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Dielectric relaxation behavior of a liquid crystal showing an unusual type
of antiferroelectric-ferroelectric-antiferroelectric phase sequence
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The temperature and frequency dependent dielectric relaxation behavior of a liquid cry$@Hire-1-
methylheptyl 4f2-(4-alkoxyphenyl thiophene-5-carbonylthiootybenzoate system is reported. Interesting
successive antiferroelectric-ferroelectric-antiferroelectA&-FE-AF) phase transitions are observed in this
system resembling the successive phase transitions observed in crystalline Rochelle salt. TheCdmectic-
(SmC*) to AF1 phase transitiofaround 103.0 °Cis first order in nature, predicted from the use of Orihara
and Ishibashi theory. It is also found that a contribution of the ferroelectri€*Sphase ordering penetrates
even in the antiferroelectric AF1 (SDf) and AF2 (SnC3) phases very close to the €&h-AF1 and
SmC*-AF2 phase boundarigsritical regions. It is suggested that this type of mixing of AF and FE phases
might cause surface induced ferroelectric- or ferroelectric-type ordering near the AF-FE phase transitions. A
soft mode with Debye-type dispersion was observed in thé Pimase. The thermal behaviors of dielectric
dispersion, absorption, and dielectric strength in different phases are also reported and discussed.
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. INTRODUCTION Strictly speaking, optically pure MHPOBC has three Gin

Ferroelectric(FE) or antiferroelectric(AF) phase transi- Subphases, viz., Saf, S”CE_, and SnC7 as reported by
tions are well known in many H-bonded molecular crystalsFukai et al. [3] and Chandanet al. [5]. On the other hand,
like KH,PO, [1], Rochelle salf2], etc. However, similar for mixtures of R and S enantiomers, the phase sequence
ferro- and antiferroelectric ordering has also been discovereghanges to Si-SmC*-SmCy, where the transition from
in liquid crystals(ferroelectricity in 1974 and antiferroelec- SMC* to SnCj is first order in nature. In recent years, a
tricity in 1989). Since the first observation of antiferroelec- great deal of effort has also been directed to determining the
tricity in MHPOBC [4-(1-methylheptyloxy-carbonylphenyl  detailed structures of various chiral smedfighases exhib-

4’ -octyloxybiphenyl 4-carboxylaje[3—5], much attention iting antiferroelectric (Se)) or  ferrielectric

has been paid to the study of antiferroelectric liquid crystal{ SmCF,; ,SmCE,,,SnC%) electro-optic responses. Direct
(AFLCs) both experimentally and theoretically. Many structural observation of superlattice periodicities associated
AFLCs have also been found to show successive phasgith the AF and ferrielectric phasef9] has also been
changes and other interesting behavior like frustrafieh marked.

and phase penetratidir]. An optically pure TFMHPOBC Recently an unusual antiferroelectric-ferroelectric-
liquid crystal[8] showed a second order phase transition di-antiferroelectric phase sequence has been reported in an an-
rectly from smecticA (SmA) to smecticCx (SmC}). An- tiferroelectric(S)-(+)-1-methylheptyl 42-(4-alkoxyphenyl

other antiferroelectric liquid crystal system, viz., MHPOBC, thiophene-5-carbonylthiooxybenzoate systerilO] (hereaf-
showed4] a SnC* phase between Sinand SnCj phases. ter referred to as MHATCTB It has the phase sequence

cryst < SnmCx < SnC* « AF2 < SmA « isotropic.
67.8°C 103.0°C 110.0°C 116.0°C 129.0°C

In this paper we report a thorough investigation of thetransitions from isotropic to crystalline phases were studied
dielectric relaxation behavior of this interesting MHATCTB using both temperature and frequency dependent dielectric
system, confirming the transitions. The successive phaselaxation measurements. The present dielectric study sup-

ports the above phase sequence observed from differential
scanning calorimetryDSC) and polarization measurements
* Author to whom correspondence should be addressed. [10]. We observed interesting phase penetration behavior,
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FIG. 2. Frequency dependence of the redl)(and imaginary
0 (e") parts of the dielectric constant in the ferroelectricCGnphase
T ( C ) between two antiferroelectric AF1 and AF2 phases shown in Fig. 1.
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FIG. 1. Temperature dependence of the real part of the dielectric ) .
constant &) at different fixed frequencies for the MHATCTB sys- [0 be almost constant in the $nphase down to 120.0°C

tem showing different phase behavior with change of temperaturednd then it increases gradually with decreasing temperature
The two regions of antiferroelectric phases AF1 and AF2 are alsaintil the SnA-AF2 transition temperature is reached around
shown. ~116.0°C. On further cooling, the dielectric constant de-

creases and then increases again near the AF2*Siman-
which was not noted in DSC and polarization studies. Wesition point(~110.0 °Q. The increase of dielectric constant
attempt to explain the nature of the AF-FE phase transition imear this transition temperature implies soft ferroelectric
the light of the phenomenological theory proposed by Ori-mode behaviofuniform tilt of moleculeg contributing to the
hara and Ishibashill]. The soft mode and Goldstone mode dielectric constant. However, the antiferroelectric méile

behaviors in different phases are also discussed. ing toward opposite directions in the neighboring layers
condenses before the ferroelectric mode. In the present sys-
Il. EXPERIMENT tem, the ferroelectric S&* phase and the two antiferroelec-

tric phases, viz., AF2 and AF1, are clearly separated from

The method of synthesis and the phase behavior of theach other(the situation is similar to that of a crystalline
MHATCTB system have already been discussed by NassiRochelle sal{2], where there are well separated para-ferro-
et al. [10]. We measured the complex dielectric permittivity paraelectric transitionsThis type of ferro- and antiferroelec-
in a sandwich-type cellsample thickness-15 um). Indium  tric mixing has also been observed in H-bonded ferroelectric
tin oxide coated glass plates were used for the electrode$RbH,PQ,) and antiferroelectric (NkH,PQ,) mixed crys-
The cell was filled by the capillary action technique in thetals, where local disorder and frustration leads to “glassy”
isotropic phas¢12]. We used a stabilized low frequency ac behavior at low temperaturéoelow 30 K) [14]. In fact, in
(1.25 Vium) field for better alignment of the sample, and no our present system there is a mixing of the two phases near
bias field was applied. We allowed alignment time up to 60the phase boundariegalled “critical regions”. In these
min. Dielectric measurements were carried out using a comeritical regions both FE and AF ordering coexist. That is,
puter controlled Hewlett-Packard 4192A impedance analyzethere is no distinct boundary separating these two phases. To
having the frequency range 5 Hz—13 MHz as[18]. The  the best of our knowledge, such phase penetration behavior
measuring temperaturé0.0-135.0 °C was controlled by observed in the present antiferroelectric MHATCTB is not
using a Eurotherm temperature controller with an accuracyery common in the liquid crystal family. In the SBfi

better than+0.1 °C. phase, the dielectric constant is large, which implies that the
Goldstone mode should exist. Since the transition from the
Il. RESULTS AND DISCUSSION SmC* to the AF1 phas¢around~103.0 °Q is first order in

_ nature, predicted using Orihara and Ishibashi th¢bty, the
_ Figure 1 shows the real part of the temperature dependegfielectric constant was expected to show a jump at the tran-
dielectric constantd’) of the antiferroelectric MHATCTB  sijtion temperature. The experimental result, however, shows

sample measured at four different fixed frequendiés.,  an unexpectedly small jump at the transition temperature and
100, 316, 1000, and 10000 HzThe observed phase se- then gradually decreases below this transition point.
quence, viz., isotropic-SA-AF2 (SnCj)-SnC*—AF1 To study the dielectric relaxation processes showing up in

(SmC3Z)—Cr, during cooling is also presented in the samethe SnC* phase due to the Goldstone mode, measurements
figure. The real part of the dielectric constamt ) is found  of the complex dielectric permittivitys* =&’ —ie”) were
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FIG. 3. Cole-Cole plots obtained for the Goldstone m@jend 2 3 4
the soft modgb) in the SnC* phase between two antiferroelectric
AF1 and AF2 phases.
P log ,,v (HZ)

made in the frequency range of 30 Hz—10 MHz. Figure 2

ShOW§ .the real {’) and, imaginary ¢") parts of diel?CtriC perature showing conductivity contribution. Solid squares corre-
p_ermlttlwty as a fu_nctlon of frequency for four dlffertznt spond to the experimental values. The dotted line shows the con-
fixed temperaturegviz., 104.0, 106.0, 108.0, and 109.8°C  gyctivity contribution following Eq.(3) with the fitting parameters
in the ferroelectric SI8* phase. For the FE phase of the 5 =1.004<10°Q~tcm ! and s=0.04. The solid line shows

present MHATCTB sample, contributions &6 ande” arise  the Cole-Cole functioiaccording to Eq(2)].
from the Goldston€G) mode behavior. Figure 2 exhibits the

G mode indicated by the broad peak as discussed below. near 500 Hz connected with ti@mode. The contribution of
The dielectric spectra in the frequency range of 30 Hz—1Ghe conduction is higher at low frequencies. Its frequency

MHz, connected with th& [15] and the softS [16] modes dependence Obeys the equat[aﬂ,lﬁ

in the SnC* phase, are shown in Fig. 3 in the forms of s

dispersion and absorption curvéSole-Cole diagram Ex- e"(w)= 0 2)

perimental dielectric constant datshown by the scattered gow

points in Fig. 3 were fitted with the Cole-Cole modification o
of the Debye equatiofl7], viz., and can thereby be correctézlibtractelas shown in Fig. 4.

The fit parameter$, and s are found to be consistent with

*—g 4 Es 8 1) other resultd20]. The power law exponer(s) is generally
1+ (iwn)t e less than 1. For the present samplés found to be 0.04,

indicating a hopping type of conductivity. It appears that the
wheregg is the static dielectric constant,, is the high fre-  conductivity contribution appears in all the processes.
quency dielectric permittivityy [ =1/(27f.)] and« are, re- The variations ofc- andS'mode critical frequencies with
spectively, the dielectric relaxation time and the distributiontemperature are shown in Fig. 5. Here it would be worth-
parameter, and. is the relaxation peak frequency. For a while to mention that, although the temperature dependent
distribution of relaxation timesg varies between 0 and 1. dielectric constants in the antiferroelectric phase have been
One sees from Fig. 2 that there is a pronounced dispersianvestigated in different types of AFLC compounds, a unique

FIG. 4. Frequency dependence ef J and (") at a fixed tem-

€

041704-3



KUNDU et al. PHYSICAL REVIEW E 67, 041704 (2003

7 _ : 15
3 i | ; * Goldstone mode
(a) Q):.\ 165 - in SmC* phase
= i w
6 I: : ‘}“é F <1 [ ]
| % N 150
g \
- G-mode in the Ferro +
2 SmC* phase Antiferro 10F ™

102 104 166 168 1‘;0
Temperature ( °C)
oy P o T e SRS
% b
L4

100 104 108
5F T(C)

log,,v (Hz)
(
Ag
!

l...

3r i C?‘Y.

. E s ASI o IAF1 | 5]“\0 1 :

| i L SmA [so : . L
2 Cr . AFT Antiferro N ; 60 75 90 105 120 135

P R WU MPRS J PR L AUPS A SR
60 70 80 90 100 110 120 130 T ( OC )
0
T ( C ) FIG. 6. Variation of the dielectric strengtiAg¢=¢eq—¢,) with

temperature for the Sy AF2, SnC*, and AF1 phases of the
FIG. 5. (@) Variation of theG-mode critical frequency with tem-  sample MHATCTB.

perature in the S@* phase(b) Variation of the critical frequency

of different phase$AF1, SnC*, AF2, and Sm) with temperature sembles the behavior observed in another antiferroelectric
for MHATCTB. Here the symboll indicates the antiferroelectri® liquid crystal reported earlid22,23 and also indicates some
mode in the AF1 and AF2 phases, the symbplindicates theS  ferroelectric contribution even in the AF-FE boundéacyiti-
mode in the FE (S®@*) phase, and the symb@ indicates the soft  cal) regions. This suggests that the ferroelectric phase of a
mode in the S phase. The hatched regions indicate the phasgarticular type of ordering penetrates to a certain extent
penetration regions. (though very smallinto the antiferroelectric phase. The very

. : . . . . small temperature regions over which such penetration oc-
interpretation or assignment of different dielectric modes ha%urred in the present AFLC were already mentioned above
not been possiblg19,20. The dielectric properties in .4 shown in Fig. ).

AFLCs, in general, have been investigated and analyzed in' rq yariation of the distribution parameter[shown in

the frequency rangél0 Hz-13 MH2 [21-23. In some g4 (1)] with temperature lies between 0.1 and 0.9. The ef-
samples, dielectric absorption studies have also been madedl~t of 4 is to produce a semicircular Cole-Cole plot, the

the ~MHz and~kHz ranges, where thBmode and another conter of which is depressed below the abscissa. The larger is
different mode arise due to the director fluctuation around

) «, the larger is the extent of the distribution of relaxation
the rlnolecrrllar sr?ort axig21]. (I;_owever, thgre are other ?é(' times. The parameter=0 means only one relaxation time.
amples where the corresponding two modes were consi eraje variations of dielectric strengthAf—e.—¢.) with

to originate, respectively, from the so-called antiphase an mperature of the sample are shown in Fig. 6 for the AF1,
in-phase azimuthal angle fluctuations of the dire¢&#]. In SmC*, AF2, and Sm phases.

the present MHATCTB system, we observed the relaxation
frequency at around-10 kHz in the antiferroelectric phase
in a wide range of temperature.

The relaxation of the “ferroelectriclike Goldstone mode”
(FLGM), i.e., fluctuation of the molecules in the azimuthal The temperature and frequency dependent dielectric con-
plane (which is similar to the G in the ferroelectric phase stants of this antiferroelectric MHATCTB system clearly
preserving the antiferroelectric ordering, was not observed ishowed successive phase transitions from antiferroelectric to
the AF1 and AF2 phases in the frequency range of our inferroelectric to antiferroelectric phases. It is also confirmed
vestigation. Even if such relaxation frequency does exist irfrom the dielectric measurements of the MHATCTB liquid
the frequency ranges of our measurementGhaode could  crystal system that a ferroelectric phase coexists between two
not be detected. It is, however, seen from Fidp) 3hat theG  antiferroelectric(AF1 and AF2 phases. In addition, th&
mode does appear at aroun@.5 °C below the AF1-S@* mode observed in the Spi phase is found to penetrate
phase transition point~103.0°Q and at around~1.1°C  slightly into the antiferroelectric phase near the phase bound-
above the Si6* -AF2 phase transitiofi~110.0 °Q. But be-  aries. This indicates the mixing of the ferroelectric and anti-
tween 100.5 and 103.0 °C and between 110.0 and 111.1 °férroelectric dipolar ordering. Such mixing of ferroelectric
[the hatched regions in Fig(l)], FLGMs appear in the an- and antiferroelectri€éAF1 and AF2 phases might cause sur-
tiferroelectric  phase close to the ferroelectric- face induced ferroelectric- or ferrielectric-type ordering near
antiferroelectric phase transition region. This feature rethe AF-FE phase transition. This interpenetrating region will

IV. CONCLUSION
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