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We studied the electro-optic and dielectric properties of three pure ferroelectric liquid crystal materials (C10, C11 and
C12) of the same series exhibiting cholesteric (N*), smectic A (SmA) and chiral smectic C (SmC*) phases. From
electro-optic investigations, the tilt angle and spontaneous polarisation were determined as a function of temperature.
In the dielectric measurements carried out without a dc bias field, we studied the soft-mode relaxation in the SmA
phase. From experimental data and using the results of a Landau model, we evaluated the soft-mode rotational
viscosity and the electroclinic coefficient in the SmA phase. A soft-mode like mechanism was also observed in the N*
phase for compounds with shorter chains (C10 and C11). This relaxation process is not detected for the homologue
with a longer chain (C12). The observation of this mechanism is related to smectic order fluctuations within N* phase
whose amplitude is increased when approaching the SmC*–SmA–N* multicritical point.

Keywords: liquid crystal materials; ferroelectricity; dielectric loss and relaxation; electro-optic study

1. Introduction

The electroclinic effect in ferroelectric liquid crystals

(FLCs) has attracted increasing interest over the past

decades because of their potential applications mainly
in electro-optic devices as linear light modulators with a

fast response time. The electroclinic effect, which is a

switching mechanism that exists around the chiral smec-

tic C (SmC*) to smectic A (SmA) transition, was first

demonstrated by Garoff and Meyer [1, 2] and corre-

sponds to an induced tilt of long molecular axes when

an electric field is applied parallel to the smectic planes.

The electroclinic effect was described by a phe-
nomenological model derived from the Landau theory

which predicts a linear dependence of the induced tilt

angle on the applied field [3]. Marcerou [4] extended

Meyer’s theory of the electroclinic effect and showed

that the trilinear coupling between the smectic layers,

the tilt angle and the electric polarisation is responsible

for the electroclinic effect in the SmC*, SmA and

cholesteric (N*) phases, especially in the proximity of
an N*–SmA–SmC* multicritical point.

For materials exhibiting the N*–SmA–SmC* phase

sequence [5–7], the electroclinic effect generally observed

in the SmA phase [8–12] near to the SmA-SmC* phase

transition can be also detected in the N* phase [13–16]

around the N*–SmA [7, 17, 18] or N*–SmC* [7, 12, 13,

16, 19] transitions. Furthermore, for biphenyl alkyloxy

benzoate materials [20] (Table 1) which exhibit high
polarisations, the electroclinic effect amplitude was

demonstrated to be important near to the SmC*–SmA

and SmA–N* phase transitions. In a previous paper [21],

we observed by dielectric spectroscopy a relaxation pro-

cess in the N* phase. We interpreted this relaxation

mechanism as an electroclinic effect analogous to that

classically observed in the SmA phase.
In this paper, we show that the dielectric relaxation

process observed in the N* phase for C10 and C11

disappears for the C12 compound. For this purpose,

we performed an experimental characterisation of the

three materials including electro-optic and dielectric

investigations. The temperature dependences of the

tilt angle and spontaneous polarisation in the SmC*

phase were studied. Using the dielectric spectroscopy
without a dc bias field, we investigated the relaxation

mechanisms related to ferroelectricity and/or smectic

orders. The relaxation frequency and dielectric

strength of these mechanisms in the SmA phase were

measured as a function of temperature near to the

SmC*–SmA and SmA–N* transition temperatures.

2. Experimental

In this study we used three pure FLC compounds

(C10, C11 and C12) of the homologous biphenyl alky-
loxy benzoate series, which are present on heating the

following phase sequence between the crystalline and

the isotropic phases: chiral smectic C–smectic

A– cholesteric–blue phase (SmC*–SmA–N*–BP).
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The chemical structure, phase sequences and transition

temperatures at atmospheric pressure determined both

by polarised optical microscopy and differential scan-

ning calorimetry are summarised in Table 1. It can be

seen from this table that the first three compounds of

the series (C7–C9) do not exhibit the SmA phase. The
temperature range of the SmA phase increases from

1�C, 3�C and 4.5�C for C10, C11 and C12, respectively

(see Table 1). The N*–SmA–SmC* multicritical point is

approached as the length of the alkyloxy chain

decreases. For this reason, we focused our experimental

studies on the C12 compound as we suspected that the

relaxation process observed near a multicritical point

for C10 and C11 derivatives disappears completely for
C12 far from this multicritical point.

The tilt angle, �, and spontaneous polarisation, Ps,

were measured as a function of temperature by using the

surface-stabilised ferroelectric liquid crystal (SSFLC)

configuration [22]. For these studies, a 3 mm thick cell

coated with ITO (indium tin oxide) and rubbed poly-

imide was used to promote a planar geometry. A classi-

cal electro-optic setup was used for the measurements of
� [23] and Ps [24]. The tilt angle measurements were

performed by applying a 0.2 Hz square wave voltage at

5 V mm-1 electric field amplitude. To measure Ps, a 1

kHz triangular wave of 5 V mm-1 amplitude was used.

The measurements of the complex permittivity

were carried out in the frequency range of 5 Hz to 1

MHz on planar geometry with smectic layers perpen-

dicular to the electrodes (bookshelf geometry) using a

previously described experimental procedure [25]. To
obtain a good alignment, the sample was inserted in

the cell by capillarity action in the isotropic phase. To

check the textures and transition temperatures, the

samples were observed by means of a polarised optical

microscope between crossed polarisers. The electric

field was applied perpendicular to the helical axis of

the SmC* structure and parallel to the smectic layers.

The measurements were made without superimposi-

tion of a dc bias field on the measuring electric field.

The dielectric relaxation mechanisms related to the

ferroelectric properties were determined by fitting the

complex permittivity e* (o,T) ¼ e0-je00 for which the

Cole–Cole distribution [26] type may be written as

e�ðo;TÞ ¼ e1 þ
�eG

1þ jotGð Þ1�aG

þ �eS

1þ jotSð Þ1�aS
þ s

joe0
(1)

where: �eG and �eS correspond to the dielectric

strengths due to the orientation polarisations of the
Goldstone and soft modes, respectively; tG ¼ 1/2pfG

and tS ¼ 1/2pfS correspond, respectively, to their

relaxation times; e1 represents the limit of the dielec-

tric permittivity at high frequency range; s and o are

the static conductivity and angular frequency of the

applied electric field, respectively; and ai and fi are,

respectively, the corresponding distribution parameter

and relaxation frequency of the relaxation mode i (i ¼
Goldstone or soft mode).

The real part e0 of the complex permittivity is the

usual dielectric constant, while the imaginary part e00

accounts for dielectric losses. The dielectric soft-mode

measurements with a dc bias field in the SmC* and

SmA phases, as well as the electroclinic effect in the N*

phase around the SmC*–SmA–N* multicritical point

on C10, C11 and C12 compounds, were reported in
previous papers [21, 27].

3. Results and discussion

3.1 Electro-optic properties

The temperature dependence of the tilt angle (�) for

C10, C11 and C12 materials is shown in Figure 1. At

Table 1. Chemical formulae, phase sequences and transition temperatures (�C) for the homologues of the biphenyl benzoate
series.

nH2n+1O                      CO2                                    O2C       C*H       C*H       C2H5C

Cl CH3 

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 �

Notes: Cr: crystalline phase; Sm: smectic phases A, C*; N*: cholesteric phase; BP: blue phase; I: isotropic phase; �: phase exists; –:phase does not

exist; ( ): monotropic transition.
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low temperatures and far from TC, � reaches the

saturation value of 35�. With increasing temperature,
� rapidly decreases close to TC. As the temperature

increases, � decreases continuously up to the

SmC*–SmA transition temperature (TC), where it is

about 16�, 12� and 8� for C10, C11 and C12, respec-

tively. This apparent tilt angle at TC had already been

observed for many compounds [8] and is due to the

electroclinic effect, i.e. to the coupling between the

applied electric field and the molecular director.
Figure 2 shows our plot of a typical example of

spontaneous polarisation measurements versus tempera-

ture. As can be seen from this figure, high values of PS

were measured: PS¼ 160, 140 and 120 nC cm-2 for C10,

C11 and C12, respectively. The high values of Ps

obtained for these compounds are principally due to

the presence of the ester group (–COO-) which links

the chiral alkyloxy chain to the biphenyl core near to
an electron-attracting Cl atom. Therefore, decreasing the

alkyloxy chain length in this series results in an increase

in ferroelectric polarisation. This effect can be explained

by the fact that, for the C12 compound, the longer

alkyloxy chain prevents a rotational motion of the mole-

cules [5] compared to C10 and C11, leading to a reduc-

tion in the amplitude of the spontaneous polarisation.

3.2 Dielectric responses

For C10, C11 and C12 compounds, the dielectric spec-

tra without a dc bias field in the SmA phase display

one relaxation mechanism at higher frequencies. The

dielectric strength of this mechanism increases as the

temperature TC is approached from the SmA phase.

This is why this mechanism was attributed to the soft-

mode relaxation. We also detected another relaxation
process at higher frequencies in the N* phase for C10

and C11 materials.

The temperature dependences of the soft-mode

dielectric strength, �eS, and the corresponding relaxa-

tion frequency, fS, in the SmA phase are depicted in

Figures 3, 4 and 5 for C10, C11 and C12, respectively.
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Figure 1. Tilt angle � temperature dependence for C10,
C11 and C12.
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Figure 2. Spontaneous polarisation Ps temperature
dependence for C10, C11 and C12.
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Figure 3. Dielectric strength (a) and relaxation frequency
(b) of the soft-mode in the SmA phase and of the relaxation
mechanism observed in the N* phase versus temperature for
C10. The reciprocal dielectric strength 1/�eS (open symbol)
is also reported (a).
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The reciprocal dielectric strength (1/�eS) and fS linearly

depend on T-TC (see Figures 3, 4 and 5). Such beha-

viour agrees with the theoretical model [28] which pre-
dicts that close to TC, 1/�eS and fS satisfy the

Curie–Weiss law. The �eS values vary far from TC to

T ¼ TC from 4 to 23 for C10, 2 to 11 for C11 and from

0.7 to 15 for C12, whereas the temperature dependence

of fS in the SmA varies in the range 45–6 kHz for C10,

100–25 kHz for C11 and 325–25 kHz for C12. For C10

and C11, the same behaviour is observed in the N*

phase near to the N*–SmA transition with continuity
of the characteristic parameters. Indeed, in the N*

phase there are linear evolutions of both the inverse of

the amplitude, 1/�eS(T), and the relaxation frequency,

fS(T). The continuation of the characteristic parameters

from the SmA to the N* phase is marked by abrupt

changes of slope values (see Table 2 and Figures 3

and 4). However, unlike the C10 and C11 homologues,

we did not observe any relaxation mechanism in the
high frequency range in the N* phase of C12.

3.3 Electroclinic effect

From electro-optic and dielectric data, and using the

predictions of generalised Landau models [28, 29], we

can determine some characteristic parameters of the
soft mode in the SmA phase. The dielectric strength

and the relaxation frequency of the soft mode in the

paraelectric SmA phase are given by
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Figure 4. Dielectric strength (a) and relaxation frequency
(b) of the soft-mode in the SmA phase and of the relaxation
mechanism observed in the N* phase versus temperature for
C11. The reciprocal dielectric strength 1/�eS (open symbol)
is also reported (a).
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Figure 5. Dielectric strength (a) and relaxation frequency
(b) of the soft-mode in the SmA phase and of the relaxation
mechanism observed in the N* phase versus temperature for
C12. The reciprocal dielectric strength 1/�eS (open symbol)
is also reported (a).

Table 2. Experimental slope values for the reciprocal
dielectric strength and the relaxation frequency in the SmA
and N* phases for C10, C11 and C12.

Compound

[d(1/�eS)/

dT]SmA (/�C)

[d(1/�eS)/

dT]N* (/�C)

[d(fS)/

dT]SmA

(kHz/�C)

[d(fS)/

dT]N*

(kHz/�C)

C10 0.30 0.55 70 150

C11 0.25 0.75 35 320

C12 0.30 – 72 –
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e0�eSA ¼
wCð Þ2

K33q2 þ a T � TCð Þ ; (2)

fSA ¼
K33q2 þ a T � TCÞð

2p�SA

; (3)

where: K33 is the twist elastic constant; a is the mean-

field coefficient; q ¼ 2p/p is the wave vector of the

modulated SmC* phase; w is the electric susceptibility

of the FLC; e0 is the permittivity of free space; and �SA

is the soft-mode rotational viscosity in the SmA phase.
C is related to the piezoelectric bilinear coupling

between the tilt and polarisation according to

PS > wCð Þ�: (4)

As we can see from Equations (2) and (3), the

reciprocal dielectric strength, 1/(e0�eSA) > a(T –

TC)/w2C2, and the relaxation frequency, fSA > a(T –

TC)/2p�SA, in the SmA phase decrease linearly with

temperature when approaching TC. The elastic term

(K33q2) was reasonably neglected here because the
dielectric response close to TC is principally governed

by the thermal term [a(T–TC)]. The value of �SA can

be calculated from

�SA ¼
Ps=�

� �2

2pe0

d�e�1
s
�
dT

� �

dfs=dT

� � : (5)

According to the experimental values depicted in

Table 2, the values of the soft-mode rotational viscos-

ity were determined in the SmA phase close to TC. We

obtained �SA ¼ 75 mPa s for C10; a value of �SA ¼ 37

mPa s is found for C11 and C12. The latter value of

�SA is two times lower than that obtained for C10.

These values are in the same order of magnitude of
those measured in the SmA phase by other authors

[10, 30] for many other FLC compounds.

We now determine the electroclinic coefficient, eC, in

the SmA phase close to TC. The temperature dependence

of eC is expressed in the following equation [1, 28]:

eC ¼
e0�eSA

wC
>

e0wC

a T � TCð Þ : (6)

Figures 6(a), 6(b) and 6(c) give the temperature
evolution of eC in the SmA phase for C10, C11 and

C12, respectively. For all studied compounds, the elec-

troclinic coefficient eC(T–TC) is characterised by a

rapid decrease near to TC when T increases, followed

by a slow decrease when going towards the N* phase.

For C10, we obtained at T > TC a large value of

eC,9�mm V-1, which decreased to ,2�mm V-1 near to

the SmA–N* transition. For C11 and C12, this electro-

clinic coefficient increased up to eC,12 �mm V-1 at TC.

This value obtained in the SmA just above the
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Figure 6. Temperature dependence of the electroclinic
coefficient eC of the soft-mode in the SmA phase and of the
mechanism observed in the N* phase for C10 (a), C11 (b)
and C12 (c).
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SmA–SmC* transition is comparable with that

obtained by Petit et al. [30] for a commercial FLC

material, and with values reported by Bahr and

Heppke [8] for a FLC material with a high spontaneous

polarisation (PS� 150 nC cm-2). The magnitude of the

electroclinic coefficient is proportional to the piezoelec-

tric coupling term wC [Equation (6)], which is related to
the spontaneous polarisation [Equation (4)]. For our

materials, which have high polarisations (PS� 160, 140

and 120 nC cm-2 for C10, C11 and C12, respectively),

the values of eC are important especially near to the

SmC*–SmA and SmA–N* transitions.

On the other hand, for C10 and C11 materials, a

similar value of eC,2�mm V-1 was obtained at the

SmA–N* transition. The relaxation process detected
in the N* phase is in perfect continuity with the soft

mode observed in the SmA phase (Figures 6(a) and

6(b)). This mechanism can thus be attributed to a soft-

mode like relaxation in the N* phase. The transition

from SmA to N* phase was picked out by changes on

dð1=�eSÞ=dT and dfs=dT slopes (Figures 3 and 4). The

great difference in the slope values confirms that the

relaxation process observed in the SmA phase is still
detected in the N* phase. The electroclinic effect in the

N* phase had already been observed and reported [7,

13, 17]. The values of eC found here are much larger

than those reported by Extebarria et al. [7], Komitov

et al. [13] and Li et al. [17], who studied the electro-

clinic effect in a fairly long helical pitch (. 30 mm) N*

phase of FLC mixtures near to the SmA–N* transi-

tion. It is worth mentioning that the dielectric mechan-
ism detected and studied here without a dc bias field in

the N* phase for C10 and C11 materials was also

observed under a dc bias field of 1 V mm-1 [21].

In our early studies [20, 21], we demonstrated that

the relaxation process observed in the N* phase has

the same behaviour as the soft mode classically

observed in the SmA phase. We have explained this

effect by the existence of local fluctuations of smectic
order [13, 16, 31], namely cybotactic groups [13] within

N* phase. These fluctuations are emphasised because

of the proximity of the N*–SmA–SmC* multicritical

point where the thermodynamic conditions are

favourable to the appearance of a large fluctuation

of the orthogonal smectic order. The relaxation pro-

cess observed in the N* phase persists only in a narrow

temperature range in the vicinity of the SmA–N* tran-
sition (2�C and 0.3�C above the SmA–N* transition,

respectively for C10 and C11); whereas the tempera-

ture domain of N* phase is about 13�C for C10 and

8�C for C11.

Unlike C10 and C11, we did not detect any relaxa-

tion process in the N* phase for the C12 compound.

This continuous decrease of the amplitude of the

relaxation mechanism in the N* phase, when passing

from the C10 to the C11 compound and its disappear-

ance for C12, is certainly connected with the proximity

of a N*–SmA–SmC* multicritical point, which is clo-

sely related to the chain length. Indeed, for a longer

chain homologue (C12), the temperature range of the

SmA phase is relatively large and the N*–SmA–SmC*

multicritical point is far enough from the atmospheric
pressure condition to prevent any smectic fluctuations

[20, 27]. These fluctuations become important in the

N* phase for C10 and C11. This probably explains the

lack of the relaxation process attributed to local smec-

tic order in the N* phase for C12 material.

4. Conclusions

Ferroelectric liquid crystal materials exhibiting the

N*-SmA-SmC* phase sequence have been studied by

electro-optic and dielectric spectroscopy. From dielec-

tric measurements without bias voltage, we have stu-

died the soft mode in the SmA phase. Using the

experimental data and a Landau model of the SmC*-
SmA transition, we have estimated the soft-mode

rotational viscosity and the electroclinic coefficient in

the SmA phase.

High values of the electroclinic coefficient are

found and its amplitude is connected to the ferroelec-

tric polarisation in the SmC* phase via the piezoelec-

tric coupling term. In the paraelectric phase, the soft-

mode dielectric strength, the corresponding relaxation
frequency and the electroclinic coefficient satisfy the

Curie–Weiss law. In the N* phase, a dielectric relaxa-

tion mechanism at relatively high frequency was

detected. This dielectric process was attributed to a

soft-mode like mechanism and interpreted by the exis-

tence of local smectic order emphasised by the proxi-

mity of the SmC*-SmA-N* multicritical point for the

compounds with shorter alkyloxy chains (C10 and
C11). This mechanism was not observed for the C12

homologue with a longer chain.
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