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A new simple and reliable method to identify the antiferro-, ferri- and ferro-electric and the
S& phases has been worked out, involving temperature scanning of the liquid crystalline
sample under a square wave electric field. The d.c. current recorded during the temperature
run provides information about the phases and the phase transition temperatures. The
resolution power of the method is checked by the study of three compounds. The results
obtained by this new Temperature Scan Method (TSM) are compared to those found from
dielectric measurements and from the study of the optical and dielectric hysteresis loops.

1. Introduction

Since several liquid crystalline polar phases were
discovered for the first time in MHPOBC [1], several
compounds have been synthesized exhibiting such
phases, namely ferroelectric, ferrielectric, and antiferro-
electric phases and the S¢_phase.

The identification of these phases is usually done by
miscibility tests with a reference compound. The deter-
mination of their polar characteristics is achieved by
conoscopic observations, by the study of dielectric and
optical hysteresis loops and by measurements of the
dielectric constant. It is often observed, however, that
the use of each of these methods is not enough to
disclose some polar phases, especially phases with similar
polar properties or similar molecular arrangements. In
those cases, the interpretation of conoscopic figures
is ambiguous, hysteresis loops are not always conclusive
and the dielectric constant may not show visible
anomalies at the phase transitions.

In this paper we present a new Temperature Scan
Method (TSM) which throws additional light on the
properties of such polar phases. It is a powerful qualitat-
ive method to detect the polar phases known as the
ferro-, ferri- and antiferro-electric phases and the S&
phase.

The study of three chiral compounds by this technique
provided evidence for the simplicity and reliability of
this new method. The phase sequences of these com-
pounds, not clearly determined from studies of dielectric

response, have been achieved by TSM. For one of the
compounds, the phase assignment was checked by the
study of optical hysteresis loops.

2. Description of the method

In this method, an a.c. electric field is applied to the
liquid crystalline sample. The current flowing in the
circuit is measured by an electrometer, as a voltage on
a resistor R in series with the sample. Figure 1 shows
the scheme of the electric circuit used.

When an electric field is applied to a liquid crystalline
sample, the resulting current density flowing in the
circuit is a sum of three contributions [2], J; due to the
dielectric constant (z), Jp due to the polarization (P) and

®

=

Figure 1. Electrical circuit used for the TSM. G is the function
generator (HP33120A), EM is the electrometer
(Keithley 617) and R is the resistor.

0267-8292/96 $12-00 © 1996 Taylor & Francis Ltd.
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J. due to the electric conductivity (g):

d(:E) dP,(t.T.E)
J=
a T &

+oE=J+Js+J.. (1)

P, is the part of the spontancous polarization which is
reversed by the macroscopic electric field E, and E, is
the local field, which is known to be a function of the
switched polarization [ 3]. Assuming that ¢ is linear with
the field and constant during one period of the a.c.
applied field and that the temperature is changed at a
constant rate (dT/dt = const.), we have:
de dT dE
S a it
oP, oP,dT ¢P,dE
p:E"" aTa?-l- °E EZJS—FJ;,-{—JE

‘]C == O'E].

The first term in J; is sensitive to the temperature
dependence of the dielectric constant and it can give an
important contribution to J(T) at the phase transition
temperatures when & changes sharply. The second term
in J; depends on ¢ and on the form of the applied
clectric field.

J, is the pyroelectric current density, which increases
considerably in the vicinity of a phase transition, where
the polarization changes significantly with temperature
[4], e.g. at the SE —S& and at the S¢-S, phase trans-
itions. It can be responsible for peaks in J(T) at the
transition temperatures.

J, 1s produced by incomplete switching and therefore
1t is sensitive to the response of the polar phases. Its
contribution to J(T'} depends on the macroscopic polar-
ization imposed by the electric field (see figure 2).
Figure 2 describes schematically the behaviour of the
polarization for an increasing field, in ferro- (FE), ferri-
(FI) and antiferro-electric (AFE) phases for a thick cell,

El E2' B g

Figure 2. For a cell where a helicoidal structure exists in the
absence of an electric field (E), the electric field dependence
of the macroscopic polarization for increasing field is
shown during quasi-static switching in the FE (dashed
line), FI (thin line) and AFE (bold line) phases. The
low (E1), high (E3) and intermediate (E2) fields are
indicated by the dashed perpendiculars.

where the helicoidal structure exists in the absence of
the field.

Jg depends on the form of the applied electric field.
Its contribution can be more important when a sine or
a triangular wave field is applied, but becomes negligible
for a square wave. In this case, during the time when
the field reversal occurs there is no polarization
switching.

J. is mostly of ionic origin in liquid crystals. It depends
on the local field which is influenced by the polarization
imposed by the macroscopic electric field. As is shown
in figure 2, a low field (E1) produces a very low polariza-
tion in all ferro- (FE), ferri- (FI) and antiferro-electric
(AFE) phases. A high field (E3) induces a saturated
polarization in these phases and, as well as the low field,
provides no relevant information about either the polar
character or the transition temperatures of the different
phases. Therefore, the choice of the electric field ampli-
tude E is crucial in the experimental method here
described. An intermediate ‘proper’ field (E2) must be
chosen in order to disclose the polar character of the
phases and their phase transition temperatures. Since
the local field E, depends on the switching polarization
P,, and being higher as P, increases [ 3], then J_ will be
sensitive to the polar characteristics of the phases.

The detected d.c. current is the average of the total
current flowing through the resistor R in the positive
and in the negative pulses, i.e.

pyo (AT dEoR ERdT
=7 at¥*a " Tt @

0P, dE E S
TR a M
=i+ I+ L+ Je+ IS (2)

where § is the electrode area.

In the following, we assume that the temperature
variation of the sample is negligible during a period of
E(t). An immediate consequence of this assumption is
that {J,> =0, as well as the contribution from the
s(dE/dt) term, ie. {J,> = {0/ 0T)AT/dOE>. If the elec-
tric field has symmetrical values in two consecutive half
periods, then ()= {Jg)»S; {Jg» 1s always negligible
when a square wave field is applied to the sample. The
contributions to {I X(T) coming from {J; + J, + J.» can
only appear if some unbalanced response occurs, due to
either external or internal factors. The level of (I in
each phase comes mostly from the contribution of J_,
while the peaks at the phase transitions come from J;
and J,.

Internal factors are defects or surface layers, which
create an internal bias field. External factors, which are
related to the applied electric field, are the offset and the
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duty factor of the square wave. The very low frequency
might also be seen as another external factor, when there
is a temperature change during the square wave period.
This factor has not been considered in this study as a
high enough frequency was used.

3. Experimental results

The three compounds used exhibit several polar
phases, and two of them belong to the series

F

discloses the SE —S¥_ phase transition. The peak at
~107°C corresponds to the S& -S, transition which is
more pronounced under the higher field. The S¢_phase
is located between this peak and the minimum of {I }(T)
at ~105°C.

The relevance of the TSM can be seen by comparing
the results obtained by this technique with those found
from the temperature dependence of the dielectric con-
stant measured at a frequency of 20 Hz (see figure 3 (b),

*

0O} cos ()00 {O)-cooch- .t
l
CH,

where n=9 and 11 (SFHTBBM?7 and 11FHTBBM?7,
respectively). The compound 9FHTBBM7 has the phase
sequence [ 5]

Cr—S¢,~S¢_~SE-S¢ ~Sx-1.

1

The 11FHTBBM?7 displays the same sequence but
without the S¢ phase. The last compound is the mixture
CS-4000, supplied by the Chisso Corporation, with the
phase sequence

Cr-S¥,~SE-S,-1.

This phase sequence has been provided by the Chisso
Corporation.

The samples were filled into commercial cells from
Linkam Scientific Instruments, ensuring planar
anchoring, with the electrode spacing of 7-5pum. All the
measurements with the TSM were done on heating at a
rate of 122K min~! with a 1kHz square wave field and
an offset lower than 1% of the field amplitude. Results
of {I>T) obtained with square, triangular and sine
wave forms are similar, but the anomalies were more
pronounced when using square waves.

3.1. Results obtained with 9FHTBBM?7 and
11FHTBBM7

The d.c. current response {I X(T) detected by TSM on
the compound 9FHTBBMY7 is shown in figure 3(a) for
applied electric fields of 0-4 and 0-7Vum™!. The low
field curve shows an increase of the intensity <) around
97°C, which can be identified with the onset of the S¥
phase. In the upper temperature range of this phasc a
slight variation of the intensity is observed. The slight
decrease of {I »(T) at 105°C and the subsequent decrease
at & 107°C define the limits of the temperature range of
the S¢ phase.

The high field curve exhibits an additional clear peak
around 86°C not observed in the low field curve and
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Figure 3. (a) {I)> recorded during the temperature scan for
SFHTBBM7 under fields of 0-4 Vum ™! (full circles) and
0-7Vum™* (open circles); (b) temperature dependence of
the dielectric constant for 9FHTBBM7, measured on a
heating run at a frequency of 20 Hz.
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taken from ref. [ 5]). The high values in & between 97°C
and 105°C have been identified with the range of the
S& phase, but with dielectric measurements it was not
possible to determine from figure 3 (b) either the temper-
ature range of the S phase, or the S ~S¥ _ transition
temperature. The temperature scan method gives here
the complete phase sequence in contrast to the study of
g(T). One must however point out that for some other
compounds, both the 8§ phase and the S&,—S&_ phase
transition could be seen by dielectric measurements [6].

The phase sequence found by TSM has been con-
firmed by observation of optical hysteresis loops (see
figure 4), which reflect characteristic features of the
assigned phases [5, 7].

For the compound 11FHTBBM7, we present the
current {I) as a function of the temperature in figure 5.
The electric field amplitude chosen (0-3V um ') allows
detection of the full phase sequence. The peak around
73°C is related to the SE -S&  phase transition, the
subsequent increase of {I> at 94°C corresponds to the
S¢,., S& phase transition and the decrease at 115°C to

I/a.u.

I/a.u.

(c)

T

E/Vpm'!
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Figure 5. <I)> recorded during the temperature scan for

11FHTBBM7 under a field of 0-3Vum ™.

I/a.u.
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-1.5

T
-1 -0.5 0 0.5 1 1.5

E/Vum'!

Figure 4. Optical hysteresis loops for SFHTBBM7 at (a) 72°C (S&,). (b) 88°C (S&,,), (¢) 98°C (S#) and (d) 107°C (SE,).
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the transition to the S, phase. <I XT) has the highest
value in the ferroelectric S§ phase, is lower in the
ferrielectric Sg | phase and is very low in the antiferro-
electric S§, and paraelectric S, phases. In all these
phases, the major contribution to {I (T) comes from J,
as referred to previously. The peak at 73°C can be due
either to J; or J,, or both.

The phase sequence detected by TSM has been
confirmed by observation of dielectric hysteresis loops.

3.2. Results obtained with the mixture CS-4000

According to Chisso Corporation data, CS-4000
exhibits the antiferroelectric S&, , the ferroelectric S¢ and
the paraelectric S, phases between —10°C and 100°C.
Figure 6 depicts two curves obtained from TSM, for
applied electric field amplitudes of 0-4Vum~™' and
1Vum ™1 On the low field curve, the S phase limits
are given by the steep increase and decrease of {I)
around 82°C and 84°C, respectively. In the S and S,
phases, <I> is very small. This behaviour is expected in
the antiferro- and in the para-electric phases under a
low field.

At ~80°C, a kink can be observed on the low field
curve. For the high field curve, this kink is still seen at
the same temperature and seems to be related to a
transition to another polar phase, not reported in the
Chisso Corporation data. At high field, the maximum
at 82°C can no longer be observed, while the maximum
at = 84°C becomes more pronounced.

Recently, DSC studies [ 8] on this compound revealed
anomalies which were related to the existence of a
ferrielectric phase (between the 8§ and the S¥ phases)
and to the S¢_ phase (between the SE and the S, phases).
The TSM results clearly detect the existence of the
ferrielectric phase as can be seen in the low field curve
of figure 6. The higher electric field provides evidence
for the transition from the antiferroelectric phase to the
ferrielectric phase, but seems to be too high to identify
the ferrielectric—ferroelectric phase transition. The upper
limit of the S& is clearly observed in both curves.
However no evidence was found by TSM for the Sg
phase or for the SE -S, phase transition, probably
because of the weak polar character of the S¢ phase in
this material.

4. Conclusion
The present study has provided clear evidence for the
relevance of the Temperature Scan Method to the study
of compounds with polar mesophases. It is a simple and
reliable method which, when used in an appropriate

3.0 107

1.0 107

0.0 ———, IR S S
65 70 75 80 85

90
T/°C
Figure 6. {I)> recorded during the temperature scan for

CS-4000 under fields of 0-4Vum™! (full circles) and
1Vum™" (open circles).

manner, can reveal the different polar phases in chiral
smectics. The TSM is particularly useful for disclosing
the S&_ phase and, in some cases, the S¥ phase, when
they cannot be easily identified from the study of the
temperature dependence of the dielectric constant.
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