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Behavior of frustrated phase in ferroelectric and antiferroelectric liquid crystalline mixtures
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Binary mixtures of two successive homologues from a series @F-4dkoxy-biphenyl-4-yloxymethyt
benzoic acid 2-octanol esters exhibit a polar phase that differs from both ferroe{E&riand antiferroelectric
(AF) phases, which exist in the pure compounds. When the concentration of the FE component is increased,
this phase gradually changes its polar character from AF-like to FE-like, which is confirmed by the study of
dielectric properties. Sample boundaries as well as the dc electric field introduce the FE phase, which remains
stable after the field is switched off. Dielectric study confirms that this phase is composed of FE and AF
clusters. The clusters arise due to frustration of FE and AF molecular order, which occurs as a result of the
lowering of interlayer interactions.

PACS numbs(s): 64.70.Md, 61.30.Gd

I. INTRODUCTION smectic€i , SmCj order to smectic€*, Sm-C* order.
This might explain why the V-shaped switching is some-
In mixtures composed of liquid-crystalline materials with times observed in thin cells of AF-bulk materials. In this
both ferroelectric(FE) and antiferroelectric(AF) phases, contribution, we will study the frustrated phase in more de-
frustrated(nonconventional AF-likephases may appear. It tail with the aim of establishing the cluster nature of this
has been concluded that in these phases, a frustration bphase. We will use the same system as we di@jd4]. This
tween AF and FE dipolar order takes place as a result ogystem is promising for the study of the frustration phenom-
lowered interlayer interactiorjd —4]. The properties of these enon, because the molecular structures of the nearest homo-
phases depend on the mixture composition and are easilpgues are very similar but only one of them exhibits the AF
influenced by electric bias field and surface interactions. Irphase.
thin sample cells, these phases exhibit a thresholdMdss

shapedl switching[1-7]. Il. EXPERIMENTAL RESULTS
Two types of structural models have been suggested for
such a frustrated phase: In Reff$,5—7] a random models The mixtures studied are composed of homologues be-

considered to explain the behavior of the frustrated phase ilpnging to a series of 44’-alkoxy-biphenyl-4-yloxymethyt
three- or two-component mixtures of fluorinated compoundsbenzoic acid 2-octanol estef8] exhibiting a strong dis-
This model supposes that the director tilting is uniform in acrimination of polar properties when the length of the non-
smectic layer, but its azimuthal angle varies randomly fromchiral terminal chain is changed. For compounds with 13
layer to layer. Under an applied electric-field Langevin-typecarbon atoms in alkoxyl chalf€13) and longer homologues,
director-reorientation is considered, which is compatibleonly FE phasegSm-C* and hexatic smectit*, Sm-*)
with the thresholdless switching. However, this model is stillhave been detected. For compounds C12 and shorter, AF
considered, and recent experimental data suggest that tipgoperties dominate and the FE SPii- phase, existing just
V-shaped switching might be related to the smectic FE ordeabove the AF Sn€) phase, is very narrow~1 K). The
(8]. phase diagram of the mixture of C12 and C13 compounds is
In Refs.[2,4], acluster models proposed for the AF-like, shown in Fig. 1. The phase-transition temperatures have
frustrated phase observed in binary mixtures of compounds

of the same homologue series exhibiting exclusively the FE i ' 7 T '
phase, or both the FE and AF phases. In this model, clusters B\—OJS&QKCF-QD—DOH__Q
of FE and AF ordering of a diameter lower than the wave- 120 Sm-C* ° 7
length of visible light are considered to compose the phase. It - QH*\O\Q-D\ Sm-C*
is supposed that the concentration of FE and AF regions ii T AF-like phase
depends on the mixture composition. It may explain the ob- P oo @ 0o d
served gradual evolution of polar properties of the frustrated 100 | &
phase from AF- to Fe-like under a concentration increase of Sm-L*, S T*
the homologue with the FE phase only. The concentration of 3 . 4
clusters may also be influenced by the surface interactions or ﬁs;.p
the electric-field treatment. Sufficiently strong surface inter- goh 1 1 1 : 1
actions might change the properties of the phase from glg 02 0.4 ) 0.6 08 c11(;
mol fraction of C13

FIG. 1. Phase diagram of a mixture of C12 and C13 homologues
* Author to whom correspondence should be addressed. determined from DSC and texture studies.
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FIG. 2. Temperature dependence of permittivity measured on

heating at a frequency of 120 Hz for a mixture witk 0.72 mole FIG. 3. Characteristic frequency of the dielectric relaxation ver-

. . - s sus the reciprocal temperature for mixtures of indicated composi-
fractlp_ns of C13. The ]UI’Tlp in the perm|tt|V|ty value_ reveals the tions. The FE phase is on the left and the AF-like phase is on the
transition between the Si@* and AF-like phases. The inset shows . ) - -

right side. The kinks correspond to the phase transitions. The

concentration dependence of the permittivity jump at the Sm-Sarnple thickness is 23m
C* —AF-like phase transition. All data correspond to the sample ’
thickness 23um. creasing and the jump of permittivity detected at the phase
transition becomes loweisee inset in Fig. 2 Note that in
been determined from texture observations under a polariziielectric properties the phase transition is visible up to the
ing microscope and confirmed by differential scanning caloconcentratiorkx= 0.8 mole fraction of C13, while in DSC no
rimetry (DSC) study. The phase transition from the -  transition peak is visible above=0.5 (as for the 23um-
to the AF-like (frustrated phase becomes still less visible thick samplé.
(the DSC peak is gradually decreasinghen increasing the  The evolution of the character of the AF-like phase and
concentration of C13. For concentrations of C13 higher thafhe phase transition with the sample composition is also seen
about 0.5 mole fraction, this phase transition could be obin Fig. 3, which shows the relaxation frequency determined
served in neither microscope observation nor DSC measurgrom the Cole-Cole formula depending on the reciprocal
ment. The lowest transition enthalpy detected was 0.02 J/ggmperature for various mixture@rrhenius graph)s The

(12.1 J/molg. kinks on curves correspond to the phase transitions. Pure
The cells for measurements under an electric field conc13 exhibits only the FE phase.
sisted of glass plates coated with indium tin oxid€O), The influence of sample surfaces on the properties of the

transparent electrodes, and parallel rubbed polyimid layerar-like phase and on the observed phase transition is studied
Dielectric measurements were carried out with cells of varihy comparing the results of dielectric spectroscopy study on
ous thicknesses filled by a capillary action in the isotropicsamp|es of different thicknesses. In Fig&)4and 4b), there
phase. A good sample showing planar alignment was obare dielectric strengtfAs and relaxation frequency, , re-
tained by slow cooling of the sample from the isotropic spectively, of the relaxation mode obtained for mixture with
phase. Frequency dispersion of the complex permittivityx=0.72 mole fraction of C13 with dependence on tempera-
e*(w)=e'—ie" was measured in the range 20 Hz—1 MHZtyre. In the whole temperature region ballz and f, are
using a Solartron 1260 impedance analyzer. The strength @fample thickness dependent. The dependence found in the
the dielectric relaxation modéde and its relaxation fre- high-temperature Sr&* phase is typical for the FE phase
quency f, were obtained from the fitting of the complex [10,11], namely,Ae is increasing and, is decreasing with

permittivity to the Cole-Cole equation increasing sample thickness. An anomaly in the temperature
dependence of both dielectric characteristics in the tempera-
e*—p. = Ae —j g _ ture range 115-117 °C can be attributed to the phase transi-
A+ (if/f)T  27e,f tion between the FE and AF-like phas@sg. 4); the higher
the sample thickness, the stronger the anomaly. For thin
In fitting, the conductivity-contributiorrr was subtracted. enough samples, the anomaly is lost, showing that the phase

In all mixtures studied, the value of low-frequency per- transition disappeared. A critical thickness for the disappear-
mittivity in the FE SmE* phase is the same when measuredance of phase transition depends on the mixture composition,
on samples of the same thickness. The temperature depegy., for 0.72 or 0.83 mole fractions of C13 being.® or 75
dence of dielectric permittivity has been measured at heatingm, respectively.
runs, because on cooling runs supercooling takes place at the As has been reported in R¢2], an applied electric field
FE-AF-like phase transition. At this phase transition, a sig-significantly influences the dielectric properties of the AF-
nificant jump of permittivity is observed at the AF-like—FE like phase. When the mixtures are cooled through the phase
phase transitiorisee Fig. 2 This jump is biggest for pure transition under a sufficiently high dc field, no jump in per-
C12, in which the low-temperature phase is a classical Afmittivity is observed in the measurement done at subsequent
Sm-C} phase. When increasing the concentration of C13heating runs, and the low-temperature phase keeps the high
the permittivity in the low-temperature AF-like phase is in- value of permittivity, the same as in the FE ph&&¢ This
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(b) 000000000000000000° ture withx_: 0.732 mole fra_lcti_ons of C13 at the temperature 104 °C
[ o°p0°° 53um versus a time of ac electric-field (0.087,,s/xm) treatment. E'ach _
doo point was measured after the sample was heated to the isotropic
. 8 o’d . phase. The sample thickness is 2.
EEN‘ f 23um lower the critical concentration. The evolution of the AF-like
=~ .l\ phase to the FE one when increasing the concentration of
= 4l O/ 2" 9um C13 is also demonstrated in the behavior of relaxation fre-
/ e ey ununn‘:‘ guencieqFig. _3). _
j o o000 FE properties of the AF-like phase are enhanced when
[ o® “ecescseee® decreasing the sample thickness, which is manifested in an
oﬂﬂﬁgg;:l‘?.” 16um. Al ..E__.’.-l' increase ofAe [see Fig. 4a)]. This fact indicates that the

sample boundaries generally prefer the FE molecular order.
Homogeneous polar surface-anchoring seems to be a reason
for this effect. Let us point out that in the high-temperature
FE phase the thickness dependencA®fs just oppositeAe
increases with increasing sample thickngsse Fig. 4a)].

The thickness dependence study shows that the origin of the
dielectric relaxation in the FE- and AF-like phases might be
state becomes stable until the sample is annealed in the isdifferent, as explained below.

tropic phase. We have also quantitatively studied the effect It is known that a continuous evolution from one phase to
of the ac electric field on the AF-like phase by increasing thehe other one can observe in a system in which both phases
time of the electric-field treatment. The field has been aphave the same symmetry, and a first-order line separating
plied for a definite time in the AF-like phase at a definite both phases in the temperature-concentration phase diagram
temperature, and after the field has been switched off theerminates at a critical end point. This cannot be the case
dielectric dispersion has been measured. After each measunith the FE-AF phase transition, as both phases have differ-
ment the sample was heated to the isotropic phase. The rent symmetry. The other possibility of a pseudocontinuous
sults are shown in Fig. 5, where the characteristic frequencgvolution involves the occurrence of intermediate ferroelec-
and dielectric strength of the relaxation process are showtric phases, but no traces of these phases were detected in
versus the time of the field treatment. After each point thedetailed studies of this system in the vicinity of the FE-AF
sample was heated to the isotropic phase. phase transitiof2].

The described properties of the AF-like phase are compat-
ible with the cluster model which we have considered in
Refs.[2,4]. A similar model was also applied for a binary

The dielectric properties of the low-temperature phase irsolid solution of ferroelectrics and antiferroelectrfiég]. We
studied mixtures suggest that this phase cannot be a classicalppose that in the AF-like phase clusters of FE and AF
AF phase. When the concentration of the FE component Cl@olecular order are formed, the phase separation being on a
is increased, this phase gradually changes its polar charactecale shorter than the wavelength of the visible light. The
from AF-like to FE-like. This is manifested in the gradual relative concentration of the AF and FE regions is basically
increase of permittivity in that phagmeasured on a 2am-  controlled by mixture composition. Besides, as mentioned
thick cell) up to the concentration=0.8 mole fraction of above, the FE phase is preferred near the sample surfaces
C13 (see Fig. 2 Above this concentration, the high- due to FE anchoring. Let us point out that, in solid mixtures,
temperature FE phase and low-temperature AF-like phasehe phase exhibiting a dipolar disorder in the form of the
are not distinguishable in dielectric properties. The criticalcoexistence of AF and FE clusters has been called a dipolar
concentration, at which the phase transition is lost, dependglass[12].
strongly on the cell thickness; the thinner the sample, the The dielectric relaxation detected in the FE €h-phase

100 110

T (°C)
FIG. 4. Temperature dependence(af dielectric strength and

(b) relaxation frequency of a mixture witt=0.72 mole fractions of
C13 for samples of indicated thickness.

Ill. DISCUSSION AND CONCLUSIONS
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can be attributed to the Goldstone mode. The thickness dehat both homologues studied are nearly identical, this en-
pendence of its relaxation frequency and dielectric strengtlergy term for both homologues cannot strongly differ in the
(see Fig. 4is typical for the Goldstone mode, as also foundsame temperature region. This can be satisfied only wen
in other material§10]. The mode detected by the dielectric is not far from zero. Consequently, in their mixtukg~0,
spectroscopy in the AF-like phase in samples thick enough ishich means that azimuthal tilt angle correlations between
quite different(see Fig. 4 There are two possible mecha- the neighboring smectic layers are very weak. The lowering
nisms that can significantly contribute to the permittivity in of these correlations is probably the origin of frustration be-
this phase. One is a reorientation of directohanging the tween FE and AF phases in the studied mixtures.
azimuthal angleinside the FE clusters, and the other is a For the system studied in this contribution, the random
vibration of FE cluster boundari¢a phenomenon similar to model of director orientation in the next layers can be ex-
domain-wall vibration in solid ferroelectrig.sAs the experi- cluded. The reason is the memory effect observed in the
ment shows only one relaxation in the AF-like phase, bothAF-like phase in samples treated by the field, which has been
modes seem to be merged. We are not able to assess whifdund here as well as in Rgf2]. If the random model were
of these processes is dominating, but one can expect that famue, the molecules should return to the random orientation
both these modes the relaxation frequency will decrease arjdst after the field was switched off following the Langevin-
the dielectric strength increase with increased FE cluster ditype reorientatiori1,3,5—7. On the other hand, to build up
mension. The results presented in Fig. 5 are in accordandbe FE-AF clusters when the field is switched off, the energy
with the above discussion when taking into account a reasorbarrier to form the cluster boundaries must be overcome. The
able presumption that the FE clusters grow gradually undehigh barrier is an origin of the observed memory.
an applied electric field. This experiment thus confirms the The frustrated behavior has also been found for a series
cluster nature of the AF-like phase. with a modified chiral tail, which exhibits the odd-even ef-
The formation of clusters in the AF-like phase can befect in polar properties upon the tail elongatipt4]. The
understood as a consequencdraftration between AF and frustrated phase takes place in binary mixtures of consecu-
FE molecular arrangements in mixed mater{@s4]. From tive homologues showing only FE or both FE and AF
phenomenological theofyL 3] it follows that the onset of FE phases.
and/or AF phases is driven by the interactions between the

neighboring layers, described by a free-energy t@rméj

-&,+1), where; and ., , are directors in the neighboring  This work was supported by Grant No. 202/99/1120 from
layers. ForA;>0 this term prefers the antiparalléhF) or-  the Grant Agency of the Czech Republic and KBN Grant No.
der, forA;<0 the paralle(FE) order[13]. Keeping in mind  3TO9A 046 15.
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