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The behavior of soft mode range with respect to the temperature width of smectic A �Sm A� phase
has been studied in four different ferroelectric liquid crystal �FLC� materials in the frequency range
10 Hz–10 MHz. The studies have been carried out in a planarly well aligned cells at different
temperatures and different bias fields in Sm C* and Sm A phases. Dielectric studies of these FLCs
near Sm C*-Sm A phase transition show that the temperature range of soft mode relaxation
frequency phenomenon varies with the temperature width of Sm A phase. The dependence of tilt
angle on temperature shows the nature of the order of transition at Sm C*-Sm A phase. The coupling
between order parameters of Sm C* and Sm A phase influences the soft mode and phase transition
in Sm C* and Sm A phases. © 2008 American Institute of Physics. �DOI: 10.1063/1.2952056�

I. INTRODUCTION

After the discovery of ferroelectric liquid crystals
�FLCs�,1 the complex structure and unique properties of
these materials, especially near transition temperature �Tc� of
smectic C*-smectic A �Sm C*-Sm A� phase, have attracted
the attention of material researchers. Theoretical as well as
experimental studies had been carried out by dielectric spec-
troscopy in both Sm C* and Sm A phases revealing the Gold-
stone mode in Sm C* phase due to the phason fluctuations
and soft mode in Sm A phase due to tilt fluctuations.2,3 The
existence of soft mode in Sm C* phase has been observed by
applying strong enough bias voltage to restrict the phason
fluctuations or helix unwinding near Tc.

The observed excess heat capacity in the vicinity of Sm
C*-Sm A phase transition is well described by adding a sixth
order term in Landau’s expression of free-energy density,
which suggests that it might be due to the fluctuations of Sm
A order near Tc of the Sm C*-Sm A phase.4–6 However, the
importance of a sixth order term was confirmed in the study
of materials near the Sm C*-Sm A transition.7 The Sm
C*-Sm A phase transition can be well described by the ex-
tended mean field theory of free energy.8 The transition of
Sm C* to Sm A phase is influenced by factors such as mo-
lecular interaction, dipole moment, and width of Sm A
phase.9–11 In general, the Sm C*-Sm A phase transition is
found to be second order. However, several compounds ex-
hibit the existence of first order phase transition.12,13 X-ray
studies showed the change in order of transition from second
to first order by a mere decrease in the temperature range of
Sm A phase.11 Compounds having high polarization �Ps�
were considered to exhibit a first order Sm C*-Sm A phase
transition.12,14,15 Experimentally, it was shown that the Sm
C*-Sm A phase transition was mainly driven by intermolecu-
lar forces producing the Sm C* phase.16–18 However, some

compounds having a smaller Sm A phase10 or no Sm A
phase19 and small Ps have also shown a second order Sm
C*-Sm A phase transition.20

In the present paper, we report the effect of temperature
width of the Sm A phase on the behavior of soft mode tem-
perature range in the vicinity of the Sm C*-Sm A phase
transition. Here, the soft mode range means the range of
temperature in which the soft mode dielectric relaxation pro-
cess appears near Tc of the Sm C*-Sm A phase. Dielectric
studies on all the four FLC materials of varying Sm A phase
temperature width confirm that the regime of soft mode in
the Sm C* and Sm A phases is influenced by the temperature
width of the Sm A phase. In case of a large Sm A phase
width, the soft mode appears both above and below Tc. On
the contrary, reducing the Sm A phase width, the range of
soft mode shrinks towards Tc of the Sm C*-Sm A phase. In
the present case with a narrow Sm A phase temperature
range material, the possibility of existence of soft mode is
minimum in the Sm C* phase and even in the Sm A phase.
All the materials possess nonsequential Ps and pitch value at
room temperature. In other words, Ps and pitch value of
these materials do not follow the order of sequence of the Sm
A phase temperature width.

II. EXPERIMENT

Four FLC materials with the following phase sequence
have been studied:

�1� Felix 17 /100: cryst −28 °C Sm C* 73 °C Sm A 77 °C
N 84–87 °C iso,

�2� CS 1016: cryst −21 °C Sm C* 56 °C Sm A 67 °C N
73 °C iso,

�3� CS 1026: cryst −7 °C Sm C* 64 °C Sm A 82 °C N
91 °C iso, and

�4� Felix 20: cryst −8 °C Sm C* 15–18 °C Sm A 75 °C N
92–103 °C iso.

Here, iso and cryst stand for isotropic and crystalline
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phases, respectively. The sample cells were fabricated by us-
ing highly conducting ��15 � /�� indium tin oxide �ITO�
coated � /2 glass plates. ITO patterns, which acted as elec-
trodes, were prepared by a negative photoresist lithography
technique in the form of squares of 4.5�4.5 mm2 on one
electrode and 6�6 mm2 on another to avoid the mismatch-
ing of conducting portion. Thus, the effective area under
study was 4.5�4.5 mm2. Both the glass plates having a de-
sired pattern were spin coated with adhesion promoter �phe-
nyl trichlorosilane in toluene� followed by nylon �6 /6� coat-
ing, and were rubbed unidirectionally to get homogeneous
alignment.21 The thickness between the two plates was main-
tained using Mylar spacers and was kept more than the pitch
value of the materials in order to avoid surface stabilized
FLC state. Cells were calibrated using air and toluene as
standard references. Materials were filled in by means of
capillary action in isotropic phase and then cooled gradually
to room temperature.

The samples were viewed under a Carl-Zeiss
Axioscope-40 polarizing microscope to confirm the homoge-
neous alignment. Dielectric measurements were carried out
in an electrically shielded parallel plate condenser,21 using
two bridges: Solartron 1260 and HP 4192A impedance ana-
lyzers in the frequency range 10 Hz–10 MHz. The tempera-
ture of the sample cell was controlled by maintaining the
temperature of water circulating through the sample holder
by a Zulabo temperature controller with an accuracy of
�0.01 °C. Tilt-angle measurements were carried out by
mounting the cell under study on a rotatable stage of the
polarizing microscope and dc bias voltage was applied. Dif-
ferential scanning calorimetry was carried out from Sm C* to
isotropic phase using Mettler Toledo differential scanning
calorimetry �DSC� 822e at a scanning rate of 2 °C /min.

III. RESULTS AND DISCUSSIONS

A. Effect of Sm A phase temperature width on the
nature of Sm C*-Sm A phase transition

The effect of the Sm A phase width on the nature of the
Sm C*-Sm A phase transition has been studied by investigat-
ing the primary order parameter, i.e., tilt-angle behavior in
the vicinity of the Sm C*-Sm A phase transition of these
FLC materials. It has already been reported that the order of
the Sm C*-Sm A phase transition can be from second order
to first order by decreasing the Sm A temperature range.7,10,11

This is evident from Fig. 1, which shows the variation of tilt
angle with temperature. Figure 1�a� shows the behavior of
optical tilt as a function of temperature of Felix 20, which
has a wide Sm A phase of 57 °C. One can see that the
transition is continuous at the Sm C*-Sm A phase Tc

�15–18 °C�. On the contrary, FLC Felix 17 /100 with a Sm
A phase width of only 4 °C shows the discontinuity in the
tilt angle at Tc of the Sm C*-Sm A phase, as shown in Fig.
1�b� The FLC materials CS 1026 and CS 1016 with Sm A
phase widths of 18 and 11 °C, respectively, show a continu-
ous phase transition. Figure 1�b� shows the tilt-angle behav-
ior of CS 1016 while the tilt angle behavior of CS 1026 has
already been published elsewhere.22 From the above obser-
vation, it can be inferred that, indeed, discontinuity in the tilt

angle appears on reducing the Sm A phase width. It is worth
to point out here that all FLCs here possess C*-A-N-iso
phase transitions.

Further, these materials were studied by DSC to investi-
gate the nature of phase transition and the associated en-
thalpy change. Figure 2�a� shows the DSC scan obtained for
Felix 17 /100. The material �15.2 mg� was scanned at a heat-
ing rate of 2 °C min−1. As seen in Fig. 2�a�, three peaks have
been observed associated with the Sm C*-Sm A phase tran-
sition; the second and third peaks are due to the Sm A-N and
N-iso phase transitions, respectively. Figure 2�b� shows the
DSC heating curves for CS 1026 material�2.7 mg of mate-
rial�. The two peaks observed in this material are due to the
Sm A-N and N-iso phase transitions at 82 and 91 °C, respec-
tively. It is difficult to identify the Sm C*-Sm A phase tran-
sition peak in this curve �Fig. 2�b��. In the other two materi-
als �CS 1016 and Felix 20� also, no peak was observed at the
Sm C*-Sm A phase transition. Consequently, the enthalpy
and entropy changes at the Sm C*-Sm A phase transition are
much different in Felix 17 /100 �having a width of 4 °C in
the Sm A phase� as compared to the other three studied FLC
materials where the width of the Sm A phase temperature is
much higher than Felix 17 /100.

FIG. 1. Behavior of optical tilt ��� as a function of bias voltage in case of �a�
Felix-20, �b� Felix-17 /100, and CS 1016.
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B. Effect of Sm A phase temperature width on soft
mode

Dielectric studies have been carried out on all the four
studied materials having different Sm A phase temperature
ranges and exhibited different observations of soft mode
range in Sm C* and Sm A phases. Figures 3�a� and 3�b�
show the variation of �� and tan �, respectively, at 0 V as a
function of frequency at different temperatures in the CS
1016 material. The frequency dependence of complex dielec-
tric permittivity in the Sm C* phase can be written as

�*��� = �	 + �
i=G,S

��0
i − �	

i �
1 − �i�
i�1−�i

, �1�

where �i stands for the distribution parameter, and G and S
stands for Goldstone and soft mode, respectively. As shown
in Fig. 3�a�, the contribution to �� is dominated by Goldstone
mode amplitude at low temperatures in the Sm C* phase.
However, the soft mode can be observed very close to the
Sm C*-Sm A phase transition in the Sm C* phase �Fig. 3�b��.
As observed in the figure, the magnitude of �� at low fre-
quency decreases with temperature. The high value of �� at
low frequency is due to the Goldstone mode; the contribution

of the soft mode to �� is very low in magnitude as compared
to the Goldstone mode.

Figures 3�c� and 3�d� show the permittivity and tan �,
respectively, as a function of frequency at a bias field of
10 V at different temperatures. �� shows an abrupt increase
just before the Tc, which is due to the contribution of soft
mode to dielectric permittivity in the Sm C* phase. Applica-
tion of high enough 10 V bias to unwind the helix gives
stronger evidence of soft mode in the Sm C* phase near Tc.
It is known that the amplitude of order parameters is affected
by external forces at Tc in the form of soft mode, which
contributes to the dielectric permittivity.23 As seen in Fig.
3�c�, �� increases just 1 °C below Tc, attains a maximum
value at Tc, and then starts decreasing up to 2 °C tempera-
ture in the Sm A phase.

The dielectric absorption at 0 V bias exhibits the general
behavior of Goldstone mode as seen in Fig. 3�b� in the Sm
C* and Sm A phases. However, the behavior of soft mode
can be better visualized by applying a bias field of 10 V and
suppressing the Goldstone mode, as observed in Fig. 3�d�.
The suppressed Goldstone mode is very clearly seen in the
Sm C* phase while the soft mode in both the Sm C* and Sm
A phases. On the application of a strong 10 V bias, the di-
electric absorption peak near Tc in the Sm C* phase shifts to
a high frequency value. Phason fluctuations become weak
and get suppressed by the application of strong bias, thereby
allowing tilt fluctuations to be observed in the Sm C* phase
near Tc. Under bias field, in the Sm C* phase, only the sup-
pressed Goldstone mode is observed whereas beyond Tc soft
mode relaxation frequency can be seen. The variation of re-
laxation frequency with temperature at biases of 0 and 10 V
is shown in Fig. 4. At 0 V bias, constant relaxation frequency
shows the temperature independence of Goldstone mode in
the Sm C* phase. At 10 V bias, an abrupt increase before Tc

is observed, which is due to tilt fluctuation, i.e., soft mode in
the Sm C* phase. Beyond Tc, in the Sm A phase, the increase
in relaxation is due to soft mode. The observed temperature
widths of soft mode in the Sm C* and Sm A phases in CS
1016 material are 0.5 and 1 °C, respectively �Fig. 4�.

Another FLC material, Felix 17 /100, having a Sm A
phase temperature range of 4 °C was investigated by dielec-
tric spectroscopy. Figure 5�a� shows the temperature and fre-
quency dependence of dielectric permittivity of this material.
A decrease in absolute value of �� with temperature and an
abrupt decrease near Tc, 73 °C, have been observed. Phason
fluctuations are strong at low frequency and low temperature.
On the application of 10 V dc bias, which is strong enough
to unwind the helix, the amplitude of the phason mode is
suppressed to a low value due to alignment of dipole mo-
ments in the direction of strong dc field or unwinding of
helix, as seen in Fig. 5�b�. Although there is a slight incre-
ment in the absolute value of dielectric permittivity near the
Sm C*-Sm A phase transition, which is probably due to the
presence of soft mode in a very narrow temperature range,
no clear peak of soft mode was observed in the absorption
curve as seen in Fig. 5�c�. There is no relaxation in the di-
electric absorption after Tc in the Sm A phase. As seen in the
figure, on the application of strong bias, only suppressed
Goldstone mode peak has been observed and there is no

FIG. 2. Differential scanning thermograms obtained on heating for �a�
Felix-17 /100 and �b� CS 1026 at the rate of 2 °C min−1.
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indication of soft mode peak before and after Tc. The relax-
ation frequency variation with temperature at 10 V dc bias is
shown in Fig. 5�c�. The suppressed Goldstone mode is visu-
alized at 10 V bias, which disappears at/near Tc and the soft
mode phenomenon is not observed even in the Sm A phase.
However, at 0 V bias, a weak decrease in Goldstone mode

frequency is observed near Tc, which is common behavior in
FLCs. It is worth mentioning here that at high bias field even
suppressed Goldstone mode is not seen near Tc as observed
from Fig. 5�c�, suggesting that phase fluctuations and tilt
fluctuations are very weak near Tc in this material.

The Sm A phase width of Felix 17 /100 is less as com-
pared to CS 1016. Soft mode in CS 1016 is about 0.5 °C in
Sm C* and 1 °C in Sm A phase whereas in Felix 17 /100
with a lower Sm A phase width, it has not been observed in
either of the phases as seen in Fig. 5�c�. This gives the indi-
cation of influence of the Sm A phase temperature width on
the temperature range of soft mode. In order to confirm this
observation of relaxation behavior, two more materials were
studied. One having a Sm A phase temperature width of
57 °C �Felix 20� while another of 18 °C �CS 1026�.

Felix 20 material21 possesses 57 °C as the width of the
Sm A phase, the largest temperature range among the studied
four materials. Figure 6 shows the relaxation frequency with
respect to temperature in Felix 20 material. As seen in Fig. 6,
the relaxation behavior is temperature dependent in the Sm A
phase beyond Tc �15–18 °C� in both the cases of no bias and
high dc bias of 25 V. Soft mode phenomenon is observed in
a large range of 8 °C in the Sm A phase while in the Sm C*

phase it shows a constant relaxation behavior at 25 V bias.
Also, in de Vries electroclinic liquid crystal with a large Sm

FIG. 3. �a� Dielectric dispersion and �b� dielectric loss factor, as a function of frequency at different temperatures at 0 V bias. �c� Dielectric dispersion and
�d� dielectric loss factor at 10 V bias in CS 1016 material.

FIG. 4. Temperature dependence of relaxation frequency �vR� at 0 and 10 V
biases in CS 1016.
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A phase, the soft mode appearance is observed in a wider
temperature range in the Sm A phase.21,22,24 Felix 20 is a de
Vries type of electroclinic liquid crystal,21 as can be observed
by the variation in tilt angle with temperature �Fig. 1�a�� and
shows a similar behavior as exhibited by other electroclinic
liquid crystal BDH 764E.22 In BDH 764E, no soft mode has
been observed in the Sm C* phase and the temperature range
of soft mode in the Sm A phase is about 8 °C, which is
similar to the behavior shown by Felix 20. Another FLC
material CS 1026 having a Sm A temperature width of
18 °C, which is in between the width of CS 1016 and Felix

20, was also studied to confirm the width of the soft mode
near Tc temperature. Figure 7 shows the relaxation behavior
exhibited by the CS 1026 material.22 As seen, the soft mode
is observed for 2 °C in the Sm C* phase and 3.5 °C in the
Sm A phase. As discussed, it is clear that the behavior of soft
mode near Tc is very much dependent on the temperature
range of the Sm A phase, implying that materials having a
wide temperature width of the Sm A phase possess a wide
range of soft mode in both the Sm C* and Sm A phases. On
reducing temperature limit of the Sm A phase, the regime of
soft mode also shrinks towards the transition point of the Sm
C* to Sm A phase. The influence of the Sm A phase tem-
perature range on the soft mode can be explained theoreti-
cally by considering the coupling between the order param-
eters of two phases and the applied electric field using
Landau’s free-energy density expression as follows.

The free-energy density g�z� is given by a Landau ex-
pansion in order parameters � �tilt angle�, P �polarization�,
and � �Sm A order parameter�.3,7 Assuming the coupling
between the primary order parameters of the Sm C* and Sm
A phases under the application of strong bias, the g�z� can be
written as

FIG. 5. Dielectric dispersion as a function of frequency at different tempera-
tures at �a� 0 and �b� 10 V biases. �c� Dielectric loss factor as a function of
frequency at different temperatures at 10 V bias in Felix-17 /100.

FIG. 6. Temperature dependence of relaxation frequency �vR� at 0 and 25 V
biases in Felix-20.

FIG. 7. Temperature dependence of relaxation frequency �vR� at 0 and 10 V
biases in CS 1026.
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g�z� = ��2 + �4 + at�2/2 + b�4/4 + c�6/6 − ��2q

+ K�2q2/3 − d�4q + P2/�2�� + �P4/4 − �P�q

− CP� − �P2�2/2 − EP − X�2�2, �2�

where the first five terms represent the free energy of the
nonchiral Sm C phase with coefficients in Landau expansion
of free-energy density. � and  are the free-energy coeffi-
cients in the Sm A phase, a is the temperature independent
coefficient, b and c terms energy constants while c term has
been added to account for the specific heat temperature de-
pendence of system. t= �T−Tc� /Tc where T is the tempera-
ture and Tc is the transition temperature. � is the coefficient
of Lifshitz term responsible for modulation. q represents the
wave vector of energy density. � and C are the coefficient of
flexo- and piezoelectric bilinear coupling terms. � is the co-
efficient of biquadratic coupling term. � is added term to
stabilize the system. The dielectric constant is �. K is the
elastic modulus. d is monotonic increase in pitch at low tem-
perature. E is the applied electric field. X is the coupling
coefficient used to describe the coupling between the order
parameters of Sm C* and Sm A.25 The other terms are in-
cluded for the Sm C* phase.

Minimizing Eq. �2� with respect to � and rewriting g�z�
in terms of � and P,

g�z� = − �2/�4� + �at/2 + X�/�2���2

+ �b/4 − X2/�4���4 + c�6/6 − ��2q + K�2q2/3

− d�4q + P2/�2�� + P2�/4 − �P�q − CP�

− �1/2��P2�2 − EP . �3�

Both order parameters can exist simultaneously in the
Sm C* phase near Tc. Since the amplitude of Goldstone
mode is very high, it is difficult to observe soft mode in the
deep Sm C* phase even by suppressing Goldstone mode at
high bias. However, this can be observed near Tc in the Sm
C* phase by suppressing Goldstone mode at high bias by
clamping the dipole moments in one of the two possible
states as the coupling between tilt and polarization becomes
weak, which allows tilt fluctuations to occur.

On reducing the Sm A phase width, tilt-angle fluctuation
would be induced more easily because the Sm A order pa-
rameter will not saturate at Tc.

7 Since tilt-angle fluctuations
become easier, therefore it shows strong temperature depen-
dence. The molecular tilt fluctuation becomes highly tem-
perature dependent and so the soft mode frequency also be-
comes highly temperature dependent. Therefore, on
increasing the width of the Sm A phase temperature range,
the fluctuations condense and so the probability of relaxation
existence in a broader temperature range in the vicinity of Tc

in both Sm C* phase and Sm A phase becomes higher.
Relaxation frequency of soft mode in the Sm A phase

using Eq. �3� can be written as3

fSA �
��a�T − Tc� + X�/� + �K − ��2�q0

2	
2�

. �4�

On the basis of molecular field approximation,26 soft mode
relaxation frequency in the Sm C* phase can be written as

fSC � �a�T − TC� + X�/� + �b − X2/� . �5�

In all four materials, it appears that the Ps value of material
do not influence the Sm C*-Sm A phase transition like the
width of the Sm A phase temperature range. As can be seen
from the behavior of tilt and the DSC scans, the order of
transition follows the behavior of the width of the Sm A
phase, i.e., the reduction of width of the Sm A phase tends to
favor first order transition while it is the second order tran-
sition that occurs for material for a larger width. From the
free-energy expression �Eq. �3��, the behavior of order of
transition is determined by b�=b /4−X2 / �4�. The transition
becomes first order when b� becomes negative, and second
order when it is positive. With the narrowing of temperature
width in the Sm A phase, the coupling constant X will be
stronger due to the easiness of tilt fluctuations because the
Sm A order parameter will not attain saturation at the Sm
C*-Sm A phase transition.7,25 As can be seen from DSC
scans, the degree of ordering from the Sm C* to Sm A phase
in Felix 17 /100 drops much faster and to a larger extent as
compared to other three materials; while it decreases with
increase in width of the Sm A phase range exhibiting N
phase in sequence. Also, a� =a /2+X� / �4� describes the
behavior of soft mode in the Sm A and Sm C* phases ac-
cording to Eqs. �4� and �5�, respectively. The strong tempera-
ture dependence of tilt fluctuations can be seen in Eqs. �4�
and �5� as the contribution of X increases on narrowing the
width of the Sm A phase temperature range. Felix 17 /100, a
FLC material with no observable soft mode contribution,
raises a fundamental question over the existence of soft
mode in the vicinity of the Sm C*-Sm A phase as suggested
by Levstik et al.2

IV. CONCLUSION

We have presented the experimental results of the Sm A
phase temperature dependence of soft mode near the Sm
C*-Sm A phase transition in four FLC materials of different
Sm A phase widths. It has been observed that the probability
of soft mode is less in a material having a very small tem-
perature range of the Sm A phase. On the other hand, it is
more for materials with a wide Sm A phase width. We inter-
pret the observation as an easiness of tilt fluctuations with a
narrowing Sm A phase width, which makes the coupling
constant of order parameters of the Sm C*-Sm A phase
stronger. This also affects the Landau free-energy density
expression constants of second and fourth order terms, which
describe the relaxation frequency in the Sm C* phase and
order of the Sm C*-Sm A phase transition respectively.
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