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We have studied by means of polarization, tilt and broadband dielectric spectroscopy the liquid crystal
(R)-1-methylheptyl-664’-decyloxybenzoyloxy2-naphthalene carboxylate. This compound together with a
ferrielectric and two antiferroelectric phases shows a broad range, 6 °C, @’Sphase. 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 paraeleciplsamse and in the
complex SmE}, phase. However, the frequency shows a jump at theC3m- Sm-C} phase transition, which
could be due to an increase of the order of the molecular short g&#863-651X96)11510-5

PACS numbds): 61.30—v, 77.22.Gm, 77.80-¢e

INTRODUCTION (crystalling. Our (dielectrig results show that it also has
ferrielectric and antiferroelectric mesophases:
Since the first antiferroelectric liquid-crystalline phase

was discovered by Chandaet al. in 1989 [1,2], a large | — Sm-A—— Sm-C* — AF
amount of new series of materials showing ferroelectric, fer- 64.5°C 48°C 41.8°C
rielectric, and antiferroelectric mesophases have been found. = Sm-C} 72 Sm-Ci —5c C.

In spite of the large amount of experimental and theoretical
work devoted to this subject, a clear explanation of the strucy; js worth noticing that it does not show the SBi- phase.

tuhre of thesle nevg phasszh_as not 3|/et been achieved. Theo o it has a Sne* phase during a broad range of tem-
phenomenology they exhibit is complex: many transitions o 1 . ,
that cannot be detected by means of the usual characteriz erature, near 6°. It also shows a reentrant antiferroelectric

tion techniques, such as x-ray or differential scanning calo- F phase18]. . )
rimetry [3,4], transition temperature changes with the cell 1he structure of the Snt, phase was found to be anti-
thickness, anomalous behavior of the helical pitd, ferroelectrically ordered with molecules in adjacent layers

phases that disappear Changing the 0ptica| p@ﬁ'}ydiffer- tilted in opposite directionBl,Z]. The SmC’; is ferrielectric
ent(qualitative and quantitatiyeesults in the same phase of and models consisting of an alternate sequence of ferro and
different compound$7,8], etc. Dielectric and electro-optic antiferroelectric ordering were proposgiB]. Thus, the unit
experiments have become very important in this field be<cell consists of threéor more layers such that the tilt in two
cause of their capability of providing information about the of them points in one direction and in the third one in the
collective modes involved in these polar phases: soft modeypposite. Recently, other authddg have proposed a bilayer
ferroelectric Goldstone mode, helix related ferrielectric andstrycture to account for the S@* —Sm-C* —Sm-Cx
antiferroelectric modes, etf4,9-16. phase sequence, being an azimuthal reorientation of the mol-

In this paper we will show experimental results on thegces at the transitions the mechanism that originates the
compound with chemical formukhereafter called ICOOET tferent phases. Still more controversy exists about the

o} Sm-C% phase. Its presence is related to a reduce ability of
CsztO‘@—{ the material to form ferroelectric S@* and antiferroelec-
° Q@ o tric Sm-Cj [19]. The interaction between smectic layers due
o< to collective polarization fluctuations causes the antiferro-
CeHia electricity in the high-temperature region of the SBij-
phase. The competition between this antiferroelectricity and
This compound appeared in the literature in 1997] but  the ferroelectricity causes the complexity of the &i)-
the reported phase sequence wasSmA—Sm-C*—C phase. Cepic and Zek&0] have analyzed the discrete model
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proposed by Sun, Orihara, and Ishibaigti] that takes into 160 : : : : : :
account interlayer interactions between the nearest and the
next-nearest neighboring layers. The model predicts for the
Sm-C% phase a short pitch tilted phase due to the competi- 120l
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 pHa$e in
contrast with the model proposed by Fukuetaal. [19] and 40
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-C% —Sm-C* - AF—FIl, (ferrielectric high tempera-
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(o]
o
T

L 1 1 1 1

20 25 30 35 40 45 50 55
Temperature [°C]

turey —Sm-C—Fl_ (ferrielectric low temperatuje 25 . l ‘ :
—Sm-Ck , as due to a competition between antiferroelectric (b)
and ferroelectric interactions stabilizing S8f and &
Sm-C* phases, respectively, in the same way as previously 'g 20 .
was explained the complex S@% phase. A devil staircase, Q
derived from the Sn€} is introduced being Sn&(0) F
=Sm-CX, Sm<Ci(1)=Sm-C*, Sm-<C}(3)=Sm<C*, g 1or 7
Sm-C} (3) =AF, and so on. This structure would explain, for §
example, the observed behavior of the apparent tilt angle <«

. . . . o 10 .
versus field in the different phases. In this paper we report >
polarization, tilt, and dielectric studies in ICOOET. -
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EXPERIMENT log ,(Te-T)

The ICOOET was obtained following a synthetic pathway o .
similar to the one described for its biphenyl homologous FIG. 1. Spontaneous polanza}non Vs temperaty{e. Measuring
[2,14]. The intermediates and the final compound were a”condmons. triangular field, maximum field 9 Mm =, 50 Hz,

characterized by microanalysis for which satisfactory results olid line: fitting to Eq.(L. (@) inear, (b) logylogso plot.

were determined. The data obtained by IR, NMR, and masEe used with the three measuring systems. Thus, the cell

spectroscopy were found to be consistent with the predicte ; . .
b Py b consists of two gold plated brass electrodeith a diameter

structures of the products. Purity of the materials was : .
checked by thin-layer chromatography and high-pressure Iitivf 5 mm) separated by 5@m-thick silica spacers. The spon-
I

uid chromatography showing a chemical purity exceedin aneous polarlzathn was measured, using the tnangul_ar
99.5%. For the synthesis we used the commercially availab ave method, f_or different values of the frequ_ency anq maxi-
mum voltages in order to properly characterize the different

(S)-(+)-2-octanol (Aldrich), which served as an enantio- ientati In thi iall labl
merically enriched starting material. The esterification regc!eorentation processes. in this case commercially avaiiable

tion was carried out following the procedure described byce"S With_ transparent indium f[in OXiddTO) _electrodes,
Mitsunobu [23]. This is a redox reaction which proceeds coated with polyimide and having the cell thickness of 25

with net inversion of configuration in the chiral center. The pm were use(_j. 'I_'hes_e cel[s were also used _for the dielectric
pure final product was twice recrystallyzed from absoluteStu.dy under blasmg_ fields in ordgr to control |ts.effect on the
ethanol. Optical purity of the compound was determined b>hellcal structure. It is Wor_th noticing that the alignment was
polarimetry andH NMR using shift reagent and comparing not perfect, always showing a fan-shaped texture.
with the racemic samples. Based on these results we assumed
that the final compound was essentially optically pure. RESULTS

Three different measuring systems were used to measure )
the complex dielectric permittivity over nine decades of fre-  Figure 1@ shows the spontaneous polarizatidgversus
quency(10°—10° Hz): a Schlumberger 1260 frequency re- temperature..The frequency of the tn_alngulgr wave was 50 Hz
sponse analyzel(°—10* Hz) and two impedance analyzer- and the maximum field v:_;llue 9 Mm ._Thls fleld is high
s: HP 4192A(102—10 Hz) and HP 4192A(10°-10 Hz). enough to switch the antiferro an ferrielectric states to the
The HP 4192A measures the impedance of the sample frofgrroelectric ones, and then no anomaly could be detected on
the reflection coefficient at the end of a 8Dcoaxial trans-  the Ps(T) curve at the phase transitions. The continuous line
mission line. With this setup high conductivity electrodesiS the fit to the power law
must be used. In order to guarantee the same alignment con-
ditions over the whole frequency range, the same cell must P(T)=Py(Tc—T)A, (D)
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FIG. 3. Current-field cycles. Measurement conditions: triangular
field, frequency 50 Hz(a) on the high-temperature side of the
] 1 1 1 . . . . . .
05 0.0 0.5 10 15 20 Sm-C* phase, showing its antiferroelectriclike charactéy;in the

AF phase, showing four peaks.
log, ,(Te-T) P g fourp

appear: two clear peaks, instead of one, are obsdes
FIG. 2. Apparent tilt angle vs temperature. Measuring condi-Fig. 3(a)]. These are present for different frequencies of the
tions: square field-6 V um™. Solid line: fitting to Eq.(2). (@  applied triangular field. When the temperature goes down
linear, (b) logy¢-logyg plot. one peak decreases and the other increases. This is in accor-
. , o~ dance with similar measurements in other compounds with
with P;=28.05 nCcm*, 8=0.5, andT;=48 °C, in a perfect Sm-C* phase, where an antiferroelectriclike behavior is ob-
agreement with the mean field model. Figufe)lshows the  geryed near the paraelectric phase and a progressive change
same as Fig. (8 but in a logg-log,, plot. The apparent tilt 4 terriglectric behavior occurs as the temperature goes down
angle of the moIecuIef_s from the normal to_the smecy{: !ayeff{ylg,zzq_ Around 42 °C the pattern of the reversal of the po-
6, was measured using a square wavexd V um " in  |gzation changes. We observed several peaks depending on
order_ to guarantee the switching to the _ferroelect_rlc statefhe field and frequency. In Fig.(88) four peaks were ob-
and is represented versus temperature in Fig). Figure  sined. As Fukuda, Takanishi, and Ishikawa mentioned in
2(b) shows the corresponding lgglog; plot. No anomaly  [19] more than four states and three peaks may appear in the
could be detected in th&(T) curve at the phase transitions. gitching because the field-induced transition may occur in
The whole temperature range could be fitted to the poweg,ch 5 way that an antiferroelectric phae ferrielectric
law phase¢ may transform into the ferroelectric phase indirectly
_ _ B via a ferrielectric phasdanother ferrielectric phageThis
BT =6o(Te=T)", @ pehavior was assigned to the AF phase.
with T,=48 °C, §,=12.6 °, and3=0.14, a value very far Figure 4a) shows the apparent tilt angl@ormalized to
from the mean field value obtained for the polarization. It isthe saturation valyefor different values of the electric field
worth noticing the high value of the apparent tilt in the @m- in the SmC% (47 °C), AF (35°C), Sm-C* (30 °C), and
phase, indicating an important electroclinic effect, in partSm-Cx (26 °C) phases. The stepwise increase is evident,
due to the high value of the measuring field. The same effedndicating that there are several intermediate steps induced
is included in the SnE* phase, which would explain the by an electric field. In both antiferroelectric mesophases
h|gh value of the apparent tilt near the erphase and the there is a critical field below which the apparent tilt is zero.
small value of theB parameter. From the analysis of the The value in the plateau correspondsstof the saturation
current-field cycles for different maximum fields and fre- value, the same as in the S8T; phasg24,25. However, in
quencies we arrived at an identification of the differentthe high-temperature side of the AF phase the behavior is
phases. When in these cycles, upon cooling from theASm- similar to the SmE? phase, in which the plot shows more
phase, the reversal of the spontaneous polarization starts steps in accordance with its complex nature. The field depen-
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its neighbors, which just contributes to a mean potential. The
75k ] molecules are treated as rodlike rigid bodies. In the uniaxial
3 mesophasefN or SmA) this theory predicts for the planar
5 alignment two modes that can be detected dielectrically. One
g 50 - 8 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
251 I and then to the longitudinal dipole moment. However, the
frequencies of both modes are similar and the aspect of the
ok ’ ] relaxation is just a broad peak. Librations as well as confor-
, . . ) mational changes could also contribute to this relaxation. For
0 2 4 6 8 10 the homeotropic alignment the main contribution is related to

Electric field [V um™] the reorientation of the long molecular axis around short axis
and then with the longitudinal dipole moment. The frequency

FIG. 4. (a) Measured apparent tilt angl@ormalized with the  of this mode is lower than the one in the planar alignment
saturation valugevs applied electric field for different temperatures: and shows in general a high activation energy due to the
(©) 47 °C in the SmE* phase;(O) 35 °C in the AF phase(®) nematic or smectic potentials. If the alignment is not good or
30 °C in the SmE’, phase;(0)) 26 °C in the SmE, phase.(b)  the phase is tiltedfor example, a SnG phase with the layer
Measured polarizatiortnormalized with the saturation values  normal parallel to the electrodes superposition of all
maximum triangular field: (O) 35 °C in the AF phase(®) 30°C ~ modes will be observed in the planar alignmésee, for
in the SmC7, phase;(J) 26 °C in the SmE}, phase. example, Ref[26]).

Figures 6a)—6(c) are typical spectra in the AF, SB%
dence of the measured polarization shows similar effects agnd SmC} mesophases. In the phase we observed two
the apparent tilt anglesee Fig. 4b)]. Note that the fields are relaxations. The high frequency one is mainly related to the
not comparable because in the case of the polarization it wagtation around the molecular long axis and the low fre-
triangular and the critical fields are also frequency depenguency one to the reorientation of the long molecular axis
dent. around short axis. These frequencies are different due to the

Figure 5 shows a tridimensional plot of the dielectric anisotropy of the rotational diffusion tensor. On the other
losses,e”, versus temperature and frequeri@f™~10° Hz).  hand, the strength of the high frequency contribution is
The high frequency relaxation is related to the rotationjarger than that of the low frequency one, as was expected
around molecular long axis. The low frequency relaxationsrom the structure of the molecules of the compound. The
are a mixture of different mOdQSOﬁ: mode and helix related parameters of the two modes in this phase have been de-
modes that we will discuss later. In this low frequency re- duced from the fitting of the complex dielectric permittivity
gion the different transitions can be seen. The maximum cofg
responds to the Sm— Sm-C* 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 S2j- phase.

Now we will analyze deeply the dielectric behavior in the where Ag(w) stands for the contribution due to the mecha-
different phases. Dielectric data for low-molar-weight liquid nism relaxing in the low frequency sidé means longitudi-
crystals are in general well described assuming the small stegal dipole moment Ae(w) for the high frequency onét
rotational diffusion model for the molecular dynamics. In means transverse dipole moment, for the residual high
this theory each molecule is supposed to act independently dfequency permittivity after the relaxation of both, abgl

e(w)=Ag|(w)+Agi(w)+e,—l0y4/w, 3
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FIG. 6. (O) complex dielectric permittivity. Solid lines:

fit-

tings of the different modega) AF phase,(b) Sm-C*; phase,(c)

Sm-Cj phase.

Temperature [°C]

FIG. 7. Frequency of the different mod¢deduced from the
fittings) vs temperature(®) rotation around the molecular long
axis, (<) rotation around the molecular short axi§)) soft mode,
(A) soft mode withEg=1.4 V um™%, (A) Goldstone mode(()
modes 1, 2 and the ferrielectric Goldstone mdsiee texk

In the SmA 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 thel 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-
guency one is the soft modeollective tilt fluctuations; that
is, fluctuations of the director around layer norived 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 thé 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
frequenciegsee Fig. 7. In this mesophase experimental data
were also fitted to Eq(3) but adding one more contribution
to account for the soft modae (w). This has a Cole-Cole
behavior(8=1, the shape of the dielectric losses is symmet-
ric) but near Debye typéa=1).

In the SmC} phase the main contribution in the low
frequency side is related to a relaxation whose frequency is
almost constant during the 6° of mesoph&sE# 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 V um™?), which is in accordance with the exist-
ence of a very short pitch. Due to the physical limit of 3% V
of our experimental device we checked this with thinner
samples(25 um). In this case another mode is observable
during several degrees. Its behavior, both the strength and

for the dc conductivity. Both relaxations were fitted to the the frequency, joints with the soft mode of the @nphase

Havriliak-Negami equatiorj =t,I)

1

AEJ(O)):ASJ m .

(4)

showing the typical V" shape. Thus, in this phase the re-
sults were fitted to

e(w)=Aeg(w)tAe(w)te,—ioylw,

©)

The a,B parameters ofAg|(w) are unity (Debye behavior
The high frequency relaxation is broader an asymmeétric where Aeg(w) stands for the Goldstone mode contribution.
=0.94, 3=0.6). Its spectral shape is near Debye type.



5174 S. MERINOet al. 54

12 : : : : antiferroelectric ordering have been propoddd®]. This
compound and the biphenyl analogdiHDOBBC) [3,14]
SmC* . . .
ok LY Sme* SmA | fulfill these rules. Both systems favor zigzag conformatlons
SmC; AF o of the molecules that induce tilted mesophases. Their length
< x««"‘f and polarizability exert a positive influence over the intermo-
5 8r i lecular interactions favoring the mesophase formation. How-
%,-’ ever, their phase sequence and transition temperatures are
2 6r ey T different. In comparison with the linear geometry of the’4-4
8 biphenyl system, the 2,6-disubstituted naphthalene ring al-
8 41 T lows us to introduce a step that significantly alters the linear-
,J;/ ity of the molecule. The naphthalene system is broader and
2+ - increases the excluded volume of the whole molecule, giving
seaa__od 9 =, eens rise to a decrease of the intermolecular forces. This effect
oeoe |®sesohagy, L lowers the mesophase temperatures, so for this compound it
20 30 40 0 60 70 is possible to find a S} phase at almost room tempera-

ture. In addition it has a broad range of Sbj- phase and
re-entrant antiferroelectric mesophdgd-).
As mentioned by other authors, no texture changes at the

Figure Ga) shows the real and imaginary components ofSM-A—Sm-C7, phase transition could be sef28,29. We
the dielectric permittivity versus the logarithm of the fre- could not observe any dechiralization line indicating that or
quency for a temperature in the AF phase. The spectrum is @€ SmC}, phase is not helicoidal or the pitch is very short.
little more complicated. The results were fitted to a superpod he pseudohomeotropic texture looks very uniform, which is
sition of three contributions: rotation around the molecularalso consistent with a very short pitch. This fact is in accor-
long axisAg,(w), and two modes that we will callear;(w) — dance with the results of other authors indicating that this
and Aeapo(w). The last two are near Debye type. phase is tilted, being the tilt of the molecules helicoidally

In the SmC* phase[see Fig. @)] we observed four Mmodulated over only a few layefd5,23. Then, the ob-
relaxations. With respect to the preceding phase, one morkerved relaxation should be a superposition of the Goldstone
relaxation has to be added in the very low frequency Sidénode and the soft mo_de. The strength of the Goldsto_ne n_10de
(around 16 Hz). This relaxation is typical of these ferrielec- iS much smaller than in Sr&* phases. For example, in this
tric mesophasefl0,12,15 and is called “ferrielectric Gold- ¢ase it is around 8, and in the S@f- phase of the homolo-
stone mode” because it is related to azimuthal reorientation§0Us biphenyl compound it is around 18B4]. On the other
of the director and can be easily quenched by means of a ride, the critical field to quench the Goldstone mode is high,

electric field. The shape of this relaxation, which we will call @round 1.2 Vum™: the pitch is short, then it is difficult to
Ae,g(w), is Havriliak-Negami with «=0.6 and =0.97. unwind the helix. In this case unwinding the helix should

FIG. 8. Dielectric strength of the different mod@educed from
the fitting9 vs temperature. Symbols are the same as in Fig. 8.

Then the results were fitted to mean that the field induces at least partially the ferroelectric
state. This is in accordance with the tilt measuremg§hig.
e(0)=Ae g(w)+As 1 (0)+Ae p(0)+Aew)+e. 4(a)]: for 47 °C the steepest increase corresponds to a field
that is around this value. We take the $x-Sm-C* tran-
—ioglo. (6)  sition temperaturd, at the maximum value of the low fre-

quency permittivity. It corresponds with the minimum value
In the SmCj; mesophase we observed threeof the frequencyFig. 7). After this point, the strength of the
relaxations: Ag(w), Aeps(w), andAep,(w) [see Fig. €)].  relaxation(Fig. 8) decreases while the frequency increases
These last two and the corresponding ones with similar freduring 0.3°, and after, both frequency and strength rest al-
guencies in the Snﬁ};c and AF phases are near Debye type.most constant. All these facts could be explained in the con-
Figures 7 and 8 show the temperature dependence of thext of the standard mean field theory for the 8m-Sm-C*
frequencies, and strengths of all the above mentioned modeghase transition, which predicts the following behavior for
They have been deduced from the fittings and correspond tie strengtiEq. 7a)] and frequencyEq. 7b)] of the soft
the experimental data with the 5@m thick cells. We also mode in the SmA [30]:
include the frequencies of the mode assigned to the soft
mode after quenching the Goldstone mode in the Gn-

. . R 1
phase, obtained with the 26m cells. At this point it is worth Aggpe ————, (79
noticing that there could be some doubt about the strength a(T—Tc)+Adg
and frequency of the modg due to the large strength of the
modeyG. foa=a(T—To)+AQ2, (7b)
DISCUSSION

whereA anda are constants of the model agglis the wave
ICOOET is, to the best of our knowledge, the first com-vector of the pitch af.. In the SmE* phase the soft mode
pound with the naphthalene group instead of the biphenyparameters are given by Egs(ay and 7b), replacing
one showing antiferro and ferrielectric mesopha$23|. a(T—T,) by 2a(T—T,.). The strengtHEqg. 8a)] and fre-
Some empirical rules related to the chemical structure anduency[Eg. 8b)] of the Goldstone mode are given by
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Temperature [°C] FIG. 10. Dielectric strength of mode 1 versus bias field in both

antiferroelectric mesophase®) 38 °C (AF), (l) 33 °C(AF), (A)
FIG. 9. Dielectric permittivity at 125 HZon cooling vs tem- 26 °C (SmC3).
perature for different bias field$®) 0 V um™%, (O0) 0.2 V um™3,
(©) 0.4 Vum™, (0) 0.6 Vum™, (A) 0.92 Vum™, (¢) 1 In the AF phase the permittivity shows a decrease. In the
Voum™ (A) 1.4V um™ low frequency range we obtained two relaxatidese Fig.
6(a)]. The one with the lower frequency and smaller strength
(AF2) shows thermal activation and has a continuity in the

ASG%?’ (83 following Sm-C%(y2) and SmEj;(A2) phases. We think
that it could be due to the rotation around the molecular short
fo~0q2. (8b) axis. Note that in tilted and helical structures this mechanism

contributes to the planar permittivity, and also it could be

If the Sm-C¥ phase is interpreted as a Spi-with a very  present due to misalignments. Note that the frequency
short pitch, the high value of the Goldstone mode frequency10°~10* Hz) is lower than in other compounds with smectic
and also the small value of its strength are clear. Just arountesophase$31-35. The dielectric strength of the relax-
the SmC* —Sm-A phase transition the situation is not ation that takes place at 461z and identified as AF1 de-
clear. Probably in the first 0.3 °C after the phase transitiorfreases on decreasing temperature and its frequency in-
the relaxation is a mixture of soft mode and Goldstone modegreases with a jump at the S@¥; — AF phase transition. In
Note that the soft mode strength around the transition is quitthe SmC’ and SmC} phases we also observe a mode with
large even with a dc fieléFig. 9) and also that the Goldstone similar frequency(yl and Al) but there is a jump in fre-
mode frequency is higher than the soft mode frequency at thguency and strength at the AFSm-C’ phase transition.
transition. The jump of the strength is very clear but the jump of the

In Fig. 9 we have represented at 125 Hz versus tem- frequency could be an artifact of the fitting proced{see
perature for several bias fields from 0 to 1.4uvh~* (with a Fig. 6(b), the low frequency mode is very largén order to
cell thickness of 25um). It is clear, when one compares the analyze its nature we studied its behavior under different bias
results of 0.92 Vum ! with the results wherE,.<0.92 fields for different temperatures in different phagsse Fig.
V um~? that something strange has happened. The maxit0, cell thickness of 2ixm). The frequency is not noticeably
mum permittivity value at the Sm— Sm-C? phase transi- changed by the dc fields but the strength is. This phase is
tion increases with increasing field ti;,=0.92 Vum ! helical; the dechiralization lines are very clear under the po-
and after decreases. This decrease indicates that the fieldl&izing microscope. However, its behavior under bias fields
unwinding the helix and quenching the Goldstone modeis very complex above all near the S@f phase. The helix
This fact was corroborated by the optical observation. Fois easily unwound(0.4 Vum™1) but a larger field 0.7
Eqc between 0.8 and 0.92 Mm™* clear dechiralization lines v um~* produces another helix. A further increase of the
appear under the polarizing microscope: the field is makindield unwinds this helix. Coming back to the AF1 mode, at
the pitch longer and then the Goldstone mode strength would8 °C in the AF phase for low fields the strength shows a
become larger. For higher fields the helix becomes unwountinear increase and fdE 4, between 0.6 and 0.8 ¥m™* an
and the Goldstone mode disappears. The measurements withportant decrease with a jump, in the same way as other
1.4 V um™* shows a behavior typical of a soft mode contri- authors obtained for the SI@ phase[16]. This jump de-
bution. For these cells and withy=1.4 Vum™ we ob-  pends on the temperature and takes place at the field where
tained the temperature dependence of the soft mode aroume “field-induced” dechiralization lines disappear. The
the SmA—Sm-C}, phase transition that we have repre- lower the temperature the smaller the jump and the field at
sented in Fig. Tclosed trianglg For E4=0.92 Vum *the  which takes place. It is worth noticing that in the low tem-
permittivity exhibits a sharp maximum for a temperatureperature side of the AF phase after unwinding the helix it
near the zero field Sn& — AF phase transition. This maxi- does not appear after switching off the bias field. In this
mum is due to the Goldstone mode. Its frequency is the samemperature region the strength of the AF1 mode does not
as at zero field. show an increase for low fieldésee Figs. 9 and 10 for
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8.0 : : : : 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 larg@ote the important jump at the
| -=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
7.or 51 kJ mol-! \ T accordance with the Havriliak-Negami equation in the whole
\ temperature range from theo the SmCj phase. This spec-
56 kJ mol™! tral shape does not change at the transitions. The values of
the a, B parameters in Eq4) are around 0.94 and 0.6 ev-
erywhere. Note that this relaxation has been well character-
ized because, even thehase is well inside the experimental
frequency window. It seems that thaéspriori empirical re-
laxation shape is a characteristic of this mechanism and not a
consequence of a superposition of different relaxaticos-
formational changes, librations, etavith similar frequen-
cies. The activation energy in the Stnand SmC¥ phases
is the same51 kJ mol'Y) and also in the AF and Sr@—j
33°0). We think that this mode could be understood as arphaseq56 kJ mol'!) with no jumps of the frequency at the
azimuthal in antiphase reorientation of the director with con+ransitions. However, at the sm*-;—>3mc;§ phase transi-
stant tilt [8], being directly related to the antiferroelectric tion there is a jump, but the activation energy is almost the
ordering. This would also explain the decrease at the&ame. This could indicate that the pairing of transverse di-
AF—Sm-C’, phase transitiorisee Fig. 8 For all tempera- pole moments, proposed to account for the structure of this
tures in the AF phase a low frequency relaxation appearmesophase, has some importance in the dynamics of the ro-
when the strength of the AF1 mode shows the jump. Theation around long molecular axis. In this sense, recently it
latter relaxation could be the ferrielectric Goldstone mode. Irhas been proposed for MHPOB@6] that in the Smek
the SmC} phase it is almost constant ;=1 V um™,  phase of this material the carbonyl group near the chiral cen-
where it shows a decrease. This field corresponds to the critier lies on the tilt plane while in the SIB* phase it takes a
cal field needed to suppress the helix as it was corroborategbnsiderably upright position. Probably this different main
by the optical observation. It also corresponds to the increaggosition could influence the hindered motion of molecules
of the apparent tilt anglfFig. 4@)]. Then it seems that this around molecular long axis. The dielectric results could sug-
mode is related to both the antiferroelectric ordering and thegjest that there is more order of the molecular transverse axes.
helical structure. In summary, we have analyzed by means of optical, di-
With respect to the high frequency relaxation, which waselectric, and calorimetric studies a compound exhibiting sev-
assigned to the overall molecular reorientations around longral subphases derived from the SHi-phase. In particular
axis, some comments are needed. In other ferroelectric liquifl has a relatively broad range of S@ phase and a re-
crystals with the usual StA—Sm-C* phase transition this entrant antiferroelectric one. This compound shows a rich
mode shows a broader spectral shape and in general its frand complex dielectric response with several active modes in
quency does not show any jump at the phase transitiongach subphase. We have analyzed the temperature and field
neither at the isotropie-smectic(or cholesteri¢ nor among  pehavior of some of these modes. However, much effort has
different smectic mesophasg31-35. This mode, in gen- to be done, not only in this material, to clarify the origin of
eral, shows thermal activation with activation energiessome of these modes. The field-induced phase transition

around 30 kJ mol*. Figure 11 is an Arrhenius plflogo(f,)  makes this type of study a difficult task.
vs 1000/ of the frequency of this mode. The frequency is

lower than in other materials and the activation energy

larger. There is a jumgan increaseat thel -Sm-A phase ACKNOWLEDGMENTS
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FIG. 11. Arrhenius plot of the frequency of the mode related to
the rotation around the molecular long axis.
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