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Polarization and dielectric properties of an antiferroelectric liquid
crystal

by J. W. O'SULLIVAN, J. K. VIJ*

Department of Electronic and Electrical Engineering, Trinity College,
University of Dublin, Dublin 2, Ireland

and H. T. NGUYEN
Centre de Recherché Paul Pascal, Ave. A. Schweitzer, 33600 Pessac, France

(Received 31 October 1996; accepted 3 February 1997)

The spontaneous polarization and dielectric properties of a new antiferroelectric liquid crystal
(AFLC) exhibiting several intermediate phases between the SmC, and SmC* phases are
investigated. A low frequency ferri Goldstone mode and a higher frequency ferro Goldstone
mode have been observed over a certain range of temperatures. The effect of d.c. bias voltage
on these modes is examined. The results confirm the existence of an FiLC phase with ¢;>1/2
between SmC_and SmC*. These also show the co-existence of the FiLC phase with SmC*
over a narrow range of temperatures above the FiLC phase. The phase sequence for this
material is found to contain SmC,, SmC_, FiLC, (FiLC coexisting with SmC*), SmC*, SmA
phases on heating and SmA- SmC* SmC);- SmC, - phases on cooling.

1. Introduction

In antiferroelectric liquid crystals (AFLCs) there exist
two fundamental phases, the low temperature antiferro-
electric phase SmC, and the higher temperature ferro-
electric phase SmC* [1,2]. The intermediate
mesophases occurring between these two states appear
due to the competing effects which stabilize the antiferro-
electric and ferroelectric phases. The Ising model can
predict the existence of the experimentally observed
intermediate phases. In the case of the temperature
induced devil’s staircase, the phase structure is character-
ized by a parameter ¢, which describes the extent of
ferroelectric ordering, where gr=m/n; m denotes the
number of pairs of dipoles with ferroelectric ordering
and » is the total number of ferroelectric and antiferro-
electric orderings within a pitch of the ordered arrange-
ment. The field induced staircase causes Pg to increase
monotonically with the bias field. The phase structure
is described by the parameter gz, where gz = R/(R+ L);
here R and L represent the numbers of molecules tilted
towards the right and to the left, and the tilt angle in
these two cases may not be exactly the same. The stable
phases under bias field occur as a result of competitions
between the temperature and field induced devil’s stair-
cases. In this paper, we report results on the spontaneous
polarization, and on the dynamics of collective and

*Author for Correspondence.

molecular modes using dielectric spectroscopy in an
antiferroelectric liquid crystal material synthesized
recently. The chemical formula of the AFLC material is
given below:
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The phase sequence was obtained using a Perkin Elmer
DSC 7 operated in its modulation mode. The DSC trace
is shown in figure 1. The transition temperatures in °C
are found to be Cr 65 SmC, 98-5 Fil 101 Fi2 103 SmC*
118 SmA 130 I. Wide thermal hysteresis (about 30°C)
has been found between the heating and cooling cycles,
especially at the SmC,—Cr phase transition. Fil and Fi2
are two unknown phases and these are being character-
ized using polarization and dielectric measurements.
There are also small peaks at 106 and 110-5°C on the
heating cycle in the DSC thermogram. This aspect of
the DSC trace will also be mentioned later.

2. Experimental

The liquid crystal cell consisted of two parallel indium
tin oxide (ITO) coated glass plates with an active
electrode area 4=5mm?. A small electrode area was
used to minimize the effects of the thickness gradient in
the cell and thus ensure a uniform electric field across
the sample. The glass plates were separated using mylar
spacers of varying thicknesses, e.g. d=38, 20, 50 um. The

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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Figure 1. Heat flow versus temperature, obtained using
differential scanning calorimmetry (DSC) for (a) heating
and (b) cooling cycles at a temperature ramp rate of
10°Cmin .

ITO electrodes were coated with polyvinyl alcohol
(PVA), baked for 2 hours at T=160°C and subsequently
rubbed unidirectionally on a velvet track. The rubbed
PVA layer helps to achieve a good planar alignment.
The cell was filled in the isotropic phase by capillary
action. Spontaneous polarization measurements were
carried out using the integral current reversal technique
[3]. The sample was placed on a hot-stage of the
microscope to allow visual observations of phase changes
using polarizing microscopy during the spontaneous
polarization measurements. A Schlumberger 1255A
impedance analyser with a Chelsea dielectric interface
was used for dielectric measurements in the frequency
range 1 Hz to 1 MHz. This allowed the real and imagin-
ary parts of the complex dielectric permittivity (¢', & ) to
be measured as a function of frequency. The experimental
set-up allowed a direct bias voltage (0 to 30V) to be
applied across the cell during dielectric measurements.
The dielectric measurements and sample temperature
(£ 0-1°C) were computer controlled. The relative dielec-

tric permittivity (¢, ¢ ) data were fitted to the Havriliak—
Nagami [4] equation. The parameters Ag, f (Hz) can
then be determined from the fitted curves. Using a fitting
program (DK36) it is possible to subtract the d.c.
conductivity which causes & to increase linearly with
decreasing frequency ( f) in the loge —logf plots.

3. Results and discussion
3.1. Spontaneous polarization measurements

In the absence of a bias field and at temperatures,
T=90, 93, 95, 98°C, the antiferroelectric phase SmC, is
the stable phase. The layer ordering of this antiferroelec-
tric phase, as shown before, can be represented by the
irreducible rational number gy, with ¢r =m/n=0, m and
n having been defined before [1, 5].

Figure 2 shows the normalised value of Pg versus the
applied electric field across the cell. Interestingly, this
shows that at T=98°C and for a bias field,
E<0-75Vum !, the spontaneous polarization is zero,
indicating that the antiferroelectric phase SmC, with
Py=0 ¢r=0 and ¢gg=1/2 is the stable phase. When the
field is increased, a linear increase in the spontaneous
polarization is obtained. This indicates that new struc-
tures with gz>1/2 are being formed. The competition
between the field induced and the temperature induced
staircases is made evident by a sharp jump in the
spontaneous polarization, indicating that a new ferrie-
lectric phase is formed; this new ferrielectric phase is
labelled as a field induced FiL (¢z<<2/3) phase and its
occurrence is not repeated in the temperature induced
staircase. This phase is also stable only over a narrow
range of voltages. Further increasing the applied electric
field causes the spontaneous polarization (Pg) to make
another sharp jump to a polarization of 1/3 of the
maximum value (unwound SmC*) which corresponds to
a stable field induced ferrielectric phase (¢gp=2/3 and
with the same structure as gr=1/3). This ferrielectric
phase is labelled SmC_. The next region involves small
stepwise increases in Pg due to field induced metastable
states, at higher fields, the SmC* phase in its distorted
state is formed. For fields E 2:5V pum ' (T 93°C) the
distorted SmC* helix is fully unwound. The spontaneous
polarization reaches a saturation value and the max-
imum polarization for SmC* phase is obtained as Pg=
1. The phase transitions observed on increasing the
applied field at T=98°C are SmC,~FiL-SmC_—-SmC*.
When the field is decreased, a hysteresis is observed in
the spontaneous polarization measurements. This obser-
vation shows the existence of domains and/or irreversible
field induced changes in the structure. At lower fields
the spontaneous polarization decreases smoothly from
the SmCy phase to the SmC, phase without any sharp
transitions and without exhibiting the FiL phase. This
indicates that the field induced staircase is governing the
structural behaviour, i.e. the new field induced regions
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Figure 2. Normalized  spontan-
eous polarization for different

Ps(meas)/Ps(max) Normalised

temperatures and applied field 0.0 |-
for a sample of thickness d= 1 :

20pm. A rectangular shaped 0.0
applied voltage at 50Hz was
used.

are formed due to a decrease in the ratio of molecules
tilted to the right (R) to the total number (R+ L) as the
field is decreased. Here we assume the dipole moment
of the molecule tilted to the right is aligned with the
applied field. Using this model, it can easily be shown
that the spontaneous polarization for this state is given
by (R— L)/(R+ L).

At T=93°C, the hysteresis between Pg measured for
increasing and decreasing the field is much narrower.
This is due to an increased stability of the antiferroelec-
tric ordering at this temperature. At this temperature,
the temperature induced devil’s staircase is driving the
transition from SmC* to the antiferroelectric phase
SmC, and this is stronger than the competing field
induced staircase which tries to force Py to decrease
monotonically with decreasing field. The examples
shown here for temperatures of 93 and 98°C exhibit
different competing effects between the field and temper-
ature induced devil’s staircases.

At T=100°C the stable phase is the ferrielectric SmC
phase, since an application of a field E>0-25V um
causes this state to unwind and reach Pg=1/3 of the
maximum value, a characteristic of this phase. In the
DSC trace, the phase at this temperature was labelled
as Fil phase. This phase is stable over an electric field
range of 0-5Vpum !. This proves the existence and
stability of this thermodynamically stable phase. A fur-
ther increase in the applied electric field transforms this
phase to a SmC* distorted helical state. For an applied
field E 1-2V pm !, the ferroelectric helix is completely
unwound leading to a maximum value of the spontan-
eous polarization. On reversing the applied field at this
temperature, no hysteresis in Py versus field is observed
due to the existence of stable structures both in the
SmC* and SmCy phases. This behaviour is also observed

¥

1.0 1.5 2.0 25 3.0
Applied Electric Field / V/um

for the reason that there are now no competing AF
structures present at this temperature.

At T=102°C the sample exhibits an unusual phase; we
label this as the FiLC phase with a ¢ parameter greater
than 1/2 because ¢gr=1/2 gives the AF phase above the
SmC_ phase. In the DSC trace, the phase at this temper-
ature was designated as Fi2 phase. Most interestingly, Pg
rises rapidly with bias to about 0-6 of the maximum
value. This metastable state corresponds to a gg of 4/5
on the field induced devil’s staircase; the structure of this
phase is very similar to that of ¢g=3/5 (see figure 3).
With a further increase in the bias field, this phase
transforms readily to a distorted helical SmC* phase. We
propose that at this temperature and in the absence of a
bias field, the structure is one with ¢r=3/5; however
under bias the polarization Pg goes rapidly to 0-6, which
belongs to a field induced ¢=4/5. Since we do not
observe a stable value of spontaneous polarization of 1/5
corresponding to a ¢y of 3/5, we presume that the
structure of this phase is rather unstable and under bias
is easily convertible to that of gz=4/5. This also follows
from the Ising model since the stability of a phase
decreases with an increase in its value of ¢y for
1/2 gr 1. Because of the structure being unstable and
the fact that this phase borders SmC* phase, a part of it
is also easily convertible through thermal fluctuations to
that of SmC* phases. The FiLC phase has recently been
discovered in two other antiferroelectric liquid crystals
[6-8]. It has also been found that the FiLC phase
coexists with SmC* phase [8, 15] over a certain range of
temperatures. In this material too, we find the existence
of an FiLC phase over the temperature of the SmC
phase and also observe a coexistence of the two phases
from the Py measurements in the region 103°C<<T
<106°C. The observation of a small peak at 106°C may
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imply the end of the coexistence of these phases. These
findings are also supported by dielectric measurements.

3.2. Dielectric measurements
3.2.1. SmCy phase (below 69°C< T<98-5°C )

By definition the antiferroelectric phase, SmC,, has no
net spontaneous polarization, due to an effective cancella-
tion of the dipole moments of adjacent layers. Two weak
relaxation processes are found in the SmC, phase [9].
The first is labelled as Process A, centred at a frequency
of 10kHz. The other is labelled as Process B centred at
300 kHz (see figure 4). The dielectric strength of Process B,
is lower than that of Process A. The superposition of a
peak caused by the resistance of indium/tin oxide (ITO)
thin layer in series with the sample capacitance at the
high frequency end of the spectrum on Process B implies

that the latter cannot easily be resolved. The relaxation
frequency of Process A increases only slightly with increas-
ing temperature above the phase transition temperature
as shown in figure 4. Process A is probably the ‘antiferro-
electric-like’ Goldstone mode, as it occurs at the same
frequency as that found for other materials and perhaps
is the same as Process A reported previously in a different
material [ 10]. Due to the complexity of analysis of these
modes (with bias voltage) these will be discussed in a
subsequent paper.

3.2.2. SmCyphase (99°C< T<101°C)

In the temperature range 99°C < T<<101°C, a single
mode of relatively weak dielectric strength of Agg,;=~10
and of frequency about 200 Hz is observed (figure 5 (a)
and 5(b). Under a small applied electric field its Pg value

T e R EEEREL —TT T =TT
4
Process A 1
95°C
86°C
1 - P
85°C
0°C
Figure 4. Dielectric loss ¢ versus Process B
frequency for different sample
temperatures in the SmCA L —d n-n-ll n i 11--.[4 " st bl " deddodld
phase. The antiferroelectric loss 1 1 10 10° i

modes are labelled as Process A4
and Process B.

Frequency / Hz
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is almost constant over a range of applied voltages and
its normalized value is 0-33. This phase has therefore
been assigned as the SmC_ phase with structure para-
meter gr=1/3 and the mode so observed is called the
ferri Goldstone mode. The ferri mode exhibits a small
increase in the dielectric strength at the SmC,~SmC
phase transition (see figure 5(a)) because of a sudden
increase in the spontaneous polarization at the transition
temperature. The relaxation frequencies of the various
modes versus temperature are shown in figure 5 (b).

3.2.3. FiLC phase (101°C< T<I03°C)
A three dimensional dielectric spectrum of the material
with frequency and temperature as variables is given in

Temperature / °C
(0)

figure 6 (@) to provide visual observations of the various
modes. In the absence of a d.c. bias voltage, one strong
relaxation at low frequency (200Hz) is observed.
Figure 6 (b) shows dielectric loss, ¢ , spectra in greater
detail for a bias voltage V=0V, at different temperatures.
The magnitude of ¢ increases when the sample is heated
from 101 to 104°C. This may be due to an increase in Pg
occurring as a consequence of a rapid change in structure
with temperature in this region, reminiscent of the FiLC
phase. An increase in ¢ may arise from large fluctuations
in the structure originating from a perturbation by the
small measuring electric field (~100mV) across the cell.
The phase in this temperature interval is assigned to the
FiLC phase as found from Pg measurements. This was
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electric loss ¢ versus frequency
for d.c. bias voltage V'=0V; ¢
is a maximum in the FiLC
phase (due to a ferrielectric
Goldstone mode).

labelled as Fi2 phase in the DSC trace obtained on
heating.

The low frequency mode with a relaxation frequency
centred at approximately 200Hz is labelled as ferri
Goldstone mode, see figure 6(b) at T=102°C. This
assignment is given because it (a) occurs in both the
ferrielectric SmCY and FiLC phases, (b) has a low
frequency and (c) is quite easily suppressed by the applied
field. This mode is about a decade lower in frequency
than the ferro Goldstone mode (3kHz) in the
SmC* phase. The ferrielectric Goldstone mode has

——¢ > -
T T T T T T T T LR R 4

103 104 105 10

Frequency /Hz

(b)

also been reported in the literature [11-15] in other
antiferroelectric samples.

The dielectric strength Agg,,; of the ferri Goldstone
mode is found to increase rapidly with temperature (see
figure 5(a)) within the FiLC phase. This increase in
dielectric strength may be associated with a rapid change
in the polarization, associated with the instability of the
phase with g =3/5 which would cause the spontaneous
polarization to increase. An increase in the pitch (pg) of
the ferrielectric helix due to increasing temperature could
also cause an increase in the dielectric strength. The
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peak occurring in the dielectric strength just below the
FiLC-SmC* phase transition is probably due to a
maximum in the ferrielectric pitch at that temperature.
This maximum may mark the temperature above which
coexistence of FiLC and SmC* phases is observed.

The electric field dependence of the dielectric strength
of the ferri Goldstone mode was examined under d.c.
bias voltage. The dielectric strength Ae versus temper-
ature at a bias voltage of 1V is shown in figure 7 (a).
The dielectric strength in the FiLC phase is reduced due
to the bias field. In the SmC_ phase, application of a
small d.c. bias voltage 2V causes a small increase in
the dielectric strength across the cell (see figure 7(b)).

This behaviour may be due to an increase in the
ferroelectric character (ordering) of the SmC_ phase. For
bias voltages 2V however, the dielectric strength is
reduced. The freedom of the director fluctuations (in
azimuthal angle ¢) around the tilt cone is reduced
with increasing bias voltage and this also distorts the
helix that is present in the structure. The net result is
the suppression of the strength of the ferri Goldstone
relaxation mode.

In the FiLC phase however, the behaviour of the
dielectric strength with applied field is markedly different
from that in the SmC_. Application of a bias voltage
drastically reduces the dielectric strength of this

140

120

100

I—{3— Ferri-Goldstona
|--@--- Ferro-Goldstone
I—&— Anti-Ferro Mode []

T T
102 104 1

Temperature / °C

(@)

125

100

Figure 7. (a) The dielectric
strength Ag versus sample tem-
perature, for d.c. bias voltage 0

V=1V. (b) The dielectric
strength Ae versus d.c. bias volt-
age for the Goldstone mode in
ferrielectric FiLC, SmC_ and
SmC* phases. !

DC Bias Voltage / V

(b)
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relaxation. The dielectric strength Aegg,i=180 for zero
bias voltage is reduced to Agg,~20 for a bias of 4V,
see figure 7(b). For a d.c. bias voltage of 4V applied
across the cell, the low frequency ferri mode is completely
suppressed and the FiLC phase is transformed into
SmC* as shown in figure 8. The low frequency ferrie-
lectric mode disappears and instead the ferroelectric
Goldstone mode in the SmC* phase is observed. This is
in line with the results of Py measurements for large
applied electric fields (>1V um " !); the ferrielectric FiLC
phase is transformed completely to the ferroelectric
SmC* phase, see figure 2.

3.2.4. Coexistence of FiLC and SmC* phases
(103°C< T<106°C)

From DSC data, the phase transition from FiLC to
SmC* occurs at T=103°C. In the temperature range
(103°C< T<106°C) two relaxation modes are found
to exist. These modes correspond to the ferri and
ferro Goldstone modes. At a temperature T=106°C
(V3.>0V) alow frequency ferrielectric Goldstone mode
is found to exist, see figure 8. The broad peak shown in
figure 8, (d.c. bias=0V) indicates the coexistence of the
FiLC and SmC* phases. The contributions of ferrie-
lectric and ferroelectric modes to ¢ at T=106°C is
reflected in the broad curve shown in figure 6 ().

3.2.5. Ferroelectric SmC* phase (106°C< T<121°C)
The effects of bias voltage on the ferroelectric
Goldstone mode relaxation at T=110°C are shown in
figure 9. For a d.c. bias voltage V=0V, the ferroelectric
Goldstone relaxation mode is detected in the SmC*
phase. For an applied voltage 0 V<< ¥<<2'V, the dielectric
loss ¢ shows the unusual property of increasing slightly

(see figure 9). This we believe is due to the transformation
of the smectic layer structure from chevron to bookshelf.
For the bookshelf structure, there is no layer tilting with
respect to the normal to the plane of the cell-electrodes.
Thus the component of the spontaneous polarization
across the electrodes will be higher than in the case of
tilted smectic layers (chevron). For d.c. bias voltages
V>2V, the Goldstone mode is suppressed by d.c. bias
as normally found in the SmC* phase (see figure 8).

3.2.6. Thermal hysteresis in the dielectric loss spectra
Thermal hysteresis is observed in ¢ spectra of the
sample between the heating and cooling cycles, see
figure 10. This reflects a complex dependence of the
stability of the phase sequence on the direction of
the temperature change. The large low frequency
(I00Hz-1kHz) ¢ peak occurring in the FiLC phase
(T=104°C) found in the heating cycle is not observed
in the cooling cycle, see figure 10. This behaviour is
explained because, on heating, the ground state is the
antiferroelectric state and hence an increase in the tem-
perature induces an increase in ferroelectric ordering.
Thus the temperature induced staircase as suggested by
the Ising model is observed. The ferrielectric phase FiLC
with ¢gp=23/5 (similar to gz=4/5) is clearly observed on
heating (large dielectric peak at 200 Hz). The ferroelectric
ordering is reduced on cooling from a stable ferroelectric
phase with gr=1. However, the antiferroelectric ordering
is now destabilized by the initial and subsequent prefer-
ence for ferroelectric ordering, and thus the proper
temperature induced devil’s staircase is not observed.
Indeed the transition between SmC* and SmC, appears
to occur abruptly on cooling. The phase change, e.g.
SmCA—Smcy—FiLC, (coexistence of FiLC and SmC¥),

35 |-

Figure 8. The dielectric loss &
versus frequency at T=106°C,

for d.c. bias voltages of 1, 2, 3,
4, 5V. The low frequency ferri
mode (200Hz) is completely
suppressed at V' 4V.

104

108
Frequency /Hz
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Figure 10. The dielectric loss ¢ as
a function of temperature and
frequency during heating and
cooling cycles from T=
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symbols refer to cooling and
closed symbols to heating.

SmC*-SmA which occurs on heating, appears as SmA—
SmC*-SmC, on cooling. In the DSC trace, SmCY phase
was labelled as Fil and FiLC phase as Fi2. The reasons
for these assignments have been given. The DSC trace
also showed a small peak at 106°C probably signifying
an end to the coexistence of the two phases seen in the
dielectric spectra.

4. Summary
The results are summarised as follows:

(i) One stable ferrielectric state SmCY and a ferrie-
lectric phase (FiLC) are found from the spontan-
eous polarization measurements. There is also
evidence of a field induced FiL phase existing
over a narrow range of electric fields. The FiL

Frequency / Hz

phase is not observed on thermal cycling (i.e.
temperature induced staircase).
(i1) The temperature dependence of the hysteresis of

the spontaneous polarization with applied field
(T=98°C, 93°C), indicates competition between
the temperature induced and field induced devil’s
staircases.

(ii1) In the SmC, phase two relaxation modes were

observed, Process A and Process B. In the SmCY
and FiLC phases a ferri Goldstone mode
(=200 Hz) was found. The dielectric strength is
highest in the FiLC phase because the structure
of this phase is fluctuating and can easily be
disturbed by external fields; a small change in
applied field can cause a large change in the
polarization. The normal ferroelectric Goldstone
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mode (f~3kHz) was observed in the SmC*
phase.

(iv) The dielectric strength of the ferri Goldstone
mode in FiLC was found to decrease substan-
tially for small bias fields (0-05-0-25V um ).
This is possibly due to the electric field induced
transitions from FiLC to SmC* phase.

(v) Over a certain range of temperatures (between
103 and 106°C), evidence for the coexistence of
the ferrielectric FiLC and ferroelectric SmC*
phases is found from the dielectric spectra. A
small peak in the DSC thermogram signifies an
end to this coexistence.

(vi) Thermal hysteresis is observed between the
dielectric spectra on heating and cooling. On
heating, the ferrielectric ferri Goldstone mode
(in both SmC_ and FiLC phases) is observed; on
the contrary however it is not found on cooling.

5. Conclusions

The effects of bias voltage and temperature on the
polarization and dielectric properties of an antiferroelec-
tric liquid crystal material have been examined. The
spontaneous polarization measurements show clear
competition between the field induced and temperature
induced devil’s staircases. The results reveal the existence
of an FiLC phase in this antiferroelectric liquid crystal
material and confirm a recent discovery of this phase in
other AFLC samples [6-8, 15]. The phase is found to
be sensitive to external fields and can be classified as
rather unstable, in line with the predictions of the Ising
model. A field induced FiL state was also found. In an
FiLC phase, a low frequency (200 Hz) Goldstone mode
was observed and its dielectric strength is dramatically
reduced by the application of a small bias voltage. This
is due to a low threshold electric field required for
inducing a transformation of the FiLC to SmC* phase.

The evidence for the coexistence of the FiLC and SmC*
phases is also found from the dielectric spectra.
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