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We have studied by means of polarization, tilt and broadband dielectric spectroscopy the liquid crystal
(R)-1-methylheptyl-6-~48-decyloxybenzoyloxy!-2-naphthalene carboxylate. This compound together with a
ferrielectric and two antiferroelectric phases shows a broad range, 6 °C, of Sm-Ca* phase. The dielectric study
shows the presence of a Goldstone mode in the latter mesophase, which in turn would confirm its tilted and
helical nature. Other collective modes, such as the soft mode and a mode related to the antiferroelectric
ordering and the helical structure, have also been characterized. With respect to the molecular modes, the
rotation around the molecular long axis has been studied from the isotropic to the low temperature antiferro-
electric phase. This study shows that the molecules are quite rigid and that the dynamics of the motions around
the molecular long axis is not greatly influenced by the transitions among the different smectic mesophases. In
particular, the thermal activation energy of the process is the same in the paraelectric Sm-A phase and in the
complex Sm-Ca* phase. However, the frequency shows a jump at the Sm-Cg*→Sm-CA* phase transition, which
could be due to an increase of the order of the molecular short axes.@S1063-651X~96!11510-5#

PACS number~s!: 61.30.2v, 77.22.Gm, 77.80.2e

INTRODUCTION

Since the first antiferroelectric liquid-crystalline phase
was discovered by Chandaniet al. in 1989 @1,2#, a large
amount of new series of materials showing ferroelectric, fer-
rielectric, and antiferroelectric mesophases have been found.
In spite of the large amount of experimental and theoretical
work devoted to this subject, a clear explanation of the struc-
ture of these new phases has not yet been achieved. The
phenomenology they exhibit is complex: many transitions
that cannot be detected by means of the usual characteriza-
tion techniques, such as x-ray or differential scanning calo-
rimetry @3,4#, transition temperature changes with the cell
thickness, anomalous behavior of the helical pitch@5#,
phases that disappear changing the optical purity@6#, differ-
ent ~qualitative and quantitative! results in the same phase of
different compounds@7,8#, etc. Dielectric and electro-optic
experiments have become very important in this field be-
cause of their capability of providing information about the
collective modes involved in these polar phases: soft mode,
ferroelectric Goldstone mode, helix related ferrielectric and
antiferroelectric modes, etc.@4,9–16#.

In this paper we will show experimental results on the
compound with chemical formula~hereafter called ICOOET!

This compound appeared in the literature in 1991@17# but
the reported phase sequence wasI→Sm-A→Sm-C*→C

~crystalline!. Our ~dielectric! results show that it also has
ferrielectric and antiferroelectric mesophases:

I ——→
64.5 °C

Sm-A ——→
48 °C

Sm-Ca* ——→
41.8 °C

AF

——→
32 °C

Sm-Cg* ——→
27.7 °C

Sm-CA* ——→
23 °C

C.

It is worth noticing that it does not show the Sm-C* phase.
Instead it has a Sm-Ca* phase during a broad range of tem-
perature, near 6°. It also shows a reentrant antiferroelectric
AF phase@18#.

The structure of the Sm-CA* phase was found to be anti-
ferroelectrically ordered with molecules in adjacent layers
tilted in opposite directions@1,2#. The Sm-Cg* is ferrielectric
and models consisting of an alternate sequence of ferro and
antiferroelectric ordering were proposed@19#. Thus, the unit
cell consists of three~or more! layers such that the tilt in two
of them points in one direction and in the third one in the
opposite. Recently, other authors@4# have proposed a bilayer
structure to account for the Sm-C*→Sm-Cg*→Sm-CA*
phase sequence, being an azimuthal reorientation of the mol-
ecules at the transitions the mechanism that originates the
different phases. Still more controversy exists about the
Sm-Ca* phase. Its presence is related to a reduce ability of
the material to form ferroelectric Sm-C* and antiferroelec-
tric Sm-CA* @19#. The interaction between smectic layers due
to collective polarization fluctuations causes the antiferro-
electricity in the high-temperature region of the Sm-Ca*
phase. The competition between this antiferroelectricity and
the ferroelectricity causes the complexity of the Sm-Ca*
phase. Cepic and Zeks@20# have analyzed the discrete model
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proposed by Sun, Orihara, and Ishibashi@21# that takes into
account interlayer interactions between the nearest and the
next-nearest neighboring layers. The model predicts for the
Sm-Ca* phase a short pitch tilted phase due to the competi-
tion between the interlayer interactions when the next nearest
one favor antiparallel orientation. When this interaction be-
comes larger the structure has four layer period and an anti-
ferroelectric character: adjacent layers tilt in directions mak-
ing a 90° angle. These authors suggest that this structure
could be the high-temperature antiferroelectric phase~AF! in
contrast with the model proposed by Fukudaet al. @19# and
Isozaki et al. @22# in which the layers form pairs; the two
members of a pair tilt in the same direction and the adjacent
pair in the opposite direction. The latter model explains all
the possible phases observed in this type of material:
Sm-Ca*→Sm-C*→AF→FIH ~ferrielectric high tempera-
ture! →Sm-Cg*→FIL ~ferrielectric low temperature!
→Sm-CA* , as due to a competition between antiferroelectric
and ferroelectric interactions stabilizing Sm-CA* and
Sm-C* phases, respectively, in the same way as previously
was explained the complex Sm-Ca* phase. A devil staircase,
derived from the Sm-CA* is introduced being Sm-CA* (0)
5Sm-CA* , Sm-CA* (1)5Sm-C* , Sm-CA* (

1
3)5Sm-Cg* ,

Sm-CA* (
1
2)5AF, and so on. This structure would explain, for

example, the observed behavior of the apparent tilt angle
versus field in the different phases. In this paper we report
polarization, tilt, and dielectric studies in ICOOET.

EXPERIMENT

The ICOOET was obtained following a synthetic pathway
similar to the one described for its biphenyl homologous
@2,14#. The intermediates and the final compound were all
characterized by microanalysis for which satisfactory results
were determined. The data obtained by IR, NMR, and mass
spectroscopy were found to be consistent with the predicted
structures of the products. Purity of the materials was
checked by thin-layer chromatography and high-pressure liq-
uid chromatography showing a chemical purity exceeding
99.5%. For the synthesis we used the commercially available
(S)-~1!-2-octanol ~Aldrich!, which served as an enantio-
merically enriched starting material. The esterification reac-
tion was carried out following the procedure described by
Mitsunobu @23#. This is a redox reaction which proceeds
with net inversion of configuration in the chiral center. The
pure final product was twice recrystallyzed from absolute
ethanol. Optical purity of the compound was determined by
polarimetry and1H NMR using shift reagent and comparing
with the racemic samples. Based on these results we assumed
that the final compound was essentially optically pure.

Three different measuring systems were used to measure
the complex dielectric permittivity over nine decades of fre-
quency~100–109 Hz!: a Schlumberger 1260 frequency re-
sponse analyzer~100–104 Hz! and two impedance analyzer-
s: HP 4192A~102–107 Hz! and HP 4192A~106–109 Hz!.
The HP 4192A measures the impedance of the sample from
the reflection coefficient at the end of a 50V coaxial trans-
mission line. With this setup high conductivity electrodes
must be used. In order to guarantee the same alignment con-
ditions over the whole frequency range, the same cell must

be used with the three measuring systems. Thus, the cell
consists of two gold plated brass electrodes~with a diameter
of 5 mm! separated by 50-mm-thick silica spacers. The spon-
taneous polarization was measured, using the triangular
wave method, for different values of the frequency and maxi-
mum voltages in order to properly characterize the different
reorientation processes. In this case commercially available
cells with transparent indium tin oxide~ITO! electrodes,
coated with polyimide and having the cell thickness of 25
mm were used. These cells were also used for the dielectric
study under biasing fields in order to control its effect on the
helical structure. It is worth noticing that the alignment was
not perfect, always showing a fan-shaped texture.

RESULTS

Figure 1~a! shows the spontaneous polarizationPS versus
temperature. The frequency of the triangular wave was 50 Hz
and the maximum field value 9 Vmm21. This field is high
enough to switch the antiferro an ferrielectric states to the
ferroelectric ones, and then no anomaly could be detected on
thePS(T) curve at the phase transitions. The continuous line
is the fit to the power law

Ps~T!5P0~TC2T!b, ~1!

FIG. 1. Spontaneous polarization vs temperature. Measuring
conditions: triangular field, maximum field 9 Vmm21, 50 Hz,
solid line: fitting to Eq.~1!. ~a! linear, ~b! log10-log10 plot.
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with P0528.05 nCcm22, b50.5, andTc548 °C, in a perfect
agreement with the mean field model. Figure 1~b! shows the
same as Fig. 1~a! but in a log10-log10 plot. The apparent tilt
angle of the molecules from the normal to the smectic layers,
u, was measured using a square wave of76 V mm21 in
order to guarantee the switching to the ferroelectric states
and is represented versus temperature in Fig. 2~a!. Figure
2~b! shows the corresponding log10-log10 plot. No anomaly
could be detected in theu(T) curve at the phase transitions.
The whole temperature range could be fitted to the power
law

u~T!5u0~TC2T!b, ~2!

with Tc548 °C, u0512.6 °, andb50.14, a value very far
from the mean field value obtained for the polarization. It is
worth noticing the high value of the apparent tilt in the Sm-A
phase, indicating an important electroclinic effect, in part
due to the high value of the measuring field. The same effect
is included in the Sm-Ca* phase, which would explain the
high value of the apparent tilt near the Sm-A phase and the
small value of theb parameter. From the analysis of the
current-field cycles for different maximum fields and fre-
quencies we arrived at an identification of the different
phases. When in these cycles, upon cooling from the Sm-A
phase, the reversal of the spontaneous polarization starts to

appear: two clear peaks, instead of one, are observed@see
Fig. 3~a!#. These are present for different frequencies of the
applied triangular field. When the temperature goes down
one peak decreases and the other increases. This is in accor-
dance with similar measurements in other compounds with
Sm-Ca* phase, where an antiferroelectriclike behavior is ob-
served near the paraelectric phase and a progressive change
to ferrielectric behavior occurs as the temperature goes down
@19,24#. Around 42 °C the pattern of the reversal of the po-
larization changes. We observed several peaks depending on
the field and frequency. In Fig. 3~b! four peaks were ob-
tained. As Fukuda, Takanishi, and Ishikawa mentioned in
@19#, more than four states and three peaks may appear in the
switching because the field-induced transition may occur in
such a way that an antiferroelectric phase~a ferrielectric
phase! may transform into the ferroelectric phase indirectly
via a ferrielectric phase~another ferrielectric phase!. This
behavior was assigned to the AF phase.

Figure 4~a! shows the apparent tilt angle~normalized to
the saturation value! for different values of the electric field
in the Sm-Ca* ~47 °C!, AF ~35 °C!, Sm-C* ~30 °C!, and
Sm-CA* ~26 °C! phases. The stepwise increase is evident,
indicating that there are several intermediate steps induced
by an electric field. In both antiferroelectric mesophases
there is a critical field below which the apparent tilt is zero.
The value in the plateau corresponds to1

3 of the saturation
value, the same as in the Sm-Cg* phase@24,25#. However, in
the high-temperature side of the AF phase the behavior is
similar to the Sm-Ca* phase, in which the plot shows more
steps in accordance with its complex nature. The field depen-

FIG. 2. Apparent tilt angle vs temperature. Measuring condi-
tions: square field66 V mm21. Solid line: fitting to Eq.~2!. ~a!
linear, ~b! log10-log10 plot.

FIG. 3. Current-field cycles. Measurement conditions: triangular
field, frequency 50 Hz.~a! on the high-temperature side of the
Sm-Ca* phase, showing its antiferroelectriclike character;~b! in the
AF phase, showing four peaks.
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dence of the measured polarization shows similar effects as
the apparent tilt angle@see Fig. 4~b!#. Note that the fields are
not comparable because in the case of the polarization it was
triangular and the critical fields are also frequency depen-
dent.

Figure 5 shows a tridimensional plot of the dielectric
losses,«9, versus temperature and frequency~102–109 Hz!.
The high frequency relaxation is related to the rotation
around molecular long axis. The low frequency relaxations
are a mixture of different modes~soft mode and helix related
modes! that we will discuss later. In this low frequency re-
gion the different transitions can be seen. The maximum cor-
responds to the Sm-A→Sm-Ca* phase transition. The fol-
lowing decrease on decreasing temperature is the onset of the
AF phase and the increase in the very low frequency region
corresponds to the onset of the Sm-Cg* phase.

Now we will analyze deeply the dielectric behavior in the
different phases. Dielectric data for low-molar-weight liquid
crystals are in general well described assuming the small step
rotational diffusion model for the molecular dynamics. In
this theory each molecule is supposed to act independently of

its neighbors, which just contributes to a mean potential. The
molecules are treated as rodlike rigid bodies. In the uniaxial
mesophases~N or Sm-A! this theory predicts for the planar
alignment two modes that can be detected dielectrically. One
is related to the rotation around the molecular long axis and
then to the transverse dipole moment, and the other to the
precession of the long axis around the director of the phase
and then to the longitudinal dipole moment. However, the
frequencies of both modes are similar and the aspect of the
relaxation is just a broad peak. Librations as well as confor-
mational changes could also contribute to this relaxation. For
the homeotropic alignment the main contribution is related to
the reorientation of the long molecular axis around short axis
and then with the longitudinal dipole moment. The frequency
of this mode is lower than the one in the planar alignment
and shows in general a high activation energy due to the
nematic or smectic potentials. If the alignment is not good or
the phase is tilted~for example, a Sm-C phase with the layer
normal parallel to the electrodes! a superposition of all
modes will be observed in the planar alignment~see, for
example, Ref.@26#!.

Figures 6~a!–6~c! are typical spectra in the AF, Sm-Cg*
and Sm-CA* mesophases. In theI phase we observed two
relaxations. The high frequency one is mainly related to the
rotation around the molecular long axis and the low fre-
quency one to the reorientation of the long molecular axis
around short axis. These frequencies are different due to the
anisotropy of the rotational diffusion tensor. On the other
hand, the strength of the high frequency contribution is
larger than that of the low frequency one, as was expected
from the structure of the molecules of the compound. The
parameters of the two modes in this phase have been de-
duced from the fitting of the complex dielectric permittivity
to

«~v!5D« l~v!1D« t~v!1«`2 isdc/v, ~3!

whereD«l~v! stands for the contribution due to the mecha-
nism relaxing in the low frequency side~l means longitudi-
nal dipole moment!, D«t~v! for the high frequency one~t
means transverse dipole moment!, «` for the residual high
frequency permittivity after the relaxation of both, andsdc

FIG. 4. ~a! Measured apparent tilt angle~normalized with the
saturation value! vs applied electric field for different temperatures:
~L! 47 °C in the Sm-Ca* phase;~s! 35 °C in the AF phase;~d!
30 °C in the Sm-Cg* phase;~h! 26 °C in the Sm-CA* phase.~b!
Measured polarization~normalized with the saturation value! vs
maximum triangular field: ~s! 35 °C in the AF phase;~d! 30 °C
in the Sm-Cg* phase;~h! 26 °C in the Sm-CA* phase.

FIG. 5. Dielectric losses vs temperature and frequency.
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for the dc conductivity. Both relaxations were fitted to the
Havriliak-Negami equation~j5t,l !

D« j~v!5D« j

1

@11~ ivt!a#b . ~4!

The a,b parameters ofD« l~v! are unity ~Debye behavior!.
The high frequency relaxation is broader an asymmetric~a
.0.94,b.0.6!.

In the Sm-A phase, apart from the relaxation related to the
overall rotation around molecular long axis, which is ob-
served in all phases, we observed two different relaxations.
Near theI phase both have a small strength, but on decreas-
ing the temperature the strength of the high frequency one
increases while the other remains constant. The high fre-
quency one is the soft mode~collective tilt fluctuations; that
is, fluctuations of the director around layer normal! as can be
deduced from the temperature behavior of its strength and
frequency. The other relaxation is attributed to the reorienta-
tion of the molecular long axis around the short axis. We
could only study it near theI phase because for lower tem-
peratures it is hidden by the soft mode, not only because of
the relative strengths but also due to the confluence of the
frequencies~see Fig. 7!. In this mesophase experimental data
were also fitted to Eq.~3! but adding one more contribution
to account for the soft modeD«s~v!. This has a Cole-Cole
behavior~b51, the shape of the dielectric losses is symmet-
ric! but near Debye type~a.1!.

In the Sm-Ca* phase the main contribution in the low
frequency side is related to a relaxation whose frequency is
almost constant during the 6° of mesophase~104 Hz!. As we
shall show later this relaxation is a Goldstone mode. If there
is also a soft mode, it is hidden by the Goldstone mode. The
critical field needed to quench the Goldstone mode is quite
high ~1.2 Vmm21!, which is in accordance with the exist-
ence of a very short pitch. Due to the physical limit of 35 Vdc
of our experimental device we checked this with thinner
samples~25 mm!. In this case another mode is observable
during several degrees. Its behavior, both the strength and
the frequency, joints with the soft mode of the Sm-A phase
showing the typical ‘‘V’’ shape. Thus, in this phase the re-
sults were fitted to

«~v!5D«G~v!1D« t~v!1«`2 isdc/v, ~5!

whereD«G~v! stands for the Goldstone mode contribution.
Its spectral shape is near Debye type.

FIG. 6. ~s! complex dielectric permittivity. Solid lines: fit-
tings of the different modes.~a! AF phase,~b! Sm-Cg* phase,~c!
Sm-CA* phase.

FIG. 7. Frequency of the different modes~deduced from the
fittings! vs temperature.~d! rotation around the molecular long
axis, ~L! rotation around the molecular short axis,~s! soft mode,
~m! soft mode withEdc51.4 Vmm21, ~n! Goldstone mode,~h!
modes 1, 2 and the ferrielectric Goldstone mode~see text!.
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Figure 6~a! shows the real and imaginary components of
the dielectric permittivity versus the logarithm of the fre-
quency for a temperature in the AF phase. The spectrum is a
little more complicated. The results were fitted to a superpo-
sition of three contributions: rotation around the molecular
long axisD«t~v!, and two modes that we will callD«AF1~v!
andD«AF2~v!. The last two are near Debye type.

In the Sm-Cg* phase@see Fig. 6~b!# we observed four
relaxations. With respect to the preceding phase, one more
relaxation has to be added in the very low frequency side
~around 102 Hz!. This relaxation is typical of these ferrielec-
tric mesophases@10,12,15# and is called ‘‘ferrielectric Gold-
stone mode’’ because it is related to azimuthal reorientations
of the director and can be easily quenched by means of a dc
electric field. The shape of this relaxation, which we will call
D«gG~v!, is Havriliak-Negami witha.0.6 and b.0.97.
Then the results were fitted to

«~v!5D«gG~v!1D«g1~v!1D«g2~v!1D« t~v!1«`

2 isdc/v. ~6!

In the Sm-CA* mesophase we observed three
relaxations: D«t~v!, D«A1~v!, andD«A2~v! @see Fig. 6~c!#.
These last two and the corresponding ones with similar fre-
quencies in the Sm-Cg* and AF phases are near Debye type.

Figures 7 and 8 show the temperature dependence of the
frequencies, and strengths of all the above mentioned modes.
They have been deduced from the fittings and correspond to
the experimental data with the 50mm thick cells. We also
include the frequencies of the mode assigned to the soft
mode after quenching the Goldstone mode in the Sm-Ca*
phase, obtained with the 25mm cells. At this point it is worth
noticing that there could be some doubt about the strength
and frequency of the modeg2 due to the large strength of the
modegG.

DISCUSSION

ICOOET is, to the best of our knowledge, the first com-
pound with the naphthalene group instead of the biphenyl
one showing antiferro and ferrielectric mesophases@27#.
Some empirical rules related to the chemical structure and

antiferroelectric ordering have been proposed@19#. This
compound and the biphenyl analogous~MHDOBBC! @3,14#
fulfill these rules. Both systems favor zigzag conformations
of the molecules that induce tilted mesophases. Their length
and polarizability exert a positive influence over the intermo-
lecular interactions favoring the mesophase formation. How-
ever, their phase sequence and transition temperatures are
different. In comparison with the linear geometry of the 4-48
biphenyl system, the 2,6-disubstituted naphthalene ring al-
lows us to introduce a step that significantly alters the linear-
ity of the molecule. The naphthalene system is broader and
increases the excluded volume of the whole molecule, giving
rise to a decrease of the intermolecular forces. This effect
lowers the mesophase temperatures, so for this compound it
is possible to find a Sm-CA* phase at almost room tempera-
ture. In addition it has a broad range of Sm-Ca* phase and
re-entrant antiferroelectric mesophase~AF!.

As mentioned by other authors, no texture changes at the
Sm-A→Sm-Ca* phase transition could be seen@28,29#. We
could not observe any dechiralization line indicating that or
the Sm-Ca* phase is not helicoidal or the pitch is very short.
The pseudohomeotropic texture looks very uniform, which is
also consistent with a very short pitch. This fact is in accor-
dance with the results of other authors indicating that this
phase is tilted, being the tilt of the molecules helicoidally
modulated over only a few layers@15,23#. Then, the ob-
served relaxation should be a superposition of the Goldstone
mode and the soft mode. The strength of the Goldstone mode
is much smaller than in Sm-C* phases. For example, in this
case it is around 8, and in the Sm-C* phase of the homolo-
gous biphenyl compound it is around 150@14#. On the other
side, the critical field to quench the Goldstone mode is high,
around 1.2 Vmm21: the pitch is short, then it is difficult to
unwind the helix. In this case unwinding the helix should
mean that the field induces at least partially the ferroelectric
state. This is in accordance with the tilt measurements@Fig.
4~a!#: for 47 °C the steepest increase corresponds to a field
that is around this value. We take the Sm-A→Sm-Ca* tran-
sition temperatureTc at the maximum value of the low fre-
quency permittivity. It corresponds with the minimum value
of the frequency~Fig. 7!. After this point, the strength of the
relaxation~Fig. 8! decreases while the frequency increases
during 0.3°, and after, both frequency and strength rest al-
most constant. All these facts could be explained in the con-
text of the standard mean field theory for the Sm-A→Sm-C*
phase transition, which predicts the following behavior for
the strength@Eq. 7~a!# and frequency@Eq. 7~b!# of the soft
mode in the Sm-A @30#:

D«sA'
1

a~T2Tc!1Aq0
2 , ~7a!

f sA'a~T2Tc!1Aq0
2, ~7b!

whereA anda are constants of the model andq0 is the wave
vector of the pitch atTc . In the Sm-C* phase the soft mode
parameters are given by Eqs. 7~a! and 7~b!, replacing
a(T2Tc) by 2a(T2Tc). The strength@Eq. 8~a!# and fre-
quency@Eq. 8~b!# of the Goldstone mode are given by

FIG. 8. Dielectric strength of the different modes~deduced from
the fittings! vs temperature. Symbols are the same as in Fig. 8.
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D«G'
1

q2
, ~8a!

f G'q2. ~8b!

If the Sm-Ca* phase is interpreted as a Sm-C* with a very
short pitch, the high value of the Goldstone mode frequency
and also the small value of its strength are clear. Just around
the Sm-Ca*→Sm-A phase transition the situation is not
clear. Probably in the first 0.3 °C after the phase transition
the relaxation is a mixture of soft mode and Goldstone mode.
Note that the soft mode strength around the transition is quite
large even with a dc field~Fig. 9! and also that the Goldstone
mode frequency is higher than the soft mode frequency at the
transition.

In Fig. 9 we have represented«8 at 125 Hz versus tem-
perature for several bias fields from 0 to 1.4 Vmm21 ~with a
cell thickness of 25mm!. It is clear, when one compares the
results of 0.92 Vmm21 with the results whenEdc,0.92
V mm21, that something strange has happened. The maxi-
mum permittivity value at the Sm-A→Sm-Ca* phase transi-
tion increases with increasing field tillEdc50.92 Vmm21

and after decreases. This decrease indicates that the field is
unwinding the helix and quenching the Goldstone mode.
This fact was corroborated by the optical observation. For
Edc between 0.8 and 0.92 Vmm

21 clear dechiralization lines
appear under the polarizing microscope: the field is making
the pitch longer and then the Goldstone mode strength would
become larger. For higher fields the helix becomes unwound
and the Goldstone mode disappears. The measurements with
1.4 Vmm21 shows a behavior typical of a soft mode contri-
bution. For these cells and withEdc51.4 Vmm21 we ob-
tained the temperature dependence of the soft mode around
the Sm-A→Sm-Ca* phase transition that we have repre-
sented in Fig. 7~closed triangle!. ForEdc50.92 Vmm21 the
permittivity exhibits a sharp maximum for a temperature
near the zero field Sm-Ca*→AF phase transition. This maxi-
mum is due to the Goldstone mode. Its frequency is the same
as at zero field.

In the AF phase the permittivity shows a decrease. In the
low frequency range we obtained two relaxations@see Fig.
6~a!#. The one with the lower frequency and smaller strength
~AF2! shows thermal activation and has a continuity in the
following Sm-Cg* (g2) and Sm-CA* (A2) phases. We think
that it could be due to the rotation around the molecular short
axis. Note that in tilted and helical structures this mechanism
contributes to the planar permittivity, and also it could be
present due to misalignments. Note that the frequency
~103–104 Hz! is lower than in other compounds with smectic
mesophases@31–35#. The dielectric strength of the relax-
ation that takes place at 104 Hz and identified as AF1 de-
creases on decreasing temperature and its frequency in-
creases with a jump at the Sm-Ca*→AF phase transition. In
the Sm-Cg* and Sm-CA* phases we also observe a mode with
similar frequency~g1 andA1! but there is a jump in fre-
quency and strength at the AF→Sm-Cg* phase transition.
The jump of the strength is very clear but the jump of the
frequency could be an artifact of the fitting procedure@see
Fig. 6~b!, the low frequency mode is very large#. In order to
analyze its nature we studied its behavior under different bias
fields for different temperatures in different phases~see Fig.
10, cell thickness of 25mm!. The frequency is not noticeably
changed by the dc fields but the strength is. This phase is
helical; the dechiralization lines are very clear under the po-
larizing microscope. However, its behavior under bias fields
is very complex above all near the Sm-Ca* phase. The helix
is easily unwound~0.4 Vmm21! but a larger field 0.7
V mm21 produces another helix. A further increase of the
field unwinds this helix. Coming back to the AF1 mode, at
38 °C in the AF phase for low fields the strength shows a
linear increase and forEdc between 0.6 and 0.8 Vmm21 an
important decrease with a jump, in the same way as other
authors obtained for the Sm-CA* phase@16#. This jump de-
pends on the temperature and takes place at the field where
the ‘‘field-induced’’ dechiralization lines disappear. The
lower the temperature the smaller the jump and the field at
which takes place. It is worth noticing that in the low tem-
perature side of the AF phase after unwinding the helix it
does not appear after switching off the bias field. In this
temperature region the strength of the AF1 mode does not
show an increase for low fields~see Figs. 9 and 10 for

FIG. 9. Dielectric permittivity at 125 Hz~on cooling! vs tem-
perature for different bias fields:~d! 0 V mm21, ~h! 0.2 Vmm21,
~s! 0.4 Vmm21, ~L! 0.6 Vmm21, ~n! 0.92 Vmm21, ~l! 1
V mm21, ~m! 1.4 Vmm21.

FIG. 10. Dielectric strength of mode 1 versus bias field in both
antiferroelectric mesophases:~d! 38 °C ~AF!, ~j! 33 °C ~AF!, ~m!
26 °C (Sm-CA* ).
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33 °C!. We think that this mode could be understood as an
azimuthal in antiphase reorientation of the director with con-
stant tilt @8#, being directly related to the antiferroelectric
ordering. This would also explain the decrease at the
AF→Sm-Cg* phase transition~see Fig. 8!. For all tempera-
tures in the AF phase a low frequency relaxation appears
when the strength of the AF1 mode shows the jump. The
latter relaxation could be the ferrielectric Goldstone mode. In
the Sm-CA* phase it is almost constant tillEdc51 V mm21,
where it shows a decrease. This field corresponds to the criti-
cal field needed to suppress the helix as it was corroborated
by the optical observation. It also corresponds to the increase
of the apparent tilt angle@Fig. 4~a!#. Then it seems that this
mode is related to both the antiferroelectric ordering and the
helical structure.

With respect to the high frequency relaxation, which was
assigned to the overall molecular reorientations around long
axis, some comments are needed. In other ferroelectric liquid
crystals with the usual Sm-A→Sm-C* phase transition this
mode shows a broader spectral shape and in general its fre-
quency does not show any jump at the phase transitions,
neither at the isotropic→smectic~or cholesteric! nor among
different smectic mesophases@31–35#. This mode, in gen-
eral, shows thermal activation with activation energies
around 30 kJ mol21. Figure 11 is an Arrhenius plot@log10( f t)
vs 1000/T# of the frequency of this mode. The frequency is
lower than in other materials and the activation energy
larger. There is a jump~an increase! at the I→Sm-A phase
transition, according to the theoretical predictions. To the
best of our knowledge this fact was never observed for smec-
tics. We think that could imply that the molecular structure
of ICOOET, and probably other materials showing antiferro-

electric phases, is more rigid than in other ferroelectrics and
then they are nearer the theoretical assumptions of the rota-
tional diffusion model. The order parameter of the long mo-
lecular axis should be large~note the important jump at the
I→Sm-A phase transition of the frequency of the mode re-
lated to the reorientations around short molecular axes, Fig.
7!. Another important point is that the spectral shape is in
accordance with the Havriliak-Negami equation in the whole
temperature range from theI to the Sm-CA* phase. This spec-
tral shape does not change at the transitions. The values of
the a, b parameters in Eq.~4! are around 0.94 and 0.6 ev-
erywhere. Note that this relaxation has been well character-
ized because, even theI phase is well inside the experimental
frequency window. It seems that thisa priori empirical re-
laxation shape is a characteristic of this mechanism and not a
consequence of a superposition of different relaxations~con-
formational changes, librations, etc.! with similar frequen-
cies. The activation energy in the Sm-A and Sm-Ca* phases
is the same~51 kJ mol21! and also in the AF and Sm-Cg*
phases~56 kJ mol21! with no jumps of the frequency at the
transitions. However, at the Sm-Cg*→Sm-CA* phase transi-
tion there is a jump, but the activation energy is almost the
same. This could indicate that the pairing of transverse di-
pole moments, proposed to account for the structure of this
mesophase, has some importance in the dynamics of the ro-
tation around long molecular axis. In this sense, recently it
has been proposed for MHPOBC@36# that in the Sm-CA*
phase of this material the carbonyl group near the chiral cen-
ter lies on the tilt plane while in the Sm-C* phase it takes a
considerably upright position. Probably this different main
position could influence the hindered motion of molecules
around molecular long axis. The dielectric results could sug-
gest that there is more order of the molecular transverse axes.

In summary, we have analyzed by means of optical, di-
electric, and calorimetric studies a compound exhibiting sev-
eral subphases derived from the Sm-C* phase. In particular
it has a relatively broad range of Sm-Ca* phase and a re-
entrant antiferroelectric one. This compound shows a rich
and complex dielectric response with several active modes in
each subphase. We have analyzed the temperature and field
behavior of some of these modes. However, much effort has
to be done, not only in this material, to clarify the origin of
some of these modes. The field-induced phase transition
makes this type of study a difficult task.
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