
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Molecular and collective modes in ferroelectric liquid crystals studied by
dielectric spectroscopy
S. Merino; F. De Daran; M. R. Dela Fuente; M. A. Perez Jubindo; T. Sierra

Online publication date: 06 August 2010

To cite this Article Merino, S. , De Daran, F. , Fuente, M. R. Dela , Jubindo, M. A. Perez and Sierra, T.(1997) 'Molecular and
collective modes in ferroelectric liquid crystals studied by dielectric spectroscopy', Liquid Crystals, 23: 2, 275 — 283
To link to this Article: DOI: 10.1080/026782997208550
URL: http://dx.doi.org/10.1080/026782997208550

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/026782997208550
http://www.informaworld.com/terms-and-conditions-of-access.pdf


L iquid Crystals, 1997, Vol. 23, No. 2, 275 ± 283

Molecular and collective modes in ferroelectric liquid crystals
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The complex dielectric permittivity has been measured for a ferroelectric liquid crystal in the
range 102 ± 109 Hz. Six di� erent relaxations have been obtained and characterized: soft mode
(SmA* and SmC* phases) , Goldstone mode (SmC* phase), rotation around molecular long
axis, rotation around molecular short axis, ferroelectric domain mode (SmC* phase) and an
internal motion associated with a polar group. Strengths and frequencies of these modes have
been obtained for the di� erent phases for di� erent bias ® elds. Using these results together
with spontaneous polarization and molecular tilt measurements we have also obtained the
rotational viscosities associated with the soft mode and the Goldstone mode. We explain the
results in the light of the so-called Landau extended model, concluding that the biquadratic
coupling between polarization and tilt is quite important with regard to the bilinear coupling.
This fact has been used to explain the noticeable increase of the activation energy of the
frequency of the mode related to the rotation around the molecular long axis at the
SmA*± SmC* phase transition.

1. Introduction Landau expansion, was presented. The main di� erence
between this approach and earlier theories is the presenceEver since the existence of ferroelectricity in chiral
of a non-chiral biquadratic coupling between the twosmectic C* (SmC*) compounds was predicted by Meyer
order parameters. In 1988 Zeks et al. [7] proposed aet al. [1], these materials have attracted great interest.
microscopic model in which the tilt causes a quadrupolarThe paraferroelectric SmA*± SmC* phase transition has
ordering of transverse molecular axes, showing that it isbeen successfully described by means of two two-com-
related to the biquadratic coupling. This microscopicponent order parameters, describing the director of the
model is not enough to describe all the observed temper-system and the in-plane polarization [2]. Then, there
ature dependences of the spontaneous polarization, andare two director modes: one is related to amplitude
the same authors and others have proposed an extension¯ uctuations and the other to azimuthal ¯ uctuations of
of this simple microscopic model [8, 9]. In any case, thethe director around the layer normal. They are called
essential point of the microscopic models is that thethe soft mode and Goldstone mode, respectively. Due
appearance of the spontaneous polarization in the SmC*to the coupling with the spontaneous polarization, both
phase is related to the hindered rotation of the moleculesare dielectrically active, giving relaxations in the low
around their long axes. The single particle potentialfrequency regime (under MHz). Some years ago a free
consists of a chiral term (responsible for the polarenergy expansion with eleven terms was introduced to
ordering) and a non-chiral term (responsible for theaccount for the observed temperature dependence of
quadrupolar ordering) and both are due to the molecularsome of the measured properties for these materials: the
tilt. The point is that the frequency of the relaxationratio polarization/tilt, the helical pitch, the dielectric
related to the rotation around the molecular long axis,strength of the Goldstone mode and soft mode, etc.
as detected by dielectric spectroscopy, in general, does[3 ± 6]. Also a theoretical calculation of the complex
not show the change in its activation energy at thedielectric permittivity, based on the same generalized
SmA*± SmC* phase transition, that one would expect
from a signi® cant change in the single particle potential.
Except for temperatures very near the transition point,*Author for correspondence.
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276 S. Merino et al.

the non-chiral term is expected to be more important 3. Results

Figure 1 shows the dielectric permittivity at 125 Hzthan the chiral term.
In the work presented here, we obtained the values of for zero (dots) and 0 4́ V mm Õ 1 (open circles) bias ® elds.

Without a bias ® eld, a sharp increase at the SmA*± SmC*some of the coe� cients in the free energy expansion
from measurements of the complex dielectric permittiv- transition, due to the helical structure, is observed. When

the bias is on, this contribution is quenched and only aity, e(v) , the spontaneous polarization, PS , and the tilt
angle, h. In particular, we deduced the b parameter. It little cusp due to the soft mode remains. Figure 2 (open

circles) shows the spontaneous polarization, PS , versusmeasures the quite large relative importance of the
biquadratic coupling with respect to the bilinear coup- temperature. The frequency of the triangular wave was

50 Hz and the maximum ® eld value 3 V mm Õ 1. Theling. On the other hand, we obtained a noticeable change
in the activation energy of the rotation around the continuous line is the ® t to the power law:
molecular long axis, a fact that seems to be in accord-

PS (T ) =P0 (Th Õ T )d (1 )
ance with the importance of the biquadratic coupling.
The above mentioned study has been performed with P0=18 9́2 nC cm Õ 2, d=0´5 and Th=86 ß C, in per-

fect agreement with the so-called mean ® eld model. Theusing the ferroelectric liquid crystal: 6-(2S-2-chloro-
3-methylbutanoyloxy)-2-naphthyl 4-decyloxybenzoate
which exhibits the phase sequence I± 111 5́ß C±
N*± 103 5́ß C± SmA*± 86 9́ ß C± SmC*± 60 ß C± Cr. The chem-
istry of this material together with results from calorimet-
ric measurements have been published previously [10].

2. Experimental

Complex dielectric permittivity has been measured Figure 1. Real part of the dielectric permittivity at 125 Hz
with two di� erent impedance analysers, the HP4191A versus temperature: ($) bias ® eld 0 V mm Õ 1; (#) bias ® eld
for the 106 ± 109 Hz range and the HP4192A for the 0 4́ V mm Õ 1.
102 ± 106 Hz range. The former measures the impedance
of the sample from the re¯ ection coe� cient at the end
of the 50 Ohm coaxial transmission line; with this set-up,
high conductivity electrodes must be used. In order to
guarantee the same alignment conditions over the whole
frequency range, the same cell must be used with both
measuring systems. Thus, the cell consists of two gold
plated brass electrodes (diameter 5 mm) separated by
50 mm thick silica spacers, making a plane capacitor
located at the end of the line. The alignment, although
not perfect, was almost planar. This was checked by
comparing the low frequency measurements with the
results using commercially available cells with transpar-
ent ITO electrodes coated with polyimide. The spontan-
eous polarization was measured using the triangular
wave method. The measurements were performed with
both types of cells, and gave similar results. The apparent Figure 2. ($) Molecular tilt angle versus temperature;
tilt angle of the molecules from the normal to the smectic (#) spontaneous polarization versus temperature;

continuous lines: ® ttings to equations (1) and (2).layers was measured using a square wave.
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277Dielectric modes in FL Cs

apparent tilt angle of the molecules from the normal to Negami function:
the smectics layers, h, was measured using a square wave
of Ô 3 V mm Õ 1. The whole temperature range could be Dek (v) =Dek

1

[ 1 + ( ivt)aHN]bHN
(4 )

® tted to the power law:

where Dek is the dielectric strength, t the relaxation time
h(T ) =h0 (Th Õ T )d (2 )

and aHN , bHN control the shape of the relaxation. aHN=
bHN=1 is the Debye function; bHN=1, 0<aHN < 1 iswith h0=4´9 ß , d=0´39 and Th =86 ß C (dots in ® gure 2 ).
the Cole± Cole function; aHN=1, 0<bHN < 1 is the Cole±In both equations, Th represents the transition temper-
Davidson function. In general all these parameters areature of the homogeneous sample (unwound). Although
temperature dependent.it should be di� erent from the t̀rue’ transition temper-

ature, TC , corresponding to the undisturbed helicoidal
3.1. I and N* phasessample, they are practically equal [2, 4].

In the I and N* phases we observed two relaxations.Now we will present the dielectric behaviour. When
The high frequency one (hereafter called t, where t meansperforming a frequency scan, dielectric spectroscopy is
transverse dipole moment) is related mainly to theable to distinguish among possible molecular motions
rotation around the molecular long axis and the lowwhenever they can be coupled with the electric ® eld, and
frequency one (hereafter called l, where l means longitud-to separate their contributions to the dielectric permittiv-
inal dipole moment) to the reorientation of the molecularity, because of their di� erent characteristic frequencies
long axis around the short axis [12]. However, theand, in general, important dipole moments. With this
frequency of mode t is out of our frequency window andaim, the complex permittivity was measured between
we could not characterize it. Mode l follows the Debye102 and 109 Hz for all phases. The measurements were
law.performed under two di� erent bias ® eld values, 0 and

0 4́ V mm Õ 1. The measurements show that di� erent separ-
3.2. Smectic mesophasesated relaxations with di� erent strength, frequency and

In the smectic mesophases with planar alignment, thetemperature behaviour are present from the isotropic to
relaxational pattern changes [13]: more relaxations arethe SmC*.
present. These additional relaxations are director modes.Dielectric data for liquid crystals are in general well
In the SmA* phase, the soft mode, related to collectivedescribed assuming the small step rotational di� usion
tilt ¯ uctuations, that is, amplitude changes of the direc-model for the molecular dynamics [11]. In this theory
tor, appears on the low frequency side. On the higheach molecule is supposed to act independently of its
frequency side, we observe a very broad relaxation. Twoneighbours which just contribute to mean potential. In
Havriliak± Negami functions are needed to account forthe uniaxial mesophases (N, SmA or SmA*), this theory
its shape. The one with the lower frequency is mode tpredicts for the planar alignment two modes that can
and we will call mode x the high frequency relaxation.be detected dielectrically. One is related to the rotation
In the tilted smectic mesophase, SmC*, the spectrum isaround the molecular long axis and then to the trans-
a little more complicated. Together with the modes inverse dipole moment, and the other to the precession of
the orthogonal smectic mesophase, there is a contribu-

the long axis around the director of the phase and then
tion related to the helical structure, the Goldstone mode,

to the longitudinal dipole moment. If the order para-
whose strength hides the soft mode. Because of this, it

meter of the molecular long axis is high (as is expected
is usual to study the dielectric response under a bias

in the smectic mesophase), this last contribution should ® eld high enough to unwind the helical structure and
be very small. The frequencies of both modes are similar quench the Goldstone mode.
and the aspect of the relaxation is just a broad peak. Figure 3 shows a typical plot of the complex permittiv-
Librations and also conformational changes could also ity versus the logarithm of the frequency for a temper-
contribute to this relaxation. ature in the SmC* phase. The ® gure shows the three

In all cases, dielectric data have been analysed from relaxations above mentioned, mode G (Goldstone),
the ® tting of the complex dielectric permittivity to: mode t and mode x. The inset shows (on another scale)

the imaginary part, in order to see the Goldstone mode
e(v) = �

k
Dek (v) +e

2
Õ isDC /ve0 (3 ) strength; the real part is out of scale. The solid lines are

the ® ttings: modes G and x are Debye and mode t
where Dek (v) accounts for the contribution of each Havriliak± Negami with aHN# 0 9́ and b# 0 4́. Figure 4
mode, sDC for the d.c. conductivity, and e

2
for the high shows the complex permittivity for the same temperature

as ® gure 3, but with a 0 4́ V mm Õ 1 bias ® eld. Thefrequency permittivity. For Dek (v) we use the Havriliak±
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278 S. Merino et al.

Figure 3. (#) Complex dielectric permittivity in the SmC*
phase; continuous line: ® tting to equations (3 ) and (4 ) Figure 5. Dielectric strength of the di� erent modes (deduced
showing modes x, t and Goldstone. The inset shows on from the ® ttings) versus temperature. (%) Goldstone mode;
an enlarged scale the Goldstone mode contribution (only (u) domain mode; ({ ) mode l; (#) mode t; ($) mode x.
the imaginary component; the real component is out
of scale).

Figure 4. (#) Complex dielectric permittivity in the SmC* Figure 6. Frequency of the di� erent modes (deduced from
phase at 0 4́ V mm Õ 1 bias ® eld; continuous line: ® tting to the ® ttings) versus temperature. (%) Goldstone mode;
equations (3) and (4 ) showing the soft mode and the (u) domain mode; ({ ) mode l; (#) mode t; ($) mode x;
domain mode. ( ] ) soft mode; (+) soft mode at 0 4́ V mm Õ 1 bias ® eld.

Goldstone mode is suppressed; the high frequency
relaxation (about 500 kHz) is the soft mode and the low and soft modes. The results will be explained in the light

of the extended Landau mean ® eld model for thefrequency one (about 10 kHz) should be related to the
domain mode [14, 15]. SmA*± SmC* phase transition. Making use also of polar-

ization and tilt measurements, we will be able to obtainFigures 5 and 6 show the strengths and frequencies
of all modes (excluding the strength of the soft mode). the rotational viscosities associated with the collective

modes and some parameters involved in the free energy
expansion. First we will mention some results of the4. Discussion

4.1. The extended Landau model generalized Landau model.
The generalized Landau model for the free energyIn this section we will analyse the temperature depend-

ences of the frequency and strength of the Goldstone density describing the SmA*± SmC* transition can be
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279Dielectric modes in FL Cs

expressed as: relation [5, 6]:

cG=
1

4pe0 APS

h B2 A 1

DeG fGB (8 )G =
1

2
a (T Õ T0 )h 2+

1

4
bh 4+

1

6
ch6 Õ Lqh 2

In ® gure 7 we have plotted (Arrhenius diagram) cG
+

1

2
K33q2h 2+

1

2e
P

2
S Õ mqPSh deduced from equation (8) (dots) and deduced from the

polarization reversal (open circles). This last method
allows determination of the rotational viscosity of the

Õ CPSh Õ dqh 4+
1

4
gP

4
S Õ

1

2
V P

2
S h 2 (5 ) c-director, cC . Both viscosities are related through: cG =

cC/sin2 h. The agreement between both series, although
not very good, is similar to that obtained by otherwhere we use the same notation as in references [3± 6 ].
authors [16]. A ® tting to the Arrhenius law of theIn particular V is the coe� cient of the above mentioned
Goldstone mode rotational viscosity deduced from equa-biquadratic coupling, C is that of the piezoelectric bilin-
tion (8) gives an activation energy of 32 kJ mol Õ 1, whichear coupling, q is the wave-vector of the helix, e denotes
is similar to the activation energies found for otherthe high temperature dielectric permittivity and T0
compounds [6, 17, 18]. The deviation near TC may becorresponds to the phase transition temperature of the
due to the electroclinic e� ect.corresponding racemic mixture (L =C =d =0 ) . This

temperature is di� erent from TC but practically equal
4.1.2. The soft mode in the SmA* phase[2, 4].

As was shown in ® gures 5 and 6, we have alsoThe spontaneous polarization and the spontaneous
obtained the frequency and strength of the soft mode intilt are usually determined experimentally for unwound
the SmA* phase at 0 V mm Õ 1 and in both SmA* andsystems (q =0). Minimizing equation (5) with respect to
SmC* phases at 0 4́ V mm Õ 1. Both the frequency andthe polarization, one obtains the following relation
1/DeS have the typical V-shape as temperature functions.between PS and h [2]:
In the SmA* phase DeS has been ® tted to the modi® ed
Curie law [4, 5]:A 1

e
Õ Vh 2B PS+gP

3
S Õ Ch=0 (6 )

e0DeS=
e2 C 2

a(T Õ TC ) + (K33 Õ em2 ) q
2
0

(9 )
Close to TC , where h is small, PS is also small and
proportional to h: where q0 is the wave vector of the helix at T =TC . From

the ® tting, which is represented by a solid line in ® gure 8,
PS =eCh ( 7 )

a relation predicted by earlier theories for the whole
temperature range.

In the planar alignment, to obtain the complex dielec-
tric permittivity, a harmonic external ® eld, parallel to
the smectic layers, is applied to the sample. If this ® eld
is low enough to consider the linear response, the
dielectric behaviour of the director modes can be
obtained from equation (5) (adding the energy associated
with the measuring ® eld, and an extra term due to the
changes of the order parameters) and the Landau±
Kalatnikov equations. The expressions we will use in
the following paragraphs for the frequencies and
strengths of the soft and Goldstone modes correspond
to these assumptions [5].

4.1.1. The Goldstone mode in the SmC* phase
Figure 7. Arrhenius plot of the rotational viscosities.As shown in ® gures 5 and 6, we have obtained the

(#) Goldstone mode, from the reversal of the spontaneous
frequency and strength of the Goldstone mode. From polarization; ($) Goldstone mode, from equation (8 );
these data and with the PS and h values we obtain the (%) soft mode, from equation (13); ( ] ) soft mode, from

equation (11).Goldstone mode rotational viscosity making use of the
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280 S. Merino et al.

Figure 9. Induced tilt versus ® eld at 90 ß C in the SmA* phase;
continuous line: ® tting to equation (10).Figure 8. Inverse of the soft mode strength. (#) At 0 V mm Õ 1

bias ® eld; ($) at 0 4́ V mm Õ 1 bias ® eld; continuous line:
® tting to equations (9) and (12).

because, as we shall see later, polarization and tilt are
we deduced: not proportional, it gives useful results, at least not far

from TC . The experimental value of PS at 85 ß C ise2 C 2

e0a
=6´37 K 15 5́ nC cm Õ 2 and the calculated value using equation (7)

is 18 3́ nC cm Õ 2. Now one can obtain the soft mode
rotational viscosity in the SmA* phase from [5, 6]:(K33 Õ em2 ) q

2
0

a
=0´28 K

c
h
=

e2C 2

2pe0DeS fS
(11)

TC=86 9́ß C.

When the bias is on, near the SmA*± SmC* phase this is plotted in ® gure 7 using triangles.
transition, some changes in the soft mode behaviour are
expected. However, they are only noticeable very near 4.1.3. The soft mode in the SmC* phase

Due to the large dielectric strength of the Goldstonethe SmA*± SmC* phase transition as can be seen in
® gures 6 and 8, and this was also veri® ed by other mode, to study the soft mode in the SmC* phase it is

necessary to apply a bias ® eld to suppress the helicalauthors [19].
In order to obtain the soft mode rotational viscosity, structure.

This ® eld will modify above all the soft mode behavi-one additional measurement is needed. If one measures
the ® eld dependence of the induced tilt angle in the our near the phase transition. In our case we have

obtained the frequency and strength of the soft mode inSmA* phase due to the electroclinic e� ect, eC could be
obtained [20, 21]; this has been done at 90 ß C for the the SmC* phase at 0 4́ V mm Õ 1. The strength has been

® tted to [5] (see ® gure 8):SmA* phase. At this temperature the behaviour of the
induced tilt versus ® eld is linear at least till E=3 V mm Õ 1,
allowing neglect of the higher order terms in the equation DeS=

(b3 /b7 )2

4ae0 (TC Õ T ) +A
(12)

governing the equilibrium value of the tilt in the presence
of a bias ® eld [21]. Figure 9 shows the induced tilt where A is a cut o� term and b3 , b7 are related, among
versus the applied ® eld with the ® tting to: others, to the biquadratic coupling between tilt and

polarization. This term re¯ ects a quadrupolar order of
h incl=

eC

a (T Õ TC ) + (K33 Õ em2 ) q
2
0

E (10) the short axes of lath-like molecules. Although equa-
tion (12) was obtained for undisturbed systems with
a helix, we will assume its validity when the sampleresulting in eC /e0=2´4 Ö 108 V m Õ 1 and a=

8´2 Ö 104 N m Õ 2 K Õ 1. These values are similar to those is unwound by a bias ® eld [19]. We obtained the
following values: b3 /b7=3´3 Ö 10 Õ 3 C m Õ 2, A =2´25 Öin references [4, 16, 22]. We checked them by obtaining

the spontaneous polarization from the tilt value near TC 10 Õ 6 C2 m Õ 4.
Now one can obtain the soft mode rotational viscosityusing equation (7). Although this relation is not valid
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281Dielectric modes in FL Cs

in the SmC* phase from [5, 6]: microscopic model, the agreement would be better.
Figure 10 shows the experimental values of PS /h as a
function of h 2 and the corresponding ® t to equation (6).c

h
=

(b3 /b7 )2

4pDeS fS
(13)

Assuming e/e0=4, that is the value deduced from the
dielectric relaxation study and which corresponds, inas plotted in ® gure 7 by squares.
the SmA phase, to the value of the permittivityFigure 7 shows that the values of cG and c

h
are similar

after the relaxation of the soft mode, we obtained:near TC (in this case on both sides of the critical
C =4´9 Ö 107 V m Õ 1, g=9 Ö 1016 N m6 C Õ 4 and V =temperature), as predicted for symmetry reasons [23].
9´3 Ö 1011 N m2 C Õ 2.Although other authors have obtained for the SmC*

With these values, b=0 5́4, very far from the valuephase cG% c
h

[16], in our case we have just the contrary.
obtained from the microscopic model. These values are
similar to the values obtained for other compounds4.2. Microscopic model: Relation between the
[4, 22, 25], and the discrepancy with the ® tting to themicroscopic and the L andau model
microscopic model is above all in the g parameter. NoteAs we have mentioned above, some years ago Zeks
that there is also a di� erence in C with respect to theet al. [7, 24] proposed a mean-® eld microscopic model
value deduced from the soft mode dielectric contributionto account for the origin of spontaneous polarization in
(6 1́ Ö 107 V m Õ 1 ). Despite the discrepancies, one canthe ferroelectric SmC* phase. They also showed that
roughly estimate the strength of the chiral and non-this model is compatible with the extended Landau
chiral terms in equation (14). Assuming for the e� ectivemodel. In this model it is assumed that the ordering
transverse dipole moment a value mt#2D and theof the transverse electric dipoles, mt , is induced by the
relationship a1=Cmt , one obtains a1=3 2́ Ö 10 Õ 22 J.tilt via a chiral (a1 ) and a non-chiral (a2 ) interaction
Assuming for the particle density a value r# 1027 m Õ 3represented by the potential:
and the relationship a2=Vrmt , one obtains a2=

U (y) =Õ a1h cos y Õ a2h 2 cos 2y (14)
4´1 Ö 10 Õ 20 J. For h=0´25 rad, a1h=8 Ö 10 Õ 23 J, which
is roughly one order of magnitude lower than kT in theAssuming that the order parameter of the molecular

long axis is 1, the angle y describes the orientation of temperature range of the SmC* phase and a2h 2=
2´6 Ö 10 Õ 21 J, which is of the order of kT , as expected.mt in the plane perpendicular to the molecular long axis,

being y =0 when mt points parallel to the direction of
PS . The chiral term tends to align the transverse dipoles 4.3. Molecular modes and domain mode

Now we shall discuss the dielectric relaxation study.in the direction where y =0, producing a polar order.
The non-chiral term has two minima, y =0 and y =p This study is summarized in ® gures 5 and 6, where we

have plotted, as temperature functions, the dielectricproducing a quadrupolar order and it is expected to be
much more important than the polar order. strengths and the relaxation frequencies, respectively.

The relaxation related to the reorientation of theWe have followed the procedure of Buka et al. [25]
to obtain the coe� cients a1 and a2 from the values of molecular long axis around the short axis was observed
PS and h. Taking into account the relationships between
a1 , a2 and the parameters of the Landau model [7], we
tried to ® t the experimental values of PS /h as a function
of h 2 using equation (6) with the C , V, e, g values calcu-
lated from the microscopic model, but it was not pos-
sible. In particular the dimensionless b parameter, given
by b=eg1/2 C / |V |1/2, that measures the relative impor-
tance of the chiral interaction (C ) and the non-chiral
one (V ) was too small, b=0 0́14. This fact shows that
the extended Landau model is not in perfect agreement
with the microscopic model presented before. Meister
and Stegemeyer [9] and also Urbanc and Zeks [8]
have proposed another microscopic model, including as
a particular case the above mentioned model, to account
for more complex temperature behaviour of the spontan-
eous polarization, in particular the case when PS su� ers
sign-reversal. This model predicts some variations in the
relationships among the microscopic parameters and the Figure 10. Temperature dependence of the PS /h rate versus

h 2; continuous line: ® tting to equation (6).parameters of the Landau model. Maybe, using this new
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282 S. Merino et al.

in the isotropic and N* phases. Figure 11 shows its no signi® cant changes in the activation energy were
observed at the transition. In our compound a noticeablefrequency versus temperature in an Arrhenius plot. It

shows a jump at the I± N* transition due to the onset change in the activation energy has been observed from
31 kJ mol Õ 1 in the SmA* phase to 49 kJ mol Õ 1 in theof the nematic order. The high value of the activation

energy, 195 kJ mol Õ 1 in the isotropic phase and SmC* phase. This fact could be explained in the context
of the microscopic model mentioned above as being due294 kJ mol Õ 1 in the N* phase is noteworthy; similar

values were obtained for a related compound [13]. Its to a signi® cant increase in the quadrupolar order of the
transverse axes when the molecules are tilted. Somestrength shows a small but continuous decrease when

going from the isotropic to the N* phase (due to the authors have proposed [28] that this mode should split
into two at the SmA*± SmC* phase transition due to thesomewhat partial planar alignment).

Figure 12 shows the frequency of the mode related to biaxial nature of the tilted smectic mesophases. The
larger the quadrupolar ordering, the larger the splitting.the overall rotation around the molecular long axis. The

behaviour of this mode at the SmA*± SmC* phase trans- We did not observe this e� ect either in our measurements
at 0 V mm Õ 1 or at 0 4́ V mm Õ 1. We think that this e� ectition has been studied for many other ferroelectric liquid

crystals [12, 13, 26, 27]. In nearly all cases, no jumps, would only be observable under extreme conditions for
several reasons. This mode has a Havriliak± Negami
shape. A splitting will appear as a broadening of this
shape, it being impossible to decide between one or two
processes. In our case, it is even more di� cult because
we have another relaxation with only a slightly larger
frequency. The dielectric strength of this mode is very
small (dots in ® gure 5) and its frequency has little thermal
activation (see dots in ® gure 6). This mode could be
related to some internal degree of freedom of the molec-
ule associated with a polar group or also a librational
motion [29].

To conclude, we have performed a broad band dielec-
tric study (102 and 109 Hz) of a ferroelectric liquid
crystal. The collective modes, Goldstone (in the SmC*
phase) and soft mode ( in the SmA* and SmC* phases),
have been characterized. These results, together with
measurements of molecular tilt and spontaneous polar-
ization in the SmC* phase and induced tilt in the SmA*

Figure 11. Arrhenious plot of the frequency of the mode phase, allowed us to obtain the Goldstone and soft
related to rotation around the molecular short axis. mode rotational viscosities. All these results were inter-

preted in the light of the so-called extended Landau
model. Molecular modes, mainly related to the overall
rotations around the molecular long and short axes,
have also been characterized; the latter occur only in
the I and N* phases. It shows a quite high thermal
activation, but its behaviour is normal. The former
rotation was characterized in the SmA* and SmC*
phases. The thermal activation is smaller with values in
the usual range. However, we observed an increase on
going from the paraelectric to the ferroelectric meso-
phase that could be explained as an increase in the
quadrupolar order [30, 31]. Additionally we observed a
domain mode in the SmC* phase, when measuring
under a bias ® eld, and a high frequency mode (SmA*
and SmC* phases) that could be related to some internal
degree of freedom associated with a polar group.

This work was supported by the Spanish GovernmentFigure 12. Arrhenious plot of the frequency of the mode
related to rotation around the molecular long axis. (projects: CICYT MAT-94-0717-C02-02 and DGCYT

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



283Dielectric modes in FL Cs

[14] Beresnev, L. A., Pfeiffer, M ., Pikin, S., Haase, W .,PB91-0554) and the European Community (Human
and Blinov, L., 1992, Ferroelectrics, 132, 99.Capital and Mobility Programme ERB4050 PL922749).

[15] Haase, W ., H iller, S., Pfeiffer, M ., and Beresnev,
L. A., 1993, Ferroelectrics, 140, 37.

References [16] Gouda, F. M ., 1992, PhD thesis, Chalmers University
of Technology, GoÈ tenborg.[1] Meyer, R. B., Liebert, L., Strezelecki, L., and

Keller, P., 1975 J. Phys. L ett. Paris, 36, 69. [17] Escher, C., Geelhaar, T., and Bohm, E., 1988, L iq.

Cryst., 3, 469.[2] Zeks, B., and Blinc, R., 1991, Ferroelectric L iquid

Crystals, edited by J. W. Goodby (Philadelphia: Gordon [18] Markscheffel, S., Ja’kli, A., and Saupe, A., 1996,
Ferroelectrics, 180, 633.and Breach Science Publishers).

[3] Carlsson, T., Zeks, B., Levstik, A., Filipic, C., [19] Gouda, F., Andersson, G ., Carlsson, T., Lagerwall,
S. T., Skarp, K ., Stebler, B., Filipic, C., Zeks, B., andLevstik, I., and Blinc, R., 1987, Phys. Rev. A , 36, 1484.

[4] Carlsson, T., Zeks, B., Filipic, C., Levstik, A., and Levstik, A., 1989, Mol. Cryst. liq . Cryst. L ett., 6, 151.
[20] Levstik, A., Kutnjak, Z., Filipic, C., and Zeks, B.,Blinc, R., 1988, Mol. Cryst. liq . Cryst., 163, 11.

[5] Carlsson, T., Zeks, B., Filipic, C., and Levstik, A., 1992, Ferroelectrics, 126, 139.
[21] Gouda, F., Andersson, G ., Lagerwall, S. T.,1990, Phys. Rev. A , 42, 877.

[6] Levstik, A., Kutnjak, Z., Filipic, C., Levstik, I., Skarp, K ., Stebler, B., Carlsson, T., Zeks, B.,
Filipic, C., and Levstik, A., 1989, L iq. Cryst., 6, 219.Bregar, Z., Zeks, B., and Carlsson, T., 1990, Phys.

Rev. A , 42, 2204. [22] Huang, C. C., and Dumrongrattana, S., 1986, Phys.

Rev. A , 34, 5020.[7] Zeks, B., Carlsson, T., Filipic, C., and Urbanc, B.,
1988, Ferroelectrics, 84, 3. [23] Carlsson, T., and Zeks, B., 1989, L iq. Cryst., 5, 359.

[24] Urbanc, B., and Zeks, B., 1989, L iq. Cryst., 5, 1075.[8] Kutnjak-Urbanc, B., and Zeks, B., 1995, L iq. Cryst.,

18, 483. [25] Buka, A., Siemensmeyer, K ., and Stegermeyer, H .,
1989, L iq. Cryst., 6, 701.[9] Meister, R., and Stegemeyer, H ., 1993, Ber. Bunsenges.

Chem . Phys., 97, 1242. [26] Schönfeld, A., and Kremer, F., 1993, Ber. Bunsenges.

Phys. Chem ., 97, 1237.[10] Sierra, T., Ros, M . B., Excurra, A., and Zubia, J.,
1992, J. Am. chem . Soc., 114, 7645. [27] Gonza’ lez, Y., Palacios, B., Pe’rez Jubindo, M . A., De

la Fuente, M . R., and Serrano, J. L., 1995, Phys.[11] See for example Williams, G., 1994, T he Molecular

Dynamics of L iquid Crystals, Vol. 431 of NATO Advanced Rev. E, 52, R5764.
[28] Schiller, P., 1994, L iq. Cryst., 17, 667.Study Institut, edited by G. Luckhurst and C. A. Veracini

(Kluwer Academic Publishers), Chapter 17. [29] Kresse, H ., Ernst, S., Wedler, W ., and Demus, D .,
1990, Ber. Bunsenges. Phys. Chem ., 94, 1478.[12] De la Fuente, M . R., Pe’rez Jubindo, M . A., Zubia, J.,

Pe’rez Iglesias, T., and Seoane, A., 1994, L iq. Cryst., [30] Merino, S., De Daran, F., De la Fuente, M . R., Pe’rez
Jubindo, M . A., Iglesias, R., and Marcos, M ., 1996,16, 1051.

[13] De la Fuente, M . R., Merino, S., Pe’rez Jubindo, Adv. Mater., 8, 644.
[31] Pe’rez Jubindo, M . A., De la Fuente, M . R., andM . A., and Sierra, M . T., 1995, Mol. Cryst. liq . Cryst.,

259, 1. Marcos, M ., 1994, Adv. Mater., 6, 941.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


