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Ferroelectric and antiferroelectric modes in a new chiral 
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This work concerns the dielectric relaxation study of a new compound containing a thioben- 
zoate group with a fluoro substituent, which presents a sequence of antiferro-, ferri-, ferro- 
electric and S& phases. The polar character of these phases was confirmed by optical hysteresis 
loops. Three modes with a nearly monodispersive behaviour were identified: the soft mode, the 
Goldstone mode and a non-collective azimuthal mode. The soft mode softens above the 
S, rSE transition and triggers another mode within the S& phase. Moreover, a collective 
anti-phase azimuthal mode appears and may be the origin of the onset of the antiferroelectric 
S& phase. A strong influence of surface interactions on the thermal hysteresis and on the 
dielectric constant was evident in this work. 

1. Introduction 
Recently, new liquid crystals containing a thioben- 

zoate group [l,  21 were synthesized which exhibit 
antiferro-, ferri- and ferro-electric mesophases. The new 
compound studied here has a thiobenzoate group with 
fluoro substituent and the chemical formula is 

Between the crystal (Cr) and the isotropic (I) phase, 
this compound presents the following sequence of 
phases: 

Cr 87°C SEA 93°C S:,, 98°C SE 103.9"C 

The transition temperatures were determined by dif- 
ferential scanning calorimetry (DSC) measurements with 
increasing temperatures and by optical microscopic tex- 
ture observations. The phase sequence assignment was 
assessed by analogy with results from studies of other 
compounds with similar formulae [l]. 

In this work, we present some optical hysteresis loops 
and a dielectric relaxation study of all the phases. Several 

*Author for correspondence. 

S& 105.7"C S, 135°C I 

relaxation modes were identified whose contributions to 
the complex dielectric constant seem to depend on the 
samples thickness. 

2. Experimental 
This study was made on samples 7.5 pm (sample 1) and 

25pm (sample 2) thick. The cells, produced commer- 
cially by Linkam Scientific Instruments Ltd were filled by 
capillary action. All the measurements on heating and 
cooling runs were done between the isotropic and the SEA 
phases, without going into the crystalline phase. The 
alignment of the liquid crystal was evaluated by optical 
observations. 

The complex dielectric constant (E',  E " )  was measured 
with a HP4284A LCR Meter, at stabilized temperatures. 
The temperature was measured by a chromel-alumel 
thermocouple and controlled by a Macintosh computer, 
with an accuracy better than 0-05"C. The range of the 
measuring frequencies was 20 Hz-1 MHz. 

The optical hysteresis loops were obtained on heating 
runs by measuring the transmitted light intensity I with a 
PIN Hamamatsu photodiode, attached to a polarizing 
microscope. A halogen lamp was used as a light source 
and the temperature was controlled by a Mettler FP90 
oven. The applied electric field was a triangular wave at a 
frequency between 0.6 Hz (SEA phase) and 17 Hz (S, 
phase). 

0267-8292196 $12.00 (C 1996 Taylor & Francis Ltd. 
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32 P. Simeiio Carvalho et al. 

The temperature dependence of the transmitted light 
was measured for heating and cooling runs at  a rate of 
0.3"C min- l .  For the detection of the transmitted light 
we used a BPW21 photodiode from R. S. Components 
Ltd (spectral banwidth between 440 nm and 680 nm) and 
the light source was a He-Ne laser (632.8 nm). 

3. Results and discussion 
3.1. IrlentiJication of phases 

The existence of several smectic polar phases in sample 
1 (7.Spm thick) was confirmed by the detection of the 
transmitted light intensity as a function of the electric 
field f ( E ) ,  at different temperatures. Figure 1 depicts 
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some optical hysteresis loops for sample 1, obtained at a 
stabilized temperature on heating, after cooling from the 
isotropic phase without going into the crystalline phase. 
The shape of the loops shows the existence of 
antiferro-(S:,), ferro-(S:), ferri-electric (SY,,) and Srl 
phases. 

Although DSC measurements on heating indicate a 
transition between the crystalline phase and the S,*, 
phase at  8 7 T ,  on cooling this transition occurs at 
"N 6 7 T ,  which is due to the well-known supercooling 
phenomenon. This explains why at  72°C a double hyster- 
esis loop can be seen with a threshold field of about 
0.6 V pm ' , corresponding to the S& phase. The peaks 
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Figure 1 .  Transmitted light I ( E )  for sample 1. Thc Loops were obtained for the ( a )  S&, ( h )  s&,, (c) s:, ( d ) .  s?, and (./'I SA 
phases, at the temperatures indicatcd. 
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Ferro- and antiferro-electric modes in u FLC 33 

observed at zero field are due to ferroelectric switching 
which takes place only near the surfaces. This effect 
disappears on lowering the frequency. 

At 88°C the threshold field is no longer detected and 
the double hysteresis loop corresponds to the induced 
transition from the ferrielectric to the ferroelectric satu- 
rated state. With the thin sample the SgA-SzFI transition, 
as well as the SQ,-S$ transition, occurs at lower tem- 
peratures than those found by DSC heating measure- 
ments. The latter technique reveals mainly bulk 
properties. In the S& phase, the shape of the loop 
changes progressively from a Sg-like (105°C) to a S,-like 
(107°C) loop. The upper limit of the temperature range 
of the S& phase is slightly higher than that found by 
DSC measurements, which may be due to different oven 
temperature calibrations. 

In sample 2 (2.5 pm thick), the study of these smectic 
phases was made by measuring the transmitted light 
intensity as a function of the temperature, I(T) .  Several 
anomalies can be seen in figure 2, some of them corres- 
ponding to phase transitions. The curves were obtained 
from heating and cooling runs as indicated by the 
arrows. A thermal hysteresis can be observed for the 
S$-S$,, and S&-Sg, phase transition temperatures, but 
the temperature range of stability of the SZFI phase does 
not change significantly. The S,-S$, phase transition is 
not clearly observed. 

We must point out that the transition temperatures 
found for sample 2 (25pm thick) on heating are in 
agreement with the temperatures found from DSC 
measurements, in contrast to those observed for the 
thinner sample 1 (7.5 pm thick). This behaviour may be 
due to an influence of the surface on the stabilization of 
the ferroelectric phase relative to the ferrielectric phase, 
and of the ferrielectric phase relative to the antiferro- 
electric phase. 

Dielectric measurements, performed on both samples, 
show a dielectric dispersion in all the phases. The real 
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Figure 2. 'Transmitted light intensity I(7') for sample 2 at zero 
electric field, for a heating run ( 0 )  and for a cooling run (0). 

dielectric constant E' exhibits a maximum between 
z-s 103°C and z-s 1 I O T ,  but the temperature at  which that 
maximum occurs depends on the measuring frequency. 
Such a behaviour was earlier observed for another com- 
pound with a similar chemical formula [3]. Figure 3 
shows E' at 20 Hz for samples 1 and 2. Here, we have clear 
evidence for a thermal hysteresis, but much more expli- 
citly in the thinner sample (sample 1) than in the thicker 
sample (sample 2). The arrows indicate the heating and 
the cooling runs. The sharp decrease in the dielectric 
constant at low temperature corresponds to the lower 
limit of the ferroelectric Sz phase. 

The SzFI phase can be identified in sample 2 by a step 
in E' ,  which is not observed in sample 1. For the heating 
runs, the lower limit of the S,* phase is located at the 
same temperature for both samples (x96"C), so the 
thermal hysteresis only occurs within the S:, and the 
SgFl phases. 

In the SEA phasc, the samples probably retain ferro- 
electric layers near the surfaces due to preferred polar 
anchoring at the surfaces. These layers, which have a 
definite thickness determined by the anchoring strength, 
contribute to the dielectric constant, the effective contri- 
bution being higher in thin samples. 

300, 

0.00 1- I I 
70 80 90 100 110 120 130 

T I T  

300 I 

200 I 

70 80 90 100 110 120 130 
T I T  

Figure 3. Temperature dependence of the dielectric constant 
(a )  for sample 1 and (b)  for sample 2, for heating (e) and 
cooling (0) runs. 
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3.2. Dielectric relaxation study 
It is known from the literature [4] that ionic conduc- 

tion arid the relaxation modes make considerable con- 
tributions to the complex dielectric constant. If 
different relaxation modes coexist at a given tempera- 
ture, it is assumed that the complex dielectric constant 
reflects the contributions and the coupling between 
these modes. In this study, we have considered three 
parameters that give important information about the 
relaxation modes. These parameters are: AE (the relaxa- 
tion amplitude, defined as A E = E ( ~ ) - E ( ( x : ) ) ,  f l  (a Cole- 
Cole parameter that reflects the polydispersive behav- 
iour of the mode; p= 1 corresponds to a monodisper- 
sive relaxation mode) and f, (the relaxation frequency). 
AE and p were calculated from Cole-Cole fits to the 
complex dielectric constant E* = ( E ’ ,  6”). The relaxation 
frequencies .f; = 1/2m were obtained from the maxima 
of E”(  f ) .  By assuming that E*(w) is the sum of different 
contributions and that each mode obeys a Cole-Cole 
relaxation [4], we have 

when n labels each mode. For simplicity, we shall analyse 
the data obtained from the cooling runs, although data 
corresponding to the heating runs were also studied. The 
values obtained for Ae, p andf, were very similar for 
increasing and decreasing temperatures. 

In figure 4, the temperature dependences of ~ / A E ,  
and f ,  f-or sample 1 and for sample 2 are displayed for the 
relaxation processes found in the temperature interval 
studied. 

In the S, phase, only one relaxation mode is observed. 
Taking into account the molecular structure of the S, 
phase, this mode must correspond to the amplitude mode 
[5] (so-called soft mode) which is associated with fluctua- 
tions of the molecular tilting and has a quasi- 
monodispersive behaviour in the S ,  phase. When 
approaching the S,-S& phase transition (at = 107”C), its 
relaxation frequency decreases sharply and the relaxa- 
tion amplitude A& increases. The parameter /I, associated 
with the distribution of the relaxation times of this mode, 
decreases as shown in figure 4(c) and 4(d). The relaxa- 
tion frequency and the dielectric amplitude of the soft 
mode depend on the sample thickness. For the thin 
sample (see figure 4(a)), AE as well as the relaxation 
frequency are higher than that for the thick sample (see 
figure 4 (d)). Similar results for the thickness dependence 
of the relaxation frequency has been found in [6] and the 
cffcct can be attributed to a change in the elastic proper- 
ties due to surface interactions. 

In the tilted phases, the analysis of E * ( T )  discloses 
three relaxation processes, RP1, RP2 and RP3, as shown 

in figure 4. Each relaxation process takes place in difTer- 
ent frequency ranges. RPl occurs at a low frequency 
range, RP3 at a high frequency range and RP2 in 
between. Figure 5 shows the contributions of these relax- 
ation processes in the S; phase, expressed by Cole-Cole 
diagrams. The detection of these modes was limited by 
the experimental accuracy. 

In the S& phase, the relaxation process denoted as 
RP2 exhibits an increasing contribution of Ac and a 
decreasing contribution off, when decreasing the tem- 
perature. However, RP2 can not be taken as the ampli- 
tude mode, which occurs in the S, phase and gives its 
maximum contribution to E* at the S,-S& transition 
temperature. We suppose that the mode corresponding 
to RP2 is triggered by the amplitude mode in the vicinity 
of the S,-S& transition temperature. This triggered 
mode gives a maximum contribution to the permittivity 
at the S&-S; transition temperature; therefore it should 
be associated with the S& phase and the onset of the 
S & - S z  transition. RP2 has been detected in the S,* phase 
and in the S:,, phase only for sample 1 (7.5 pm thick). Its 
origin is not understood. 

RPl has a very high ALF and a nearly constant ,f; 
“300OHz in the SE phase for sample 2. In sample 1 ,  the 
relaxation frequencyf, could not be determined due to the 
ionic contribution to d‘. In the literature, it is usual to 
associate the strongest contribution to A& in the S; phase 
with the precessing of the tilted molecules around the 
helicoidal axis [4,5] (the phuson mode, also called the 
Goldstone mode). The mode corresponding to RP1 in the 
S&, S,* and S&, phases seems to be such a mode. In the S& 
phase, the contribution of this mode to the permittivity 
increases strongly with decreasing temperature; this can 
be a consequence of the pitch increase as similarly 
reported [3] and [7]. 

In the S&, phase, where the local polarization is par- 
tially compensated, the contribution from the Goldstone 
mode to AE is lower than that in the S,* phase. In the S,*, 
phase, the polarization is fully compensated and no 
contribution from this mode should be found. However. 
a relaxation process in the same frequency range as that 
of RP1, was observed in the ScA phase. The temperature 
dependence of ALF in this phase suggests that this relaxa- 
tion process in the S:* phase can have the same origin as 
that considered by Gisse ef al. [7], to describe the dielec- 
tric behaviour in the ferrielectric and antiferroelectric 
phases in terms of variation of the angle I) between the 
molecules in neighbouring layers (designated as anti- 
phase azimuthal mode). As was pointed out in [7], this 
mode is decisive for the onset of the SEA--S&, phase 
transition and should also be active just above this tran- 
sition, in the s;,, phase. It is probable that, in this range, 
the anti-phase azimuthal mode is mixed with the Gold- 
stone mode, as the relaxation frequencies of both modes 
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Figure 4. Temperature dependence of A&, /? andf, (a), (b), ( c )  for sample 1,  and ( d ) ,  (e),  cf) for sample 2. RP1, RP2 and RP3 are 
relaxation processes occurring at low, intermediate and high frequencies. RP1 corresponds to the Goldstone mode in the S&, S,* 
and S&, phases an to the anti-phase azimuthal mode in the SEA phase. RP2 corresponds to a mode triggered by the amplitude 
mode and RP3 is associated with the non-collective azimuthal mode. 

are very near. The low values of just above the 
S&S& phase transition (see figures 4 (b )  and 4 (e))  give 
some support to this idea. 

The relaxation process RP3 is detected for the highest 
frequency range, down below the SA-S& transition tem- 
perature. The main contribution to the dielectric con- 
stant in the low temperature region of the SEA phase 
comes from this mode (see figures 4 (a) and 4 (d) ) .  In this 
phase, E" exhibits a clear maximum and f, is nearly 
temperature independent. The values off, differ for the 
samples studied, which is probably due to surface 
interactions. 

Recently, Hiraoka et al. [8], reported the existence of 
an azimuthal vibration in the S& phase of MHPOBC, 
associated with non-collective distortion of the antipar- 
allel ordering of molecules in neighbouring layers (see 
figure 6).  We suggest that such a vibration can also exist 
in the S&, S z  and S& phases as a non-collective molecu- 
lar vibration, changing the azimuthal angle $ and giving 
a contribution to the dielectric constant, which we assign 
to the contribution from RP3. 

The plots of the parameter fi in figures 4 (b)  and 4 (e))  
show, for both samples, a quasi-monodispersive behav- 
iour of the amplitude mode, the Goldstone mode and the 
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Sample I Sample I 

15 i 
RP? 
c 

0 5 10 15 El 20 

Sample 2 
- . .  1 5 0  

Sample 2 E " l  
RPI 

RP2 

I 0 0  

Figure 5. Cole-Cole diagrams at 98°C (Sg phase): (a ) ,  ( b )  for sample 1, and (c), ( d )  for sample 2. The lines are Cole-Cole fils to the 
experimental data (dots in the figure). RP1, RP2 and RP3 are the relaxation processes occurring at low, intermediate and high 
frequencies. 

orientation, competitive phenomena or coexistence of 
phases. 

E=O 

V 

Figure 6. Azimuthal molecular vibration in the SEA phase 
that contributes to the permittivity [8]. 

non-collective azimuthal mode in the S,, Sg and the S& 
phases, respectively. 

In the vicinity of the phase transitions, a polydisper- 
sive behaviour is very explicit (/? decreases). We must 
point out that in the S&, and S& phases none of the 
identified modes has a monodispersive behaviour, which 
can be associated with fluctuations of the molecular 

4. Conclusions 
The existence of polar mesophases in the compound 

studied was confirmed by optical and dielectric 
measurements. 

Five modes were identified as contributing to the 
dielectric constant. The amplitude (soft) mode, which is 
responsible for the phase transition to the tilted phases, 
triggers another relaxation mode that becomes important 
in the vicinity of the S&-S$ phase transition. The Gold- 
stone mode, i.e., the phason mode, gives the strongest 
contribution to e' in the S&, S,* and S& phases. In the 
antiferroelectric SEA phase the antiparallel molecular 
order cancels the macroscopic polarization, so that 110 

contribution from the Goldstone mode is observed. In 
this phase, the only collective mode contributing to the 
permittivity is the anti-phase azimuthal mode [7]. 

In all the tilted phases, a non-collective vibration of 
the molecules changing the azimuthal angle I) [XI  has 
been detected. In the low temperature range of the S:* 
phase, the contribution of this non-collective mode 
becomes the most important contribution to the dielec- 
tric constant. 
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(IMAT-Nucleo IFIMUP)’ and by the ‘Centro de Fisica Surface interactions can change the elastic properties 
of liquid crystalline phases a n b  thus provide different 
values off, and different contributions to the dielectric 
constant in samples of very different thicknesses. It was 
shown that these surface interactions cause a thermal 
hysteresis, especially at  the S&-S&, and the S,*,,-SY: 
transition temperatures, as the surface anchoring favours 
the polar (ferri- or ferro-electric) states relative to the 
anti-polar (antiferroelectric) state. These effects are more 
important in thin samples. When the cell thickness in- 
creases, the surface effects are attenuated and the liquid 
crystal begins to reproduce the bulk contributions. 

The authors are deeply indebted to Albano Costa for 
technical assistance, to Dr Manuel Joaquim Marques for 
helpful discussions about the optical measurements. This 
work was partially supported by JNICT, by the ‘Service 
Culture1 Scientifique et de Coophation de 1’Ambassade 
de France au Portugal’, by the ‘Instituto Materiais 

Universidade do Porto (CFUP)’ 
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