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ABSTRACT Structural, electro-optical, and dielectric investigations of a fer-

roelectric liquid crystal (FLC) exhibiting the chiral smectic C phase (SmC�)

are reported. This study has been performed on the pure FLC showing

the SmC�–SmA–N� phase sequence and having high spontaneous polariza-

tion and a large relaxation frequency. We have determined the Goldstone

rotational viscosity and the twist elastic constant in the SmC� phase from

the experimental data of helical pitch, tilt angle, polarization, dielectric

strength, and relaxation frequency of the Goldstone-mode relaxation. An

Arrhenius-type behavior of the Goldstone rotational viscosity was obtained,

and the corresponding activation energies were evaluated.

KEYWORDS dielectric relaxation spectroscopy, electro-optical study, ferro-

electric liquid crystals, Goldstone mode, rotational viscosity, twist elastic

constant

INTRODUCTION

Ferroelectric liquid crystal (FLC) materials exhibiting the chiral smectic C

(SmC�) phase have attracted increasing interest in recent years. Taking into

account the reduced symmetry in the SmC�, Meyer has shown that the FLC

SmC�[1] possesses a ferroelectric polarization. The development of spon-

taneous helical structure due to the chirality of the molecules causes the

director to precess around the tilt cone, and the macroscopic polarization

of the sample vanishes to zero. Nevertheless, the helical structure can be

unwound by the surface effects if the samples are sufficiently thin. This leads

to the surface stabilized ferroelectric liquid crystal (SSFLC) geometry,

reported for the first time by Clark and Lagerwall.[2]

The periodic structure can also be deformed by applying an external elec-

tric field to the samples parallel to the smectic layers. R. Blinc has shown, in

this case, that the dielectric relaxation response is linked to four dielectric

relaxations.[3] Two of these modes are connected to fluctuations of the

polarization and are called polarization mode.[4] The other two modes[3, 5]

are connected with the director reorientational motions and have relaxation

frequencies lower than those observed for the polarization modes. The first
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of these modes is called the Goldstone mode, which

corresponds with the fluctuations in the phase of the

tilt angle. This dielectric process appears in the SmC�

phase with low relaxation frequency and high ampli-

tude. The second contribution corresponds with the

fluctuations in the magnitude of the tilt angle and is

called the soft mode.[3, 6] The dielectric strength

and relaxation frequency of the Goldstone mode

are provided by the Landau model.[7] These dielectric

characteristics are related to different parameters,

namely helical pitch, tilt angle, and spontaneous

polarization.

In previous investigations,[8–10] we have studied

C8, C10, and C11 compounds of the homologous

biphenyl alkyloxy benzoates series gathered in

Table 1. We extend our work here to the pure chiral

C12 compound, which displays the SmC�–SmA–N�

phase sequence. The dynamic properties of the

ferroelectric SmC� phase have been performed by

electro-optical and dielectric spectroscopy. We have

also measured the helical pitch in the SmC� and N�

phases. The electro-optical properties of the SmC�

phase have been studied, including measurements

of tilt angle and spontaneous polarization. We

focused our dielectric investigations on the Gold-

stone mode contribution. From the dielectric analysis

spectra, we report the dielectric response in the

SmC� phase via dielectric amplitudes and relaxation

frequencies. Using results of the Landau model and

experimental data, the Goldstone-mode rotational

viscosity and the twist elastic constant were determ-

ined. An Arrhenius-type behavior of the rotational

viscosity is observed, and the activation energy of

the mechanism was evaluated.

MATERIALS AND METHODS

Ferroelectric properties have been studied for C11

(n ¼ 11) and C12 (n ¼ 12) compounds of the homo-

logous biphenyl alkyloxy benzoates series (Table 1).

The synthesis procedures for these homologous series

(C7 to C12) have been already published.[9] The

phase identifications and the transition temperatures

have been determined on heating at atmospheric

pressure both by thermal microscopy (Mettler FP 5,

Greifensee, Switzerland) and differential scanning

calorimetry (Perkin-Elmer DSC 7, Waltham, MA, USA).

The helical pitch was measured by the Grandjean–

Cano method[11, 12] using the defect lines. In the N�

phase, a prismatic planar anchoring of the samples

was obtained. In this configuration, the molecules

are parallel and the helical axis is perpendicular

to the glass surface. To measure the helical pitch

in the SmC� phase, pseudo-homeotropic samples

were prepared, which led to an orientation of both

the molecular long axis and the helical axis perpen-

dicular to the glass plates. The orientations of the

Grandjean–Cano lines and optical properties of the

sample were observed by means of a polarized

optical microscope in the transmitted mode. During

this optical study, the FLC cells were then placed in

a heating stage for temperature control. Using

this technique, we obtained an excellent orientation

formed with regular Grandjean–Cano steps in the

N� and SmC� phases allowing helical pitch

measurements.

The tilt angle h and the spontaneouspolarization PS,

were measured as a function of temperature for sam-

ples in SSFLC geometry.[2] Sample cells with a thick-

TABLE 1 Chemical Structure, Phase Sequences, and Transition Temperatures (�C) for the Homologous Biphenyl Benzoate Series

n Cr Sm SmC� SmA N� BP I

7 . 100 . (52) . 134 – . 166 . 166.1 .
8 . 88 – . 138 – . 165.5 . 166.5 .
9 . 89 – . 142 – . 162 . 162.1 .
10 . 88 – . 143 . 144 . 159 . 160 .
11 . 88 – . 146 . 149 . 157 . 157.1 .
12 . 81 – . 145.5 . 150 . 154 . 154.5 .

Cr, crystalline phase; Sm, smectic phases A, C�; N�, cholesteric phase; BP, blue phase; I, isotropic phase; ( ), monotropic transition.
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ness of about 3mm were used. A high-amplitude and

low-frequency electric field (E ¼ 5 V mm�1;

F ¼ 0.2 Hz) was applied to the samples. The tilt angle

was measured from the value of the microscopic stage

rotation between extinction states (þ h=�h) obtained

by reversing the applied electric field (þ E=�E). To

measure PS, thewell-known reverse current technique

with a triangular wave electric field was used.[13] The

applied voltage to saturate the polarization is around

18 V for a frequency of about 1 kHz.

The dielectric measurements were carried out on a

planar orientation of the sample in the frequency

range of 5 Hz to 1 MHz using a previously described

experimental procedure.[14] The electric field was

applied perpendicular to the SmC� helical axis and

parallel to the smectic layers. The planar orientation

of the sample was achieved by means of polyvinyl

alcohol (PVA) coating and rubbing. To obtain a good

alignment, the cell was slowly filled by capillary

action from the isotropic phase into the SmC� phase,

under an applied electric field. The cell thickness of

30mm was chosen to be much higher than the pitch

value to obtain a planar-wound geometry in the

SmC� phase. The sample orientation and transition

temperatures were checked using a polarizing micro-

scope equipped with a heating stage. These mea-

surements were made without adding a DC bias to

the measurement electric field.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the

pitch in the N� and SmC� phases for C12. In the N�

phase, this pitch is very short (p � 0.25mm) near

the N�–BP transition. It then regularly increases and

diverges at the N�–SmA transition temperature. In

the SmC� phase, we have obtained two temperature

ranges where the helical pitch is very small and

constant: p � 1.75mm in the temperature range

35.6� TC� T� 53.7�C and p � 1.4 mm for 15.6�C�
TC� T � 30.6�C, where TC is the SmC�–SmA tran-

sition temperature. When approaching the SmA

phase, the pitch increases up to 2.2mm. Close to TC,

the Grandjean–Cano defects may become invisible

because the rotatory power vanishes roughly as the

tilt angle. The ‘‘flat drop’’ method[15] has been used

and gives the limit value of the pitch (1.5 mm) at TC.

In Fig. 2, we present the temperature dependence

of the tilt angle and the spontaneous polarization for

C12 material. At low temperatures, a tilt angle of 35�

was observed. When the temperature is increased,

the tilt angle continuously decreased up to TC, where

it is almost equal to 8�. This non-zero value of h at TC

is due to the coupling between the applied electric

field and the electroclinic effect. The temperature

dependence of the spontaneous polarization is also

shown, indicating that our compounds display high

values of PS. At a reduced temperature, TC� T ¼
50�C, values of PS ¼ 160, 150, and 140 nC cm�2 for

C10,[9] C11,[10] and C12 were found, respectively.

For these materials, an increase of the polarization

was observed as the alkyloxy chain length is shor-

tened. Hence, this may be quite understood by the

fact that for the C12 compound, the longer alkyloxy

chain hinders rotational motion of the molecules[16]

as the electric field is reversed. We can also notice

FIGURE 1 Pitch temperature dependence in the SmC� and N� phases for C12.
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that the presence of a halogen substituent (Cl) in the

vicinity of the ester group �COO� and the biphenyl

core favors high values of the spontaneous polariza-

tion for our compounds.

The dielectric relaxation spectroscopy in the SmC�

phase shows a single relaxation domain. This mech-

anism process disappears when the helical structure

is unwound by applying a DC bias voltage. Conse-

quently, it is attributed to the Goldstone-mode relax-

ation. The dielectric amplitude DeG and critical

relaxation frequency fG variations versus temperatures

for C12 are given in Fig. 3. At lower temperatures and

far from TC, DeG and fG are rather temperature-inde-

pendent as the helical pitch and have relatively high

values (DeG ¼ 140 and fG ¼ 1kHz) compared with

those observed on other compounds.[17] The high

experimental value of fG measured in this work can

be explained by the low helical pitch value[10, 18] (see

Eq. 2) for our compounds. With increasing tempera-

ture, DeG slowly increases and reaches a maximum

value of 190, which occurs slightly below TC. At T ¼ TC,

, the dielectric strength decreases to reach DeG ¼ 120.

The critical frequency increases and grows up to a high

value of fG ¼ 3kHz. Such behaviors of DeG and fG are

due to the soft-mode (electroclinic effect) contribution,

which becomes predominant close to TC.

From structural, electro-optical, and dielectric data,

some characteristic parameters for the Goldstone-

mode relaxation can be determined using the predic-

tions of the generalized Landau models[7] around the

SmC�–SmA transition. The Goldstone-mode dielectric

strength and relaxation frequency in the SmC� phase

are given by:

e0DeG ¼
1

2K33q2

PS

h

� �2

ð1Þ

FIGURE 3 Dielectric strength (.) and relaxation frequency (x) temperature dependencies of the Goldstone mode in the SmC�

phase for C12.

FIGURE 2 Tilt angle (.) and spontaneous polarization (x) temperature dependencies for C12.
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fG ¼
K33q2

2pcG

ð2Þ

where PS is the spontaneous polarization, h is the tilt

angle, q ¼ 2p=p is the wave vector of the modulated

SmC� phase, K33 and cG are, respectively, the twist

elastic and the Goldstone rotational viscosity, and e0

is the permittivity of free space. From Eq. (1), we

can deduce the twist elastic constant:

K33 ¼
1

8p2e0

p2

DeG

����
���� PS

h

����
����
2

: ð3Þ

We can estimate the elastic constant K33 of the

SmC� phase from the measured values of p, PS, h,

and DeG. The temperature dependences of K33 for

C12 are plotted in Fig. 4. At low temperatures

(TC� T

¼ 40�C), K33� 13� 10�11 N for C12. The value of

K33 found here is the same order of magnitude as

that obtained by Gouda et al.[19] for other com-

pounds. The determined value of K33 for C12 is

however 2 times greater than that obtained for

C11 (K33� 7� 10�11 N[20]). This interesting result

can be understood using Eq. (3). From our elec-

tro-optical study performed on C11,[20] we have

measured a similar ratio of PS=h� 213 nC=cm2 rad,

found here for C12. The ratio of the twist elastic

constants (see eq. 3) of C12 and C11 can then be

FIGURE 5 Experimentally determined temperature dependence of the Goldstone rotational viscosity cG in the SmC� phase for C11 (.)

and C12 (x).

FIGURE 4 Temperature dependence of the twist elastic constant in the SmC� phase for C12.
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expressed as:

K33ðC12Þ
K33ðC11Þ

ffi p2

DeG

� �
C12

� DeG

p2

� �
C11

: ð4Þ

From this expression, the 2 times greater value of

K33 measured for C12 can be essentially explained

by the structural parameter of the SmC� phase;

namely, the helical pitch p. Indeed, for C12,

p� 1.75mm is higher than p�1.3mm found for C11

compound.[20]

From eqs. (1) and (2), we can also derive the

following expression:

cG ¼
1

4pe0

1

DeGfG

� �
PS

h

� �2

: ð5Þ

From this equation and from the experimental

values of PS, h, DeG, and fG, one can evaluate cG

in the SmC� phase. The temperature dependencies

of this parameter thus obtained for C12 and C11

are reported in Fig. 5. Far from the SmC�–SmA

phase transition, we can compare the experimental

values of cG for C11 and C12 materials. We

obtained, at TC–T ¼ 40�C, cG ¼ 260 and 131 mPa s,

respectively, for C12 and C11; therefore, cG for

C12 is 2 times larger than the value found for

C11: cG(C12) ¼ 2� cG(C11). This result of cG can be

explained by the values of the dielectric strength

and relaxation frequency, which are closely related

to the helical pitch (p ¼ 2p=q) of the SmC� phase

(see eqs. 1 and 2).

Finally, our attention will be focused on the evalu-

ation of the rotational viscosity activation energy

with the Arrhenius equation:

cG ¼ c0 exp
Ea

kBT

� �
ð6Þ

where Ea is the activation energy of the molecular

rotation on the cone when the applied electric field

is reversed (þE=�E) and kB is Boltzmann’s constant.

The inverse temperature 1=T dependence of

lncG � Ea=ðkBT Þ of the obtained rotational viscosity

for C11 and C12 is plotted in Fig. 6. Far from the

SmC�–SmA phase transition, we observe a linear

behavior with versus reverse temperature. The

slopes of the Arrhenius plots give the activation

energy values in the SmC� phase; we thus obtained

Ea ¼ 0.32 and 0.42 eV for C11 and C12, respectively.

Such values were found to be in quantitative agree-

ment with those obtained by other authors using

the same methods.[21, 22]

CONCLUSIONS

Structural, electro-optical, and dielectric investiga-

tions of FLC exhibiting N�–SmA–SmC� phase

sequence have been studied as a function of tempera-

ture. From dielectric relaxation spectroscopy, we

have studied the Goldstone-mode relaxation, which

appears with a high relaxation frequency. From struc-

tural (helical pitch), electro-optical (tilt angle and

spontaneous polarization), and dielectric studies

(dielectric strength and relaxation frequency), we

show how the Goldstone-mode rotational viscosity

and twist elastic constant in the SmC� phase can be

determined from a combination of theoretical model

FIGURE 6 Arrhenius plot of the experimentally determined Goldstone-mode rotational viscosity for C11 (.) and C12 (x).
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and experimental data. The activation energies were

also determined by applying the Arrhenius behavior

of the Goldstone-mode rotational viscosity.
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