200A) and then processed with a Hewlett-Packard
9000/382 work station.

Apparent tilt angles of the molecules were determined
by an electro-optical method. The cell exhibited two
stationary states of light transmission under a square-
wave electric field (here 55Hz and various strengths
were used ). The light intensities of these two transmission
states were recorded as a function of the rotation angle
of the cell, and then two curves of light transmittance
versus rotation angle were obtained. The phase shift
between the two curves equals twice the apparent tilt
angle. Details of the measurement procedures are
described elsewhere [9].

3. Results and discussion
3.1. Spontaneous polarization

The polarization reversal currents were measured
using the 6:4pum cell in a cooling process, and are
represented in figure 1. The small bar above each curve
denotes the position of the zero field. The curves show
different shapes in the SmC;*, SmC* and SmCx phases,
whereas for SmC* and SmCY they are similar.

In the vicinity of the SmA*-SmC_ phase transition, a
broad positive peak due to the spontaneous polarization
begins to appear near the zero field (see curve (a)). This
peak is split into two sharp peaks appearing on opposite
sides of the zero field, and the strengths of these peaks
increase greatly with lowering temperature (see curves (b)
and (c¢)). The sharp peak at the left side shifts its position
gradually toward the right, closer to the zero field,
whereas the right side peak is almost unchanged in
position. In the vicinity of the next phase transition,
these two peaks, respectively, increase and decrease in
strength remarkably (see curve (d)), and finally combine
to one peak in the SmC* phase (curve (e)).

The SmCa* phase has been supposed to have a tilted
structure of the molecules with respect to the layer
normal: antiferroelectric-like and ferrielectric-like in the
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Figure 1. Switching current curves recorded for the 64 um

cell in the SmA*, SmC SmC#*, SmC and SmCs phases.
Curves (@) to (c) are given in larger magnifications as
indicated.

higher and lower temperature ranges, respectively [10].
A shoulder associated with the peak at the left side was
previously observed and considered to be related to a
ferrielectric-like structure [ 10]. However, such a shoul-
der is not detectable in this work, even for the same
compound. The different types of cell, e.g. the rubbing
condition of the cell surfaces, or the different measure-
ment conditions (frequency, etc.) may have caused the
slightly different switching behaviour.

The electro-optical switching behaviour in the ferri-
electric SmCY* phase has previously been investigated on
the same compound: a tetrastable switching feature was
observed in the frequency range up to several tens of Hz
[11]. However, in this study, the switching behaviour
in SmCY* has been unexpectedly simple: only one peak
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appears, as depicted in curve (f), similar to that in the
SmC* phase (curve (e¢)). The difference may originate
from slightly different optical purities of the samples
used, although both are considered to be optically pure
(the optical purity has been found sensitively to influence
the stability and the temperature range of the SmC,
phase [12]). For the present sample, the structural
difference between the SmC, and SmC* phases can be
detected by measurement of the apparent tilt angle, as
described later.

The switching current curves in the SmCx phase are
quite complicated (see curves (g) and (4)). Mainly two
peaks appear: the one around zero field is related to the
field-induced transition from one of the ferroelectric
states to the antiferroelectric structure; the other at
higher field arises from the further transition to the other
ferroelectric state. The position of the second peak shifts
gradually towards higher fields as the temperature
decreases, suggesting an increase in stability of the
antiferroelectric structure.

In this phase, however, the strong peak near the zero
field is always followed by a small backward current
flow at higher field side. This small peak only appears
on application of electric fields with frequency up to
several tens of Hz. The strength of this peak relative to
that of the sharp peak and the frequency range within
which it appears were found to change with temperature.
Such a peak has been detected in previous work on
the same compound and in other AFLC systems
[11, 13, 14]. Based on the textural changes of the sample
during a switching process, the appearance of this peak
was interpreted as being caused by a spatial inhomogen-
eity of the mesophase domains. A direct switching pro-
cess from one ferroelectric state to the other, followed
by a backward transition to the antiferroelectric struc-
ture has been suggested as taking place in some regions

of the cell [ 13]. At this stage, however, it is still difficult
to clarify the mechanism of this overshooting switching
behaviour at the molecular level, due to the complexities
of the structures and molecular interactions in the anti-
ferroelectric state, as well as of some influences from
outside.

The values of the spontaneous polarization (Ps), calcu-
lated as the total integrated area of the current peaks,
by taking into account the directions or polarities of
these peaks with respect to the baseline, are plotted in
figure 2, which shows a similar temperature dependence
to that in some FLC systems. The Ps appears and its
value increases steeply in the vicinity of the SmA*-—
SmCa* phase transition, which corresponds to the
SmA*-SmC* phase transition in some ordinary FLCs.
After that, the Ps increases gradually, and no discontinu-
ous change can be seen on passing through the other
phase transitions.

3.2. Apparent tilt angle

The structural differences among the different
smectic C* subphases are considered to be reflected in
the different behaviour of their molecular movement
under electric fields. The necessary information can be
gathered to some extent from the temperature and field
dependences of the apparent tilt angle of the molecules
with respect to the smectic layer normal.

Figure 3 shows the apparent tilt angles induced by
electric fields of various strengths in the 6:4 um cell. The
apparent tilt angle increases linearly with the field in the
SmA* phase (see curve (a)), due to the electroclinic effect.
In the SmC; and SmC* phases, it essentially shows
changes in two parts: the steep field-induced increase at
lower fields and the small linear increase at higher fields;
in the second part the molecules are fully switched and
the small change in the apparent tilt angle is caused

Figure 2. Temperature  depend-
ences of spontaneous polariza- 0
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only by the electroclinic effect. It is also seen that the
slope of the first part increases greatly on lowering the
temperature in the SmCa* phase.

Results of apparent tilt angle versus field strength have
been reported on the same compound inserted in a 16 pm
cell [15]. Several intermediate states induced by electric
fields were observed in the vicinity of the SmC*—SmCa*
phase transition (the measurement was executed on a
heating process), but the results are different from those
obtained in this work. To clarify the origin of the differ-
ence, more detailed measurements were repeated in the
corresponding temperature range, by using an 11 um cell.
The results, shown in figure 4, are similar to those previ-
ously reported [ 15]. The apparent tilt angle changes in
several steps at a temperature slightly higher than the
SmCa*—SmC* transition (see curve (a)): at first, the angle
increases linearly with field strength and then increases
steeply; after that, it shows a stepwise change and finally
reaches a saturated state. The multi-step changes in the

1.0 5 7.0 25 3.0
El. Field / MV/m

apparent tilt angle in the SmC; phase may be associated
with the structural changes involved in starting from a
ferrielectric-like orientation state of the molecules in a
helical structure [15].

Unexpectedly, the ferrielectric-like structural feature
or stepwise change of apparent tilt angle was observed
over the whole temperature range of the SmC* phase,
as depicted in curve (b) of figure 4. Such a change cannot
be clearly seen in a thin cell (curve (e) of figure 3), and
also not in ordinary FLC systems. That is to say, the
structural feature of this phase is not the same as that
shown by the ordinary SmC¥* phase, but is more or less
ferrielectric-like, similar to that in the SmCY* phase at
lower temperatures (cf. curve (¢) in figure 4). The non-
stepwise change in the apparent tilt angle in a thin cell
is probably due to the less regular helical structure (a
texture characteristic of the helical structure cannot be
clearly seen). For such a structure, an external electric
field is considered mainly or only to cause the rotations
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Figure 4. Field dependence of
apparent tilt angle in the 11 pm 0 . A 1 L 1 . ! . 1
cell measured for the SmC 0 0.2 0.4 0.6 0.8 1.0

[(@) 122°C], SmC* [(b) 121°C]
and SmC, [(c) 119°C] phases.
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of the molecules along the smectic cone, and hence, the
stepwise change as seen in the thick cell, resulting from
the unwinding of the ferrielectric helical structure, will
not be obvious.

The field dependence of the apparent tilt angle in the
SmC*, SmCY* and SmCj phases in the 6:4um cell is
given in figure 5. The monotonous rapid increase as in
SmC* (curve (a)) is divided into two parts by a small
plateau in the vicinity of the SmC*—SmCY* phase trans-
ition (see curve (b)). The plateau grows with lowering
temperature (curve (¢)) and then becomes smaller (curve
(d)) and vanishes at temperatures slightly below the
SmCY* ~SmCy transition (curve* (e)). As the temperature
further decreases in the SmCy phase, the apparent tilt
angle increases more steeply with field strength (see
curve (f)).

The results for SmC, in the cells of different thickness
are similar, as seen from curves (¢) in figures 4 and 5.
The slight difference can be found in the values of the
apparent tilt angles in the fully switched state: those in
the thick cell are slightly larger. Additionally, at each
stage, the apparent tilt angle in the thick cell could be
made to increase by lower fields, implying easier move-
ment of the molecules which are less restrained by the
cell surfaces.

As illustrated by the broken lines in figures 3 and 5
(curves (b)), the values of the apparent tilt angle in the
fully switched state were extrapolated to the zero-field
coordinate. Assuming that the smectic layers are in or
nearly in a bookshelf geometry, the value obtained may
correspond to the tilt angle, 0, of the molecular directors
along the smectic tilt cone. As shown in figure 2, 6o
increases smoothly with lowering temperature, similar
to the temperature dependence of Ps. The SmA*-

SmCa* transition occurs at about 123-2°C; this temper-
ature was estimated from the results of the extrapolations
indicated by the broken lines in figure 2.

Results for the apparent tilt angle in the SmCY* phase
of the same compound have also been reported [15]. It
was suggested that the first stage of the increase in
apparent tilt angle is due to the field-induced unwinding
process of a ferrielectric helical structure (a structural
model of SmCY* has been proposed [ 16]), and the second
part is associated with the further transition to the
ferroelectric state. Differences from those results are that
the maximum broadness of the plateau is much smaller
and the steep increase in the apparent tilt angle starts in
the range of higher fields as the temperature decreases,
but not always from the zero field (it does seem to start
from the zero field in the 11um cell). Moreover, the
apparent tilt angle in the fully switched state in both the
thin and thick cells may increase reasonably with lowering
temperature, whereas the reported values of the angle in
the corresponding state were almost the same even at
different temperatures and in the different phases [15].
The above-mentioned differences may originate from the
different types of cell (a 16 um cell was used [15]) or
from the different techniques and conditions of measure-
ment (waveform and frequency of a.c. field, etc.). In a thin
cell, as used in this work, the helical structure is considered
to be less complete, and in addition, the molecular
orientations may be more strongly influenced by the cell
surfaces; hence, a field of higher strength will be required
to cause the reorientations of molecules. Also, in the
present experiments, the waiting time before a measure-
ment after changing the field strength or temperature was
long enough to achieve a stationary state of molecular
orientation. It is intended in further work to clarify how
the helix-unwinding process occurs, for example, the

20r
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T
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Figure 5. Field dependence of
apparent tilt angle in the 6-4 pm
cell measured for the SmC*
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changing manner of the helicoidal pitch under applied
fields, and the switching behaviour in a very thin cell
where no helical structure can be formed.

A stepwise change was also observed in the curves of
apparent tilt angle versus temperature under electric
fields of various strengths (results in figure 6 were
obtained for the 64 pm cell). Under fields high enough
to cause full switching, the apparent tilt angle begins to
fall at temperatures near to or lower than the SmC*—
SmCY* transition (see curves () to (e)), whereas it may
drop in the range of higher temperatures under a small
field (curve (a)). A plateau can be clearly seen in curves
(a) to (e) in the temperature range of SmCY* and partially
of the SmC* and SmCa phases. As the temperature
further decreases in SmC:, the plateau becomes less
distinct and finally disappears, as seen in curves (¢) and
(f) of figures 5 and 6.

Moreover, hysteresis was observed in both the curves
of apparent tilt angle as functions of field strength

J. Hou et al.

(figure 7) and of temperature (figure 8). In SmC* and in
the temperature range much lower than the SmC -
SmCa transition, the apparent tilt angle only changes
monotonously and shows a small hysteresis between the
two curves obtained during the processes of increasing
and decreasing the field strength, as illustrated in curves
(a) and (d) of figure 7. As indicated by the other curves
in these figures, the hysteresis is strong in the temperature
range of SmCY* and near the SmCY*—SmCA* transition. It

is also seen that the plateau obtained with decreasing
field strength (figure7, curves (b) and (c¢)) and with
decreasing temperature (figure 8, curves (@) and (b)) is
larger than those in the corresponding reverse processes.
Therefore, the hysteresis is larger in the range of small
apparent tilt angles than at larger angles. The appearance
of the plateau may result from a structural feature of
the ferrielectric phase. It is also characteristic that the
apparent tilt angle in the vicinity of the plateau is almost
temperature- and field-independent. This may imply a

201
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2

Figure 6. Temperature  depend-
ence of apparent tilt angle in
the 6-4pm cell measured on
cooling under square-wave
electric fields of (a) 0-2, (b) 0-3,
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preferred orientational structure of the molecules in the
ferrielectric state.

4. Conclusions
The polarization reversal currents and the field-
induced apparent tilt angles of the molecular directors
were measured, and will be referred to as a part of the
primary structural parameters adopted in a future
investigation concerning the free energy of the AFLC
system. The principal results are as follows:

(i) The structural differences among the different
smectic C* subphases may sensitively reflect the
field or temperature dependence of the apparent
tilt angle, especially in the case of the SmC*
and SmCY* phases, which, however, exhibit
almost the same switching current behaviour.

(i1) In a thin cell, the apparent tilt angle shows an

ordinary electric field dependence in the SmA¥*,

SmCa* and SmC* phases. It increases linearly in

SmA* due to the electroclinic effect, but in two

parts in the SmCa* and SmC* phases: a steep

field-induced increase at lower fields and a

small linear increase at higher fields, where the

molecules are fully switched.

The field dependence of apparent tilt angle is

abnormal in a thick cell; in particular, a stepwise

change due to the ferrielectric-like structural
ordering is observed even in the SmC* phase.

(iv) The apparent tilt angle changes in a complicated
manner in SmC, and in the vicinity of the
SmCY*—SmC: phase transition: two stages of

(i

N

steep increase via a plateau were observed. Such
a stepwise change is also seen in the relation of
the apparent tilt angle versus temperature under
electric fields of various strengths. Moreover,
hysteresis is found between the two curves of
apparent tilt angle obtained by increasing and
decreasing the field strength or the temperature;
this is more pronounced in the range of small
apparent tilt angles below the plateau. It is also
characteristic that the apparent tilt angle in the
vicinity of the plateau is almost temperature-
and field-independent, implying a preferred
orientational structure of the molecules in the
ferrielectric state.

(v) In the lower temperature region in the SmCa
phase, the plateau disappears and the apparent
tilt angle changes more steeply with field strength.

We thank Prof. Dr. A. Saupe (Max-Planck-
Arbeitsgruppe Flussigkristalline Systeme an der Martin-
Luther-Universitat Halle) for helpful discussions. One of
the authors, Jianan Hou, is grateful to the Alexander
von Humboldt Foundation for a fellowship.

References

[1] CHanDANI, A. D. L., OucHi, Y., TAkgEzog, H.,
Fukupa, A., TerasHiMA, K., Furukawa, K. and
Kisui, A., 1989, Jpn. J. appl. Phys., 28, L1261.

[2] CHanDANI, A. D. L., Gorecka, E., OucHi, Y.,
TAKEZOE, H., and FUKUDA, A., 1989, Jpn. J. appl. Phys.,
28, L1265.

[3] Fukul, M., ORIHARA, H., YAMADA, Y., YAMAMOTO, N,
and IsHIBASHI, Y., 1989, Jpn. J. appl. Phys., 28, 1.849.

[4] Beresnev, L. A., BLinov, L. M., Osrpov, M. A., and
PikIN, S. A., 1988, Mol. Cryst., lig. Cryst., 158A, 1.

[5] Carisson, T., Zeks, B., FiLieic, C., and BLiNnc, R, 1988,
Mol. Cryst., lig. Cryst., 163, 11.

[6] OriHARA, H., and IsHiBAsHI, Y., 1990, Jpn. J. appl. Phys.,
29, L115.

[7] Gissg, P., PaveL, J., NGUYEN, H. T., and LorMAN, V. L.,
1993, Ferroelectrics , 147, 27.

[8] Cepic, M., HEPPKE, G., HoLLIDT, J.-M., LOTZSCH, D.,
and Zexs, B., 1993, Ferroelectrics , 147, 159.

[9] Baur, CH., and HEpPPKE, G., 1987, Lig. Cryst., 2, 825.

[10] TakanisHi, Y., Hiraoka, K., AcrawaL, V. K.,
TAKEZOE, H., Fukupa, A., and MATSUSHITA, M., 1991,
Jpn. J. appl. Phys., 30, 2023.

[11] Leg, J., CHANDANI, A. D. L., Iton, K., OucHi, Y.,
TAKEZOE, H., and FUKkuDA, A., 1990, Jpn. J. appl. Phys.,
29, 1122.

[12] Fukupa, A., TAKANISHIL, Y., Isozakl, T., ISHIKAWA, K.,
and TAKEzOE, H., 1994, J. mater. Chem., 4, 997.

[13] JonNo, M., Iton, K., LEg, J., OucHI, Y., TAKEZOE, H.,
FukuDA, A., and K1TAZUME, T., 1990, Jpn. J. appl. Phys.,
29, L107.

[14] NeunporFr, M., DieLe, S., Ernst, S., SaIiro, S.,
Demus, D., INukal, T., and MurasHiro, K., 1993,
Ferroelectrics , 147, 95.

[15] HiraokA, K., TAKANISHI, Y., SKARP, K., TAKEZOE, H.,
and FUukuDA, A., 1991, Jpn. J. appl. Phys., 30, L1819.

[16] Takezog, H., Leg, J., OucHi, Y., and FUKuUDA, A, 1991,
Mol. Cryst., lig. Cryst., 202, 85.



