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A pyro-electric technique is developed which allows the measurement of the dielectric 
response near the A *-C* phase transition in ferroelectric liquid crystals. The temper- 
ature dependence of the elastic modulus &( T)  corresponding to the molecular tilt in 
smectic layers is calculated from the experimental data. Direct pyro-electric measure- 
ments of the relaxation time for the spontaneous polarization P, and the data on K , ( T )  
allow us to calculate the temperature behaviour of the twist-viscosity y , ( T )  for the 
smectic C* phase. The curves y , (T)  are compared for the smectic C' and the nematic 
phase of the same compound and the dependence of the twist viscosity on the molecular 
tilt angle in the C* phase is investigated. The results of the dielectic measurements 
are discussed in terms of the mean-field approximation. 

INTRODUCTION 

Experimental data on viscous and elastic properties of the smectic 
C* phase are rather scare and contradictory. The temperature be- 

tPaper presented at the 10th International Liquid Crystal Conference, York. 15th- 
21st July 1984. 
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360 E. P. POZHIDAYEV et al. 

haviour of the elastic modulus K2 and the twist viscosity y1 in the 
chiral smectic C* phase has been studied.’ The elastic modulus was 
shown to be two orders of magnitude less than typical values for the 
nematic phase. The values of y1 for the nematic and achiral smectic 
C phase have been compared* and were shown to be of the same 
order of magnitude. The temperature behaviour of the y1 coefficient 
in the C-phase far below the phase transition, as well as in the nematic 
phase, is described by the Arrenius law: 

where V is an activation energy, and k ,  is Boltzman’s constant. 

phase were obtained using the Landau expansion for free energy 
Most experimental data on elastic moduli for the chiral smectic C* 

1 1 1 
2 4 2 F = - a02 + - B04 + - K2q202, 

where a = a:(T - Tc),  a: > 0,  B and K2 are the elastic moduli, T, 
is the A*-C* transition temperature and q is a wave vector for the 
helical structure. However, the application of the mean-field (MF) 
approximation to the A *-C* transition is the problem to be solved. 
The calorimetric measurements and the investigation of the tilt angle, 
as a function of t e m p e r a t ~ r e , ~ , ~  seem to agree with the MF approx- 
imation which allows the coefficients a: and B in eq. (2) to be de- 
termined. The coefficient a: has also been calculated from the meas- 
urement of the electroclinic effect in the smectic A* phase.5 The 
values a: for a classical ferroelectric liquid crystal DOBAMBC ob- 
tained in references 3 and 5 have the same order of magnitude. 

On the other hand, the measurements of heat capacity, dielectric 
permittivity and the field-induced untwisting of the helix performed 
in references 6-8 have cast some doubts on the applicability of the 
MF approximation. Formally used Eq. 2 gives a: values two or three 
orders of magnitude less than those from references 3 and 5 .  

The aim of the present paper is to investigate the dielectric sus- 
ceptibility and visco-elastic properties near the smectic C* phase tran- 
sition using a unified approach based on the modified pyro-electric 
technique. In calculating the elastic and viscosity coefficients we only 
used experimental data and strict thermodynamical equalities which 
are true for any model description of the A*-C* phase transition. 
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FERROELECTRIC LIQUID CRYSTALS 361 

RELATIONSHIP BETWEEN THE DIELECTRIC SUSCEPTIBILITY 
AND THE ELASTIC MODULUS OF THE C*-PHASE 

Let us consider the simplest case when the helical structure of a liquid 
crystalline ferroelectric is untwisted by an exernal electric field E .  
Under such a condition ( E  > E,  where E ,  is the critical untwisting 
field) it is necessary to consider only the elastic modulus K,  which is 
referred to the tilt of molecules in smectic layers. If 0 is an equilibrium 
value for the tilt angle then for E B E,  this angle would change by 
an amount 6 8 for the electroclinic effect. The corresponding 
contribution to the free energy density is a quadratic function of the 
deformation: 

1 2  W ,  = - KO 0,. 
2 (3) 

The equation (3) may be considered as a definition of the elastic 
modulus K,. Let us try to relate K, to the dielectric susceptibility of 
the C*-phase. We use a linear relationship between the spontaneous 
polarization P, and the tilt angle 0 ,  i.e. 

where a is a temperature independent coefficient. When the tilt angle 
changes in an external field the additional term P, (E ,T)  appears to 
be caused by the electroclinic effect: 

Here, x x  is the apolar temperature independent part of the suscep- 
tibility. 

The steady-state value of 0, is determined by an equality of two 
terms, namely, the energy of interaction of the “electroclinic polar- 
ization” P, with the electric field (this term may be written in the 
form We = 1/2 PeE) and the elastic energy W, which is due to the 
change in angle by 0,. Therefore 
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that is 

E. P. POZHIDAYEV et al. 

a2E p = -  
KO 

(7) 

In eq. (7) the only temperature dependent parameters are KO and 
P,. After the substitution of Eq. 7 into Eq. 5 and differentiation(5) 
over temperature one can find the dependence of the pyro-electric 
coefficient (y=aPlaT) on electric field 

ap, a0 
where yo( T )  = - = a - is the field-independent part of the pyro- 

electric coefficient which is due to the spontaneous polarization. Tak- 
ing into account a definition of the dielectric susceptibility x = 
aPhE we have 

dT dT 

After differentiation of (8) with respect to the electric field and 
having regard to Eq. (9) we obtain 

Integrating Eq. 10 results in the relationship between the elastic 
modulus and the dielectric susceptibility: 

where X T  = x ( T )  - x x  is a temperature dependent part of the 
susceptibility. Therefore, the temperature behaviour of the modulus 
KO can be investigated from experimental data on the temperature 

dependencies of X T ,  P, and 0 note that a = 

As will be shown below it is difficult to obtain accurate values of 
KO far from the C*-A* phase transition since the xT values decrease 

( p ( T ) ) *  0 ( T )  
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FERROELECTRIC LIQUID CRYSTALS 363 

sharply with decreasing temperature. Hence, it is convenient to relate 
xT values to the equilibrium pyro-electric coefficient yo = aP,/aT = 
cxae/aT which can be measured with high accuracy over the whole 
temperature range of the smectic C* phase. The heat capacity A c e  
which is due to the spontaneous molecular tilt 8 and corresponding 
elastic energy We is defined as 

Under the condition W ,  + We Eq. (3) for elastic modulus may be 
rewritten in the form 

and using a definition of the pyro-electric coefficient and relationships 
(4) and (12) we have: 

Since in equilibrium ayJaf3 
Eqs. (13), (14) and (11) that 

and 

= 0 and aW,,/dO = 0 it follows from 

EXPERIMENTAL TECHNIQUE 

The pyro-electric technique for measuring the dielectric susceptibility 
is based on Eq. (9). The derivative dx/aT, at a given temperature, 
can be determined from the experimental dependence of the pyro- 
electric coefficient on a d.c. electric field at this temperature. Our 
experiments were carried out for a completely untwisted helix (E > 
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364 E. P. POZHIDAYEV ef al. 

E J ,  therefore, all the effects resulting from the distortion of the helix 
were excluded. Under such a condition one can only observe a re- 
laxation process due to the change in the tilt of molecules with char- 
acteristic time rf = s (i.e., the soft mode)9 and in order to 
measure the steady-state values of the pyro-electric coefficient and 
corresponding steady-state values for &/dT one should use rather 
long heat pulses. To this effect we used infra-red light pulses from a 
Nd-glass laser in the normal mode regime having a total (envelope) 
duration of r,, = 2.10-4 S. 

The volume absorption of light (wavelength A = 1.06 pm) in a 
sample was provided by dissolving small amounts (0.2% wt/wt) of a 
dye in a liquid crystal. The experimental data were obtained on a 
classical ferroelectric liquid crystal DOBAMBC (p-decyloxybenzyl- 
idene-p'-amino-2-methylbutyl cinnamate) with the planar molecular 

9qo 
FIGURE 1 Temperature behaviour of the pyro-electric coefficient of DOBAMBC 
near the A*-C* phase transition for applied electric fields E = 0.5106 V-m-' (curve 
1) and 1.5106 V m  ~ (curve 2). 
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FERROELECTRIC LIQUID CRYSTALS 365 

orientation. The thickness of the liquid crystal layer was 110 pm so 
the mass of a sample did not exceed 5 g. The temperature rise 
during the heat pulse action never exceeded 0.02"C. The temperature 
dependence of d x / d T  was measured during a sample cooling run at a 
rate of "C/s. Temperature was measured with an accuracy of 
? 0.025"C. 

Figure 1 illustrates the principle of our measurements. A change 
in an external field (note, that E > E, always) applied parallel to 
smectic planes results in the corresponding change of the temperature 
dependence of the pyro-electric response, especially, near the tran- 
sition into the smectic A* phase. Curves 1 and 2 were measured during 
the same cooling run while the electric field was switched at each 
temperature point. It is seen from Figure 2 that the pyro-electric 
coefficient depends linearly on the applied field (E,  = 3 - lo5 V - 
m-' for DOBAMBC) both in the smectic C* phase and near the 
phase transition in the smectic A* phase, that is Eq. (8) is fulfilled. 
Since Eq. (8) is a direct consequence of Eq. (3) the linear depend- 
encies y ( E )  shown in Figure 2 confirm, in fact, the correctness of the 
definition of the elastic modulus K ,  from Eq. (3). 

Viscous properties were studied both for DOBAMBC and for the 
achiral p-hexyloxyphenyl ester of the p-octyloxybenzoic acid (HOPE 
OOBA) 

0 

doped with a chiral additive (5% wt/wt) 4-p-hexyloxy-benzylidene- 
p'-amino-2-cyanopropyl cinnamate 

The latter mixture (mixture I) has not only the smectic C* and A* 
phases but also a nematic phase which allows a comparison of the 
temperature behaviour of the twist-viscosity y1 in different phases. 

In the nematic phase the twist viscosity y, was calculated from the 
director relaxation time for a homogeneously oriented layer distorted 
by an electric field. lo To enhance the accuracy of these measurements 
the nematic phase of HOPE OOBA was doped with 3% wt/wt of 5- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
59

 2
0 

Fe
br

ua
ry

 2
01

3 



366 E. P. POZHIDAYEV era/ .  

f5 

f0 

5 

1 

0 5 ro 
FIGURE 2 Field dependencies of the pyro-coefficient of DOBAMC at E B E, and 
temperatures 90.2"C (1). 90.05"C (2), 89.8"C (3), 89.6"C (4) in the C* phase and T 
= 91.0"C (5) and 91.4"C ( 6 )  in the A*-phase. 
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FERROELECTRIC LIQUID CRYSTALS 367 

p-pentyl-2-( 4-cyanophenyl)-pyrimidine 

C 5 H l , - N p ~ N  Ng 

(mixture 11). In both mixtures (I and 11) the impurity concentrations 
were adjusted to obtain almost identical phase transition sequences: 

39°C 62°C 68°C 89°C 
Cr-S,-SA - N - l  

Moreover, for such small concentrations the viscous properties of 
both mixtures were essentially indistinguishable from those of a pure 
matrix. l 1  

The relaxation of the perturbation 8, in the tilt angle 8 of the smectic 
C* phase after switching off the external field can be described by 
equation 

ae 
at 

y1 2 = -Kee l .  

The corresponding relaxation time T~ = yl/KB, as a function of 
temperature, could also be measured by our pyro-electric technique 
if one uses short (giant) pulses of the same Nd-glass laser working in 
the Q-switched regime with the pulse duration T~ -- 2 . lo-* S. The 
temperature behaviour of the relaxation time for the soft mode ( T ~ )  

was investigated under the same sample cooling conditions. 
The viscosity coefficient y1 in the smectic C* phase was calculated 

from Eq. (16) using Eq. (11): 

EXPERIMENTAL RESULTS 

Figure 3 shows the temperature behaviour of the derivative dx/aT 
and the corresponding integrated value of the temperature dependent 
part of the dielectric susceptibility x r  measured at field strength E 
= 2 . lo6 V m- l .  The pyro-electric technique automatically separates 
the term x T  from the temperature independent background x I .  Using 
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-2 - r  
K 

2 

b 

I I 

4 

2 

a -6 J 

FIGURE 3 Temperature dependencies of the derivative d x / d T  and the temperature 
dependent part of the dielectric susceptibility x T  for DOBAMBC at E > E,. D
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FERROELECTRIC LIQUID CRYSTALS 369 

the indentity ax/aT = dXT/dT and graphically integrating the function 
ax/dT over temperature one can find the maximum value for x T  cor- 
responding to the phase transition point. The value xyx is as small 
as 1.2 * l op2  compared to a background value of x I  = 0.28.6 This 
comparison characterizes the sensitivity of our measurements. 

We define the phase transition temperature T, using the condition 
aX/aT = 0. Virtual errors may result from both the finite rate of 
sample cooling and the spatial inhomogeneity of the laser emission 
absorbed. In any case, T, found from the condition above and T, 
taken from visual observations of the twisting process under a mi- 
croscope at E = 0 coincide with an accuracy of t0.05"C. The region 
of the smearing of the phase transition peak in Figure 3 has a width 
of the order of 0.3"C. Outside this region the derivative lax/aTI de- 
creases in accordance with a power law, Figure 4. The value dX/aT 
in the C*-phase could be measured with accuracy of ? 15% for (T ,  - 
T) < 1.5"C. Errors increase with further decreasing temperatures for 
a marked decrease in the magnitude of dX/dT. 

The temperature dependence of modulus K, can be calculated from 
Eq. (11) using data for x T  from Figure 3 and (Y = 9 . C m-* 
for DOBAMBC. l2  To calculate KO( T )  over a wider temperature range 
we should use the same curve x T ,  relationships ( l l ) ,  (15), and (15'), 
and the temperature dependence of the pyro-electric coefficient shown 
in Figure 5 on the double logarithmic scale. First of all we should 
calculate the heat capacity term AC, from Eq. (15') and data of 
Figures 3 and 5. In the temperature range 0.2"C S T, - T S 1.6"C 
AC, = 3.1 lo5 J . m-3 K - '  and is independent of temperature. This 
figure nearly coincides with a heat capacity jump at the A-C transition 
point measured with an adiabatic calorimeter,8 i.e. AC = 2.5 . lo5 

According to Eq. (15') the product AC, . x T  can be measured over 
the whole range of the smectic C* phase. At the same time, in the 
limited range 0.2" s T, - T 6 2°C it is possible to determine sep- 
arately x T  which has a strong temperature dependence and Ace which 
is temperature independent. There is no physical reason to expect 
such a temperature dependence of AC, with further decreasing tem- 
perature. Therefore, we assume AC, to be a reference constant and 
calculate the temperature behaviour of the elastic modulus KO( T )  
from Eq. (15). The result is given in Figure 6 together with experi- 
mental relaxation times T~ and a twist viscosity curve calculated with 
the help of Eq. (17). 

A direct comparison of temperature curves for viscosity y, and the 
spontaneous polarization P, shows that with decreasing temperature 

J . m-3 K-1 
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370 E. P. POZHIDAYEV ef al. 

4 I 45 2,o 40 
FIGURE 4 Temperature curves for IaxldTI of DOBAMBC on a log-log scale ( E  > 
EJ . 

y1 increases faster than P,. This result can account for the marked 
retardation of the electro-optical response of a ferro-electric liquid 
crystal with decreasing tempera t~re . '~  

The temperature-viscosity curve for various liquid crystalline phases 
of mixtures I and I1 (that is, in fact, of HOPE OOBA) is given in 
Figure 7 on the logarithmic scale. It is seen that, far from the phase 
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FERROELECTRIC LIQUID CRYSTALS 37 1 

20 

I0 

5 

2 

FIGURE 5 Temperature dependence of the pyro-coefficient of DOBAMBC on the 
log-log scale; E i= (0.3-0.5)*1P V.m-'. 

transitions where the order parameters of the nematic and smectic 
C* phases depend slightly on temperature, the dependence y , ( T )  in 
the C* phase is close to the y , ( T )  curve of the nematic phase ex- 
trapolated into the smectic C* temperature range. The corresponding 
activation energies V calculated from Eq. (1) and data of Figure 7 
are 0.78 ? 0.06 eV and 0.74 k 0.04 eV for the nematic and the 
smectic C* phases, respectively. This result shows that the lamellar 
structure of the smectic C* phase has no  serious effect on molecular 
motion and the twist viscosity coefficient. In this respect our results 
are in contrast with those of reference 2 where the activation energy 
markedly decreases at the transition from the nematic into the smectic 
C phase. 

DISCUSSION 

According to the semi-phenomenological theory for the twist vis~osity '~ 
the dependence of y I  on 0 (i.e., the angle which is the order parameter 
of the smectic C phase) has the following form: 

p sin2@ 
kBT 

y, = A sin20 exp 9 
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20 

16 

6 

% \  
4 O  0 -  +- 2' 0 - 0  

8 
o t  

I I I I 1 I I 

r2 

8 

4 

86,O 88,O 940 
FIGURE 6 Temperature behaviour of the elastic modulus K,, relaxation time for 
the spontaneous polarization T, and twist viscosity coefficient y, for the C' phase. 

where p * sin2 8 is an energy barrier between two molecular orien- 
tations (0 and -0) and A is a constant. In contrast to (18) for the 
chiral smectic C* phase, at the T = T,, the coefficient y1 is small but 
finite (according to our estimations, y1 = 0.2 - 0.5 P at T = T, for 
DOBAMBC) since the elastic modulus and relaxation time are finite. 
Nevertheless, because of the sharp increase in yl( T) on going away 
from the transition, Figure 6, our experimental data may be approx- 
imated by Eq. (18) for T, - T > OS'C, Figure 8 (curve 1). However, 
Eq. (18) does not agree with experimental data on yl(e) for mixture 
I. In the latter case, the experimental curve is better described by 
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FERROELECTRIC LIQUID CRYSTALS 373 

10' 

io O 

ioi 

I 
I 
I 
I 
I 
I 
I 

S C  

' lo]K-y 
I T -  

I I I I 

29 
FIGURE 7 Temperature behaviour of the twist viscosity coefficient in the nematic 
and smectic C* phase of doped HOPE OOBA. 

the empirical equation 

p sin2 8 
y, = A sin 8 exp ~ 

kBT 

This result is in accordance with the fact that the temperature 
retardation of the electro-optical effect for mixture I is much weaker 
than for other substances. This example shows that the switching rate 
of displays based on ferro-electric liquid crystals, which is governed 
by the ratio P,ly, ,  can in principle, be improved by a proper choice 
of a liquid crystalline material. 

Now let us discuss the possibility of using the mean-field approx- 
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374 E. P. POZHIDAYEV ef al. 

imation for the determination of the parameters of a liquid crystal. 
If we exclude from consideration the smearing region in the vicinity 
of the A-C phase transition the temperature dependence of ax/aT in 
Figure 4 would be approximated by the power-law relationship 

where u is a constant; and 6 is a critical exponent. The constant 6, 
calculated from (20) and the experimental data for the smectic A 
phase is two times greater than the corresponding constant u, for the 
C*-phase (more exactly u,/u, = 2, 1 see Figure 4). Thus, the so- 
called "rule of two" which should be fulfilled in the mean-field ap- 
proximation takes place. The values for critical exponents for the A*- 
and C*-phases (8, = 1.97 ? 0.07,6, = 2.02 4 0.11) also agree with 
this approximation. 

30 

20 

I0 

5 

0 2 

30 

20 

10 

5 

FIGURE 8 The twist viscosity y, as a function of the tilt angle 0 for DOBAMBC 
(curve 1) and mixture I (curve 2). 
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FERROELECTRIC LIQUID CRYSTALS 

It follows from the expansion (2) for E > E, that15 

375 

~ [ u A  ( T  - T,.)], T > T,. 
(21) - m 2  [2aA ( T  - Tc)] ,  T < T,. 

The data of Figure 4 are well approximated by Eq. (21). So, one can 
calculate the parameter a; = 5 lo4 J . m-3  K - I .  This result agrees 
well with the data of reference 3 and has the same order of magnitude 
as reported in reference 4. It follows from (1 1) and (21) that modulus 
K, defined above for the C*-phase may be related to the phenom- 
enological parameters of the mean-field theory: 

Needless to say Eqs. (21) do not hold for the whole temperature 
range of the smectic C' phase. The same is also true for the ap- 
proximation of the pyro-electric coefficient by a power law. For ex- 
ample, the curve of y ( T )  in Figure 5 can be approximated by the 
function y - (T,. - 7 ) P - l  with p = 0.48 ? 0.05 in the range 0.2"C 
s T, - T S 1.4"C (p is the critical exponent for the spontaneous 
polarization, P, - (T, - T ) @ ) .  This exponent decreases to (3 = 0.32 
? 0.05 with a broadening of the interval of approximation up to T, 
- T = 10°C. The latter explains different p-values obtained in earlier 
papers. 1 6 , 1 7  

Nevertheless there still remains the possibility of calculating the 
KO( T) dependence over a wider temperature range. To this end, one 
should expand the free energy to include higher  term^,^.^ i.e. 

1 1 1 F = - a€12 + - BB4 + - c€P. 
2 4 6 

In this approximation the spontaneous polarization is written as 
follows:'~ 

112 I12 

.-a(-:) ( 1  +;) , a = a L ( T -  T,). (24) 

One can calculate parameters B and c from the temperature de- 
pendence of P, (e.g. B = 1.3 * lo6 J mP3,  c = 1.9 - lo6 J - m-3 for 
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376 E. P. POZHIDAYEV et al. 

DOBAMBC). Using Eq. (11) and the approximate equation for xT, 
i.e. 

it is possible to calculate K,( T). The resulting dependence agrees 
well with the curve shown in Figure 6. Therefore, the phenomeno- 
logical theory is again confirmed. 

In conclusion, the modified pyro-electric technique allowed us to 
study the temperature behaviour of the dielectric susceptibility, elastic 
modulus K,, and twist viscosity y1 for a ferro-electric liquid crystal 
DOBAMBC using only general thermodynamic equations. As a re- 
sult, it was shown, independently, that the mean-field theory is a 
good approximation for description of the A *-C* phase transition 
within a temperature deviation up to 1°C. The allowance made for 
higher terms of the phenomenological expansion of free energy pro- 
vides an adequate description of the experimental data within the 
range T, - T up to 10°C. 
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