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The influence of an electric field on the SmC*-SmA transition of two new fcrroelectric 
liquid crystals is investigated. At temperatures just above the SniC*-SmA transition 
double hysteresis loops are observed similar to that known lor solid l'crroelectrics 
indicating a field induced first order transition to the ferroclectric phasc. The first 
order character of the SmC* -SmA transition of the two compounds under investigation 
is supported by DSC and tilt angle measurements. With field strength of about 50 kVi 
cm the transition temperature is enhanced by 1 K. The shift of the SniC*-SmA 
transition temperature, which is found to vary linearly with applied field strength. can 
be calculated by simple thermodynamic arguments. 

Keywords: field induced phase transition, ferroelectric liquid crystals 

1. INTRODUCTION 

Phase transitions in liquid crystals are often associated with very small 
enthalpy effects. Therefore, ' it can be expected that the transition 
temperatures are sensitive to external fields. It was shown that the 
temperature of the nematic isotropic phase transition' as well as the 
transition temperatures in Blue Phase systems2.' can be shifted by 
the application of an electric field. In these cases the coupling pa- 
rameter is the difference of the dielectric constants in both phases 
which results in an additional energy depending on the square of the 
electric field strength. 

Ferroelectric smectic C* phases exhibit a spontaneous polarization 
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314 CH. BAHR AND G. HEPPKE 

which couples linearly to the electric field strength. In principle, 
corresponding to this coupling the SmC*-SmA transition tempera- 
ture might be influenced by an external electric field. 

There have been several theoretical and experimental studies con- 
cerning the SmC* -SmA transition. Almost all investigations con- 
centrate on only one ferroelectric liquid crystal- the widely known 
DOBAMBC. The SmC*-SmA transition of this compound is re- 
ported to be of second order and corresponding Landau theories have 
been Concerning the influence of an electric field a 
monotonically decreasing line of critical temperatures separating a 
uniformly polarized SmC-phase from a SmC* -phase with distorted 
helicoidal structure at lower temperatures is predi~ted. ' .~ Because the 
electric field induces a small tilt in the SmA-phase," at non zero field 
the SmA-phase is not distinguished by a sharp transition from the 
uniform SmC-phase"' and only a SmC"(helicoida1)-SmC(unwound) 
transition should to  be observed in the TIE diagram. Several 
experiments"." have established this behaviour at higher field strengths, 
e.g. at temperatures some degrees below the SmC*-SmA transition, 
whereas near zero field the situation is complicated probably because 
of the unusual temperature dependence of the helical pitch near the 
SmC*-SmA transition of DOBAMBC. 

In solid ferroelectrics the effect of electric fields on the ferro- 
electric-paraelectric transition has been widely studied." If an elec- 
tric field is applied to a material showing a second order transition, 
the paraelectric phase is not distinguished by a sharp phase transition 
from the ferroelectric phase analogous to the behaviour of DO- 
BAMBC. However, if the transition is of first order at zero field, 
then also in an external electric field a first order transition charac- 
terized by a jump of the polarization is t o  be observed. The tem- 
perature of this transition increases linearly with applied field strength 
and above a certain field strength the transition becomes continuous. 
A characteristic of a field induced first order transition to the fer- 
roelcctric phase in solid ferroelectrics is the appearance of double 
hysteresis loops at temperatures just above the zero field ferroelec- 
tric-paraelectric transition. 

When studying the recently reported ferroelectric liquid crystals 
exhibiting high values of the spontaneous polarization,I5.I6 similar 
double hysteresis loops were observed in the neighbourhood of the 
SmC*-SmA transition. In this paper first experimental results con- 
cerning the influence of an electric field on the SmC"-SmA transition 
of the new compounds are reported. 
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FIELD INDUCED SinA TO SmC 'TRANSITION 315 

11. EXPERIMENTAL RESULTS 

The compounds under investigation belong to two homologous series 
of ferroelectric liquid crystals which show values of the spontaneous 
polarization up to 300 nCicni', i.e. two orders of magnitude higher 
than that of DOBAMBC. The structural formulas are given below: 

A. Behaviour without external electric field 

The results reported in this paper concentrate on the compounds A7 
and C7, i.e. the heptyloxy-homologs of the two series. Both com- 
pounds show isotropic, SmA, SmC", and some more ordered smectic 
phases. The SmC*-SmA transition temperatures, as determined by 
a Mettler Fp 82 hot stage, are 73.4"C (A7) and 5S.O"C (C7). The 
texture change observed in the microscope is very sharp compared 
to compounds showing a second order SmC-SmA transition (e.g. 
DOBAMBC) where the transition is characterized by a more con- 
tinuous evolution of the texture of the SmC-phase to that of the 
SmA-phase. 

To characterize the SmC*-SmA transition more in detail DSC 
measurements were performed. The DSC-traces of both compounds 
obtained on a Perkin-Elmer DSC-2 show a distinct peak at the SmC''- 
SmA transition. The peak area does not depend on the heating rate; 
for all rates from 5 Kimin to 0.31 Kimin an area corresponding to 
1.2 Jig (A7), respectively, 1.8 Jig (C7) is determined. The peak height 
is enhanced by the factor of 1.4 when the heating rate is doubled :is 
expectcd for a first order transition." I n  Figure 1 the DSC-traces 
obtained with the slowest possible heating rate of the DSC-2 (0.3 1 
Kimin) are shown. For comparison the DSC-traces of DOBAMBC 
and 8 . S . 5 ,  two compounds exhibiting a second order SmC-SmA 
transition, are recorded under identical conditions. The specific heat 
discontinuity, which is reported to be in the order of 0.1 JigK for 
both DOBAMBC and 8.S.S, 'x. '9 produces only a small shift of the 
baseline, whereas the compounds under investigation show a very 
clear signal two to three orders of magnitude larger. The assumption 
of  a first order transition is supported by preliminary x-ray measure- 
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316 CH. BAHR AND G. HEPPKE 

t A7 

temperature (K) 

c7 

0 328.0 328.5 32 
temperature (K) 

329.5 330.0 330.5 
temperature (K) 

Ln 

DOBAMBC 

.0 

366.5 367.0 367.5 
temperature (K) 

FIGURE 1 DSC-traces of the SmC*-SmA transition of the compounds under in- 
vestigation obtained on a Perkin-Elmer DSC 2. (Heating rate 0.31 Wmin, range 0.1 
nicalis, sample weight =5 mg.) For comparison DSC-traces of two compounds exhib- 
iting a second order SmC-SmA transition (marked by arrow) are shown which are 
recorded under identical conditions. 
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FIELD INDUCED S m A  TO SmC TRANSITION 317 

ments on the compound C7 carried out with a temperature resolution 
better than 10 mK. At the SmC*-SmA transition a discontinuity in 
the smectic layer spacing of 0.15 nm was observed2" corresponding 
to a jump of the tilt angle of about 20". 

B. Behaviour in external electric fields 

In order to study the behaviour in an external electric field, the 
compounds are filled into a glass cell (thickness 9pm) in planar ori- 
entation allowing to apply an electric field parallel to the smectic 
layers. It should be noted that the helical structure of the SmC*- 
phase is completely unwound in a cell of 9 pm thickness with a voltage 
of 10 V and more applied. Therefore, in this paper the designation 
"SmC*" is used to label a smectic C phase with ferroelectric prop- 
erties independently from the occurrence of a helical structure. 

In Figure 2 the temperature dependence of the spontaneous po- 
larization in the SmC*-phase is shown. The values are obtained by 
recording polarization hysteresis loops with a Diamant bridge2' ap- 
plying a sinusoidal ac voltage with a frequency of 50 Hz. 

As shown in Figure 2, the spontaneous polarization of the com- 
pounds under investigation does not decrease continuously to zero 
when the transition to the smectic A phase is approached. Whereas 
in the SmC*-phase usual hysteresis loops of ferroelectric liquid crys- 
tals are obtained, above the zero field SmC*-SmA transition tem- 
perature the following behaviour is observed: Far above the zero field 
transition temperature Tc a straight line in the polarization versus 
field diagram is observed corresponding to the dielectric properties 
of the SmA-phase (Figure 3d). When Tc is approached two small 
hysteresis loops appear at high positive and negative field strength 
whereas for low field the linear P-E relation remains, i.e. the ma- 
terial, which is in the non-ferroelectric SmA-phase at low field, be- 
comes ferroelectric under the influence of a high electric field (Figure 
3c). The field strength at which the ferroelectric state is induced 
decreases with decreasing temperature. Close to Tc the two loops 
overlap (Figure 3b) and below Tc a regular hysteresis loop is observed 
(Figure 3a). 

The double hysteresis loops shown in Figure 3 exhibit the same 
appearance as those obtained for solid ferroelectrics. For these ma- 
terials the shift of the Curie point by a dc electric field and the 
observation of double hysteresis loops is a well known phenomenon.13 
It should be mentioned that a double hysteresis loop is observed only 
for materials showing a first order ferroelectric-paraelectric transi- 
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-3: 8 ' 4  0'-i 0 G .  01-1:0' 0!0 ' 1.'0 I 2.0 
T - T(SmC*-SmA) (K) 

FIGURE 2 Spontaneous polarization of the compounds under investigation versus 
temperature difference to the zero field SmC*-SmA transition temperature detected 
optically in the same set-up. (Compound A7 shows a SmG-SmC* transition 2.5 K 
below the SmC*-SmA transition.) At the zero field SmC*-SmA transition temper- 
ature the hysteresis loops transform into double hysteresis loops as shown in Figure 3 .  

tion, 14.22-24 Accordingly, the appearance of double hysteresis loops 
in the ferroelectric liquid crystals under investigation may be inter- 
preted as a consequence of a field induced first order transition from 
the non-ferroelectric SmA-phase to the ferroelectric SmC"-phase. 

The shift of the SmC*-SmA transition temperature by an electric 
field is easy to observe in the microscope. When the sample is heated 
starting some degrees below the zero field SmC"-SmA transition 
temperature while a constant dc field is applied, a distinct texture 
change is observed very similar to that of the zero field SmC"-SmA 
transition. For both compounds the temperature at which this texture 
change occurs lies above the zero field transition temperature and is 
shifted linearly to higher values with increasing field strength (Figure 
4). The texture change, which is very sharp for zero and low field 
strength, becomes more continuous in higher fields. 

Additional information can be obtained from polarization meas- 
urements using the field reversal method.'s If  the direction of a con- 
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FIELD INDUCED SmA TO SrnC TRANSITION 319 

I + I 

2 2 0 0 n C I c m 

FIGURE 3 Polarization hysteresis loops of the compound C7 in the vicinity of the 
zero field SmC*-SrnA transition temperature Tc. a) Tc - 0.1 K b) Tc + 0.3 K c) 
Tc + 0.7 K d) Tc + 1.7 K.  

stant dc-field applied to the sample is reversed, the time integral o f  
the transient current corresponds to the polarization of the sample. 
In the SmA-phase only the induced polarization contributes to the 
current, whereas in the SmC* -phase additionally a second current 
peak corresponding to the reversal of the spontaneous polarization 
occurs (Figure 5 ) .  

As shown in Figure 5 for the compound C7, the peak due to the 
reversal of the spontaneous polarization is still to observe at the zero 
field SmC*-SmA transition temperature of 55.0"C. With increasing 
temperature the peak vanishes within a temperature interval of less 
than 0.2 K when a voltage of 10 V at 9 km is used for the measure- 
ments. It should be noted that even at SS.2"C and in the entire SmA- 
phase range a switching of the sample is observed optically which 
arises from the reversal of the field induced ti l t  i n  the SmA-phase 
known as electroclinic effect' which is rather large for this com- 
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320 CH. BAHR AND G. HEPPKE 

2. s? 
n 1. 

7 1. 
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I I  
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-c, 

v -  

c L 2; 
L 
2 

0 

I SmA 

11 
1- 

field strength (kV/cm> 
FIGURE 4 Temperature of the optically observed texture change versus applied dc 
field strength. 

41 1 

time (ms) time (ms) 

3 

FIGURE 5 Current flow through the sample of the compound C7 induced by the 
reversal of a dc voltage of 10 V applied to the 9 prn thick cell. The integral of the 
curves divided by the electrode area corresponds to twice the polarization in an external 
field of 11.1 kVicm. Right: In the SmA-phase ( T  = 55.2"C) only one peak due to 
the induced polarization IS observed. Left: In the ferroelectric SmC*-phase ( T  = 
55.o"C) additionally a second peak due to the spontaneous polarization occurs. 
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FIELD INDUCED SmA TO SmC TRANSITION 321 

200 

150 

100 

50 

pound.26 However, the reversal of the field induced tilt in the SmA- 
phase is obviously not connected with the reversal of a spontaneous 
polarization. 

I t  is difficult to determine the exact temperature at which the cur- 
rent peak due to the reversal of the spontaneous polarization van- 
ishes, because it would require a careful analysis of the total transient 
behaviour. Moreover, experimental imperfections e.g. the high resist- 
ance of the sample electrodes (about 1 k 0 )  and the probably non- 
uniform sample thickness prevent a better resolution at the present 
stage of the experimental set-up. 

Nevertheless, a discontinuous behaviour is revealed when plotting 
the total polarization of the sample (induced + spontaneous polar- 
ization) versus temperature (Figure 6). For voltages less than 30 V 
at 9 p.m a steep decrease is observed corresponding to the disap- 
pearance of the current peak due to the spontaneous polarization. 

. .. * ... ...... .::" ... .. , ..... 
. ' . I . .  ..,. ' t  * * .. . I , * ,  ... ............ . . . . . . . . .  ... .. *. . .. - z.: :.: .. ....... * .:.I ...... ; . . . . . . . . . . .  . . . . . . . . . . . . .  . *  *. a .  . * .  1 .  . . . .  . . . .  * * *. 

. . *  . .  
* -  

. .  - 
. . . . . . . . . . . . .  --  '. . 

' .. ... .......... 

. .  
.... . .  .... ........ 

....... ............. ... ....................... 
....................................... 

' .  
..... ......... ....... *. . ' .  * .  - 

...... ........ 

60'4 
56v 
46v 
36v m 
1By 
,0 

temperature ('C) 
FIGURE 6 Temperature dependence of the total polarization (induced + sponta- 
neous) of the compound C7 at different dc field strengths. The values are obtained 
by recording the current versus time curves continuously with a digital storage oscil- 
loscope and calculating the integral with a Hewlett-Packard 85 computer while the 
sample is heated with a constant rate of 0.05 Wmin and the applied dc voltage is 
reversed with a frequency of 10 Hz. 
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322 CH. BAHR AND G. HEPPKE 

The temperature at which the drop of the polarization occurs is shifted 
linearly to higher values with increasing field strength while the shape 
of the curves becomes more continuous analogous to the behaviour 
of the optically observed texture change. 

For the compound A7 a similar behaviour as for C7 is observed 
mainly differing in the field strength at which the transition appears 
to become continuous which is lower in the case of A7. 

111. DISCUSSION 

To interpret the experimental observations a first order SmC*-SmA 
transition is assumed (which has to be proved more distinctly by 
further investigations): At zero field the tilt angle jumps at the tran- 
sition from zero in the SmA-phase to a finite value in the SmC*- 
phase. If a dc field is applied also the SmA-phase is tilted because 
of the electroclinic effect. Although both phases possess now the same 
symmetry they are still distinguished by a sharp transition character- 
ized by a jump of the tilt angle. When an electric field is applied the 
transition from the SmC*-phase to the tilted SmA-phase can be 
detected either by the disappearance of the spontaneous polarization 
or by an optically observable texture change. Both experimental ob- 
servations-texture change and disappearance of the spontaneous 
polarization-occur at the same temperature. With increasing field 
strength the transition temperature is shifted linearly to higher values 
with respect to the zero field SmC*-SmA transition temperature. At 
high field strength the discontinuity vanishes, i.e. there is a continuous 
evolution from the tilted SmA-phase to the ferroelectric SmC*- 
phase. This implies the existence of a critical point at which the first 
order transition line in the temperature versus field strength diagram 
ends. Even for high field strength the disappearance of the sponta- 
neous polarization as well as the texture change occur in a narrow 
temperature range coinciding with the point of inflection in the po- 
larization versus temperature curves and obviously continuing the 
low field transition line (Figure 3). 

In solid ferroelectrics for the field induced shift of a first order 
ferroelectric-paraelectric transition a Clausius-Clapeyron type of 
equation is established”: 

AT AP 
E AS 
_ -  - - 

A P  and AS are the polarization jump and the entropy change at the 
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FIELD INDUCED SmA TO SmC TRANSITION 323 

transition. Taking for the ferroelectric liquid crystals under investi- 
gation the values determined for the zero field SmC*-SmA transition 
(i.e. estimating AP as 80 nC/cm2 (A7) and 110 nC/cm2 (C7) (see 
Figure 2) and calculating AS from the DSC measurements) one gets 
values for the zero field slope ATiE of 2.4 . l o p 5  K/(Vcm-') (A7) 
and 2.0. 10 K/(Vcm-') (C7). These values are in good agreement 
with the experimentally observed slope of the transition lines which 
were determined from Figure 4 as 2.4 . lops W(Vcm-') (A7) and 
2.0 . l o p 5  K/(Vcm-]) (C7). 

In conclusion, to the knowledge of the authors, for the first time 
a linear shift of liquid crystal phase transitions induced by an electric 
field has been established. As compared to the classical experiment 
of Helfrich,' the effects are rather large at moderate field strength 
obviously due to the high spontaneous polarization exhibited by the 
new ferroelectric compounds. The field induced shift of the phase 
transition can be calculated by simple thermodynamic arguments as- 
suming the transition to be of first order which is most probably the 
case for the two compounds under investigation. 
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