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In this paper we report the results from detailed electro-optical and dielectric studies in various antiferroelectric and
ferroelectric phases of an orthoconic antiferroelectric liquid crystal (OAFLC) material . The material possesses
high tilt and high spontaneous polarisation. Such an OAFLC, because of its high tilt, provides an excellent dark
state. The material exhibits V-shaped switching in the SmC* phase. Dielectric studies reveal the existence of another
phase during heating in the range between 78.6 and 92°C which did not appear in the DSC curve and in polarising
microscopy. This phase has been identified as the SmC,* phase and is extremely sensitive with respect to the cell
conditions, aligning material, purity, etc. Three dielectric modes have been assigned in the above-mentioned

temperature range and their origins are discussed.

Keywords: antiferroelectric liquid crystal; dielectric spectroscopy; V-shaped switching; ferrielectric phase;

orthoconic liquid crystal

1. Introduction

The orthoconic antiferroelectric liquid crystal
(OAFLC) is a chiral, tilted smectic phase in which
the directors in consecutive layers are at right angles
to each other. Such OAFLCs are particularly interest-
ing for their unique optical properties such as fast
switching time, wide viewing angle, and the ability to
achieve a perfect dark state under cross polarisation.
Dielectric relaxation spectroscopy has proven to be a
powerful technique for identifying the different sub-
phases in antiferroelectric liquid crystal (AFLC) [1-5].
Subphases such as SmC,*, SmCsz*, and SmC.* were
classified according to the number of layers and their
orientation in a unit cell, for example SmCz* has four
layers and SmC.* has three layers in a unit cell.
However, the exact structure of the repeating unit
has not been clear until now [6]. These subphases can
exhibit polarisation between the antiferroelectric and
ferroelectric phases, and have a very complex electro-
optical signature. They often seem to disappear on
decreasing optical purity, i.e. on adding increasing
amounts of enantiomers of opposite handedness [7,
8]. Moreover, the cell thickness has a dominant role
to play in such phases. An earlier study by Perkowski
et al [9] investigated the dielectric properties of
OAFLC in a 5-um cell, but in thin cells, where the
surface effect has the dominating influence, the whole
phase behaviour is affected and, on occasions, a cer-
tain thermodynamic phase is suppressed completely.

Therefore, we have used a 10-um cell for dielectric
studies and observed another phase appearing in the
temperature range between 78.6 and 92°C during heat-
ing which did not appear in the differential scanning
calorimetry (DSC) curve.

Recently, Fukuda e al. [10] and later Inui ez al. [11]
discovered threshold-less, hysteresis-free V-shaped
switching, a new electro-optical behaviour of some par-
ticular smectic mixtures. This hysteresis-free transmis-
sion-voltage characteristic is very different from the
single hysteresis loop of surface-stabilised ferroelectric
liquid crystal (SSFLC) and the double hysteresis loop
of surface-stabilised antiferroelectric liquid crystal
(SSAFLC). Thus, the V-shaped switching response
appears to be an extremely attractive effect capable of
producing an electro-optical response with greyscale and
high contrast [12-16]. The ‘electrostatic model’ of
V-shaped switching was advanced by Clark et al [17]
for materials with high spontaneous polarisation in 2000
and is the currently accepted model. Apart from sponta-
neous polarisation (Ps), the effect of dielectric surface
layers is also important for observing the V-shaped
switching and has been investigated by Rudquist et al.
[18-20], Park er al [21, 22] Chandani et al [23],
Hammarquist [24), Blinov et al. [25] and, recently, by
Manjuladevi et al. [26]. The aim of the present work was
to study the detailed dielectric relaxation in a thick cell
together with the electro-optical and optical switching
behaviour of the OAFLC material.
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Figure 1. Formula representation and molecular structure
of orthoconic antiferroelectric liquid crystal (OAFLC)
(colour version online).

2. Experimental details

The investigated sample belongs to a new series of
partially  fluorinated OAFLC  synthesised by
Morawiak et al. [27]. The molecular structure is shown
in Figure 1 and its phase sequence is

Cr<57.5°C SmCp * 83.9°C SmC*
110.8°C SmA 114.9°C Iso

The different liquid crystalline mesophases were iden-
tified with the help of polarising microscopy. For the
electro-optical measurements, a HP33120A signal
generator, F10A voltage amplifier, and DL1620 oscil-
loscope were used. The spontaneous polarisation was
measured using a polarisation reversal method with a
triangle-wave voltage of 35 Vpp and 10-Hz frequency.
The magnitude of the spontaneous polarisation was
determined from the current reversal peak. The tilt
angle was measured by keeping the cell under a polar-
ising microscope and applying a 40-Vpp voltage and
a 100-MHz frequency. In order to study the optical
switching behaviour, ITO-coated, planar-aligned LC
cells (EHC. Ltd. Japan) of 2-pum thickness were used.
A photodetector with pre-amplifier was attached to a
polarising microscope which was connected to the
computer via a digital oscilloscope. An AC triangular
wave of varying amplitude and different frequencies
was applied to the cells for this purpose. For a 2-um
cell, alignment was achieved by slowly cooling the
sample to the smectic mesophase and simultaneously
applying a sine wave electric field (10 V/um). The
sample cell was placed between crossed polarisers,
with the smectic layer normal, parallel to one of the
polarisers in the absence of any external electric field.

For the dielectric measurements, ITO-coated, pla-
nar-aligned EHC cells of 10-um thickness were used.
The temperature of the cells was controlled by a
Mettler FP52 Hot Stage attached to a FP5 tempera-
ture control unit. Dielectric data were recorded in the
frequency range from 10 Hz to 13 MHz using a
HP4192 Impedance Analyzer in both heating and

cooling cycles. Since the dielectric loss spectra of
the sample have a comparatively high dc loss at
the low-frequency end and are also asymmetric,
the frequency dependence of the complex dielectric
permittivity €* can be better described by the super-
position of the Havriliak—Negami [28] fit function
and a conductivity contribution. Characteristic dielec-
tric parameters such as dielectric strength and relax-
ation frequency were extracted after incorporating
the dielectric data into the following extended
Havriliak—Negami function equation:

oy 1 N Agy
8":—.f+21m T (1)
&0 w® k=1 [1 + (l’(})f/c)ak} k

where Agy is the dielectric strength, ;. is the relaxation
time of each individual process k involved in dielectric
relaxation, € (8.854 pF m™!) is the vacuum permittiv-
ity, and o is the conduction parameter. The exponents
o and f are empirical fit parameters, which describe a
symmetric and a non-symmetric broadening, respec-
tively, of the relaxation peaks. The first term on the
right-hand side of equation (1) describes the motion of
free charge carriers in the sample. In the case of Ohmic
behaviour (s = 1) o is the Ohmic conductivity of the
smectic material.

3. Results and discussion
3.1 Dielectric studies

The temperature dependence of real part of dielectric
permittivity & (T) (Figure 2(a) and (b)) revealed the
existence of another phase in the temperature range
between 78.6 and 92.0°C in the OAFLC in our study
during heating. During cooling, no such phase was
found in the temperature range mentioned above.

The dielectric spectrum shows complex behaviour
during heating. In the temperature range between 78.6
and 92°C, three peaks were observed corresponding to
the three relaxation processes in the dielectric spectra
(Figure 3). Above 92°C and up to 108°C, the tempera-
ture of transition (7¢) from the SmC* to the SmA*
phase, a single peak was observed in the dielectric
spectrum (Figure 3).

However, during cooling throughout the tempera-
ture range above, even below 78°C, a single peak was
observed due to the Goldstone mode (GM) process.
The GM was observed during cooling from 107°C
down to 70°C. Its strength (=~100) and relaxation
frequency are almost independent of temperature;
this is characteristic behaviour of the GM process.
The SmC* phase has been extended by a few degrees
inside the SmCA * phase. By comparing the GM dielec-
tric strength during cooling and heating we can assign
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Figure 2. Variation of real part of dielectric permittivity (¢') with temperature in a 10-um cell during (a) heating and (b)

cooling cycles.
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Figure 3. Variation of imaginary part of dielectric
permittivity (¢') with frequency in a 10-pum cell during heating.

the SmC* phase during heating in the temperature
range between 107.5 and 92°C, and below 92°C there
was again a sharp increase in dielectric strength
(Figure 4(a)) which was much higher than the GM
strength. Recently, Cepic et al [29] developed a

phenomenological theory describing the dynamic
behaviour and the dielectric spectra of different
SmCA* subphases. This model predicts that below
the phase transition temperature SmC* — SmC.*
the dielectric strength of the phason mode increases
and relaxation time decreases by one to two orders of
magnitude. The increase in GM strength in the SmC_*
phase in comparison to that in the SmC* phase was
previously reported by Uehara et al [30] and
Lagerwall et al. [31]. Therefore, from the above con-
siderations, we can identify the range from 92.0 to
78.6°C as a new phase and that can be identified as
the SmC_* phase which is extremely sensitive with
respect to the cell conditions, aligning material, etc.,
and which did not appear in earlier studies [9] in a
5-um cell due to the suppression of this phase in thin
cells. Three dielectric modes are observed in this
phase, two in the low frequency region and another
one in the high frequency region (Figure 4(b)). The
lowest frequency mode, which was observed around
350 Hz, is much lower than the GM relaxation fre-
quency and can be assigned as the ferroelectric GM,
while the other frequency, observed at around 2 kHz,
coincides with the GM relaxation frequency
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Figure 4. Temperature dependence of (a) dielectric strength (Ag) and (b) relaxation frequency (fg) in a 10-um cell during the

heating cycle.



13:59 25 January 2011

Downl oaded At:

372 S. Ghosh et al.

(Figure 4(b)). The existence of this mode is assumed to
be the ferroelectric GM in the SmC.,* phase. The
relaxation frequency of the mode that has been
observed in the high-frequency region coincides with
one of the high-frequency antiferroelectric modes.
Previously, Hiraoka et al. [32] also observed a mode
in the megahertz region in the SmC,* phase. The
existence of these processes can possibly be explained
by the importance of the antiferroelectric interactions
in the SmC_ *phase. The mechanism of the three
relaxation processes in the SmC,* phase can be well
understood for the reasons we describe in the
following.

Considering the twisting power and circular
dichroism measurements, Lee er al [33] suggested
that the ferroelectric phase was found to be com-
posed of ferroelectric and antiferroelectric structures
in the ratio of 3:7. Therefore, apart from the char-
acteristic ferrielectric GM, the SmC~* phase also
possesses the ferroelectric GM and antiferroelectric
mode.

In the antiferroelectric SmCa* phase, three
absorption peaks were present as can be seen in the
dielectric spectrum of the material (Figure 3). We can
assign two peaks as Pp and Py modes which are
separated from each other by almost one frequency
decade (Figure 4(b)). The P; mode originates due to
the collective reorientation of the molecules around
their short axes and the Pi mode arises due to anti-
phase motion of the adjacent antitilt pairs [1]. In addi-
tion to the Py and Py modes, there was another mode
in the low-frequency region throughout the SmCx*
phase. The dielectric strength of this mode is higher
than that of the P;. and Py modes and the relaxation
frequency is around 1 kHz (Figure 4(a) and (b)).
Previously, many researchers observed this kind of
mode in the antiferroelectric phase [4] and called it a
hereditary peak. This mode is no doubt a collective
mode since its relaxation frequency is almost indepen-
dent of temperature and its strength was completely
suppressed by applying an electric field of bias like
that of the GM in the SmC* phase. This should be
the Goldstone-like mode in the SmCA* phase and
reveals the coexistence of ferroelectric and antiferro-
electric orders [19] in the low-temperature phase. In an
earlier study of this material, Perkowski et a/. [9] iden-
tified this mode as P;. They denoted the highest fre-
quency (~106 Hz) mode as the X mode and the mode
around 105 Hz as the Py mode in the SmCA* phase.
However, the origin of the X mode was not clearly
explained. We believe that the X mode is actually the
Py mode and that which is observed around 105 Hz is
the P mode, by comparing our results with that of
Buivydas et al. [1]. It should be noted that the 7T has
been shifted at the higher-temperature side by 1°C in

the thin (4-um) cell due to the confinement effect,
which is in agreement with the earlier observation by
Dierking et al. [34] for the SmC* — SmI* transition.
The occurrence of the SmC.* phase during heating is
obviously due to antiferroelectric interaction within a
certain temperature range in the SmC* phase. Finally,
it can be observed that the phase sequence obtained
from the dielectric measurements is

Cr<57.5°C SmCp* 78.6°C SmC,* 92°C SmC*
107.6°C SmA*114.9°C Iso

during the heating cycle and

Cr<57.5°C SmCy * 70°C SmC*
107.6°C SmA 114.9°C Iso

during the cooling cycle, which differ from that
obtained from the DSC study.

3.2 Electro-optical studies

The material under investigation in the present article
is an OAFLC material; the tilt angle is quite high,
around 44.51° at 60°C. The tilt angle slowly decreases
with increasing temperature and becomes ~26.65° at
109.2 °C (SmC* — SmA* transition); see Figure 5.
Since the AFLC molecule possesses a highly polar
fluorinated group at the meta-position, it contributes
a high dipole moment in the transverse direction.
Thus, it possesses a large spontaneous polarisation,
~240 nC cm ™ at 60°C (Figure 5), which closely corre-
sponds to the value reported by other researchers [35].
The value of Pg slowly decreases with increasing tem-
perature. The electrical switching time (Figure 6)
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Figure 5. Temperature dependence of tilt angle () and
spontaneous polarisation (Pg) in a 10-um cell.
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gradually decreases with the increase of temperature
and it is around 150 ps in the SmC* phase.

3.2.1 Optical switching

Optical transmission was recorded at different tem-
peratures, i.e. at different smectic phases (Figure 7),
by varying voltages and frequencies in the 2-um
(EHC) cell. We observed an ideal threshold-less, hys-
teresis-free, V-shaped switching in the ferroelectric
SmC* phase. In a 2-pum cell a homogeneous alignment
was achieved by very slow cooling and by simulta-
neously applying a low-frequency electric field (5 V
um~" and 20 Hz). An application of a low-frequency
field during cooling may enhance polar anchoring
which is a necessary requirement to achieve V-shaped
switching. V-shaped switching in the SmC* phase is
caused by the field-induced switching of a non-equili-
brium twisted SmC* phase stabilised by the polar
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surface interaction and by the electrostatic bulk polar-
isation charge (splayed ferroelectric state) [19]. As
shown by Figure 7(c), V-shaped switching is very sen-
sitive to frequency and ideal V-shaped switching can
be observed at a particular frequency. Optical trans-
mittance appeared W-shaped as the frequency of the
applied field is below and above a characteristic fre-
quency, the so-called inversion frequency. This effect
can be explained in terms of the accumulation of ions
in the surface-stabilised AFLC cell. The alignment of
Pg along the external field (E.) results in an opposite
surface field (Es,,;) due to the generation of surface
charges. Since Ej,, is smaller than E.y, movements of
positive and negative ions in the bulk produce another
opposing field, E;,,. When the frequency of the exter-
nal field is high the charges do not have the time to
follow the external field and thus generate a substan-
tial E;,, before the external field changes sign, result-
ing in a normal hysteresis loop. Again, when the
frequency is low the mobility of ions increases and
Eion has strong contribution, thus a negative field
exists when the external field is zero causing a hyster-
esis loop in the opposite sense than the one occurring
at high frequency [36].

The material possesses high Ps (~240 nC cm ™ at
60°C). A high value of Pg with strong polar surface
interaction creates a twisted state and exhibits
V-shaped switching characteristics, which is in agree-
ment with the electrostatic model [17].

4. Conclusions

The newly synthesised OAFLC material possesses a
high tilt and high spontaneous polarisation. The
threshold-less, hysteresis-free, V-shaped switching
was observed in the SmC* phase. Dielectric studies
helped us to identify a ferrielectric SmC.* phase dur-
ing heating, but this was absent during cooling.
Instead, the SmC* phase is extended a few degrees
inside the SmCx* phase during cooling. We have
observed a Goldstone-like mode along with two
other antiferroelectric modes, the P; and Py modes,
in the SmCx* phase, GM in the SmC* phase, and
three dielectric modes in the ferroelectric SmCH*
phase. The occurrence of the SmC~* phase during
heating is obviously due to antiferroelectric ordering
into a certain temperature range in the SmC* phase.
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