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Experimental evidence for an achiral orthogonal biaxial smectic phase without in-plane order
exhibiting antiferroelectric switching behavior
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~Received 5 June 2001; published 22 October 2001!

We report unambiguous experimental evidence for an achiral orthogonal biaxial smectic-A phase which
exhibits antiferroelectric switching behavior. The evidence is based on x-ray-diffraction measurements, texture
observation, and the results of dielectric and electro-optical measurements.
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I. INTRODUCTION

Conventional smectic phases, designated by the code
ters Sm-A and Sm-C, are constituted by a stack of layers
which the molecules are aligned parallel (Sm-A) and ob-
liquely (Sm-C) with respect to the layer normal. In the lay
ers the lateral order is liquidlike. The Sm-A phase is opti-
cally uniaxial with the local symmetryD`h ; the Sm-C phase
is biaxial with the local symmetryC2h .

As was pointed out by de Gennes@1#, a biaxial smectic
phase may also appear if one of the principal axes of
magnetic susceptibility tensorQa,b is parallel to the layer
normal but the transversal components of the tensorQj,j and
Qh,h are no longer equivalent. In this case, the molecules
aligned parallel to the layer normal but the properties w
respect to the in-plane directions are different. This sme
phase was designated by the code letterCM , whereM refers
to McMillan @2,3#, who established the first microscop
theory of the Sm-A and Sm-C phase.

In a theoretical investigation done by Brandet al. @4#, the
inequivalence of the transversal components ofQ has been
achieved by considering boardlike molecules where for st
reasonsQj,jÞQh,h and the phase possessesD2h symmetry.
Up to now, three liquid crystalline systems have been
ported that exhibit aCM phase@5–7#.
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Another way of obtainingQj,jÞQh,h might be found
among the compounds with bent-core mesogens. The ste
moment caused by molecular geometry may provoke a p
packing within the layers, which causes a polarization in
bent direction@8–10#. If the alignment of the molecules i
orthogonal with respect to the layer planes, a localC2v sym-
metry results~in contrast to theCM phase!. This phase is
similar to the Sm-A phase only in that one of the principa
axes ofQ is parallel to the layer normal.

It might be better to call it Sm-AP in analogy to the
well-known tilted variant designated as Sm-CP @10#. How-
ever, in our paper we will follow the terminology propose
in @4# and label itCp , emphasizing biaxiality of the phase
The tilted switchable phase Sm-CP or B2 is well studied,
nevertheless theCp phase has not been reported before
low-molar bent-core mesogens. In our paper, we will g
experimental evidence for the existence of such aCp phase,
which was theoretically predicted by Brandet al. @4,11#.

II. EXPERIMENT

The substance under investigation is a new banana-sh
4-cyano-resorcinol derivative fluorinated on the outer rin
in position 3 ~Fig. 1!. By means of polarizing microscop
and differential calorimetry~DSC, Perkin Elmer!, the follow-
ing phase sequence has been determined:
crystal
73 °C

@74.6#
Sm-X

145 °C

@1.2#
Sm-A

180 °C

@16.7#
isotropic.
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The numbers in brackets below the transition tempe
tures are the corresponding transition enthalpies in kJ/mo
order to investigate the structure of the mesophases,x-ray-
diffraction measurements have been carried out. Meas
ments on powderlike samples were performed using
Guinier film camera and a Guinier goniometer~Huber Dif-
fraktionstechnik, GmbH!. Oriented samples of the me
sophases were obtained by very slow cooling of a drop of
compound from the isotropic liquid on a glass plate. At the
conditions, the smectic layers could be oriented paralle
the substrate surface. The scattered radiation has bee
corded using a two-dimensional~2D! detector~HI-Star, Si-
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emens AG!. The incident x-ray beam was parallel to th
glass plate, which shadowed the lower part of the recipro
sphere and an additional analysis was required to obtain
full picture.

The electro-optical measurements were carried out us
commercial ITO cells~EHC!. The spontaneous polarizatio
was measured using the pulse as well as the triangular w
voltage method.

Dielectric measurements were performed in a dou
plate capacitor~area, 2 cm2; spacing, 0.02 cm! using the HP
41192A and the Solartron Schlumberger SI 1260 impeda
analyzer.
©2001 The American Physical Society07-1
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III. RESULTS

A. Optical and thermal behavior

Two mesophases could be clearly detected by calorim
and polarizing microscopy. From the DSC thermogram o
can see that the transition enthalpy between the two
sophases is quite low~1.2 kJ/mol! in comparison with the
Sm-A-isotropic transition enthalpy~16.7 kJ/mol!. The high-
temperature mesophase exhibits a fan-shaped texture
homeotropic texture indicating a Sm-A phase. On cooling
the fan-shaped texture remains nearly unchanged after
transition into the low-temperature phase. Only some irre
lar fine stripes parallel to the smectic layers appear on fur
cooling. However, if the Sm-A phase shows a homeotrop
texture, it transforms into a strongly fluctuating schlieren te
ture ~Fig. 2!. On further cooling down to room temperatur
the textures of the low-temperature phase are not mark
changed: the stripes in the fan-shaped texture slightly
crease and the schlieren texture becomes more birefrin
while the fluctuations completely disappear.

B. Dielectric properties

The dielectric permittivities have been obtained by fitti
of the experimental data to the modified equation

FIG. 1. Structural formula and simulated molecular conform
tion.

FIG. 2. Schlieren texture of the low-temperature phase.
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f N , ~1!

which contains a Cole-Cole mechanism~terms 1 and 2, with
«0 as the low- and«1 as the high-frequency limit of the
dielectric constant,v52p f , f is the frequency,t1 is the
relaxation time, anda1 is the Cole-Cole distribution param
eter!, conductivity term 3 and term 4 which consider th
capacitance of the double layer at the interface sample/g
electrode, and«* 5«8(v)2 i«9(v) is the complex dielectric
permittivity.

The limits of the dielectric permittivities obtained ar
shown in Fig. 3, and the related relaxation times are p
sented in Fig. 4. The molecular mechanism for this motion
the reorientation of the whole molecule about the long m
lecular axes@12#. A special low-frequency absorption foun
in many samples exhibiting theB2 phase@13# could not be
separated. This may be related to the high conductivity of
sample, which superimposes such a relaxation.

An interesting feature of the compound is the continuo
increase of the static dielectric permittivity«0 with decreas-
ing temperature from about 7 in the Sm-A phase up to 83 in
the low-temperature phase. This behavior unambiguously
dicates a pronounced dipole correlation in the lo
temperature phase. For the time constantt1 only a change of

-

FIG. 3. Averaged dielectric permittivity~«0 and«1! as a func-
tion of the temperature.

FIG. 4. Temperature dependence of the relaxation timet1 .
7-2
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EXPERIMENTAL EVIDENCE FOR AN ACHIRAL . . . PHYSICAL REVIEW E 64 051707
the activation energy at the transition into the lo
temperature phase is observed. An unexpectedly high v
of EA5200 kJ mol21 of the Sm-A modification may result
from the continuous change of the dipole correlation in t
phase.

At room temperature an additional high-frequency a
sorption band was detected, characterized by the low-

FIG. 5. Optical textures of the low-temperature phase:~a! 0
V mm21; ~b! 68 V mm21 ~sample thickness: 10mm; temperature:
138 °C!.
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high-frequency limits of the dielectric permittivity«1 and«2
as well as the time constantt2 . This process is related to
local motions, for example that of the terminal dipoles.

C. Electro-optical measurements

As is expected, the Sm-A phase does not show field
induced switching. Applying an electric field to the fan
shaped texture of the low-temperature phase, the biref
gence~and therefore the interference color! is changed and
the stripes within the fans disappear. Furthermore, the
ture of the switched states is independent of the polarity
the applied field~Fig. 5!. At lower temperatures~,60 °C!,
the field-induced switching is considerably delayed and ta
some seconds. Two current peaks during a half-period o
applied triangular voltage give evidence for the antiferroel
tric nature of this phase. The two-loop antiferroelectric hy
teresis curve obtained by integration of the current respo
is shown in Fig. 6. The spontaneous polarization is plotted
a function of the temperature in Fig. 7. It is seen that
polarization is unusually high and reaches values of 10
nC/cm2. It is the highest value reported for banana-shap
mesogens so far. This high value is obviously a conseque
of the high dipole correlation found in this phase.

D. X-ray studies

The x-ray diagram of the nonoriented samples displ
the first three orders of the layer reflections as well as
diffuse outer scattering in a temperature range between
and 70 °C~Fig. 8!. The positions of the quasi-Bragg refle
tions are nearly independent of the temperature, wh
means the layer thickness (d54.43 nm) remains constan
within the limits of 0.02 nm. In the diagrams obtained fro
the oriented samples, also up to three on-the-meridian re
tions are observed~Fig. 9, here the 001 reflection is covere
by the beam stop!. The x-ray-diffraction pattern exhibits a
outer diffuse scattering, the maxima of which are clea
positioned on the equator, also in the phase below the SmA
phase. No change in the patterns appears down to 45
where the layer reflections become more crescentlike and
outer diffuse scattering splits into a few peaks resulting fr
the appearance of an in-plane order. But it is clearly seen
these wide-angle reflections still remain diffuse. The analy
f
FIG. 6. Polarization plotted as a function o
the electric field~138 °C!.
7-3
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of the intensity of the diffuse outer scattering was perform
with respect to theu dependence~u is the Bragg angle! as
well as thex dependence. The profile of the outer diffu
scatteringI (u) remains unchanged within the limits of erro
down to 100 °C. The experimental curvesI meas(x) were nor-
malized with a transmission functiont(x), in order to pre-
vent experimentally caused errors by shadowing the lo
part of the reciprocal space. The transmission functiont(x)
has been obtained by recording the scattering of the sam
in the isotropic phase. In this ideal case, the intensity of
diffuse scattering is independent ofx. Then the corrected
distribution of the scattering intensity in the mesophase i

I ~x!5I meas~x!/t~x!. ~2!

The functionI (x) is nearly identical in the Sm-A and in
the low-temperature phase. The calibration allows us to
termine the position of the maximum within the error
Dx561°. The derived tilt anglec is outlined in Fig. 10. It
is seen that in both smectic phases~Sm-A and the low-
temperature phase!, the molecules are aligned parallel to th
layer normal.

FIG. 7. Temperature dependence of the spontaneous pola
tion.

FIG. 8. X-ray diagram of a nonoriented sample.
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E. Structure model

The structure model has been proposed on the basi
powder x-ray pattern simulation usingCERIUS2software and
comparing it with the experimental data. In order to ass
an initial conformation~corresponding to the minimal valu
of the free energy!, the modeled molecule was subjected
the ‘‘smart minimizer’’ option of the simulation software
which uses ‘‘universal force field’’@14# and includes the
descent method, followed by the ABNR and quasi-Newt
methods, and ending with the truncated Newton method.
minimization follows the standard scheme: the first minim
zation neglects the Coulomb term in the energy, then
charge equilibration scheme@15# is introduced, and the fina
minimization takes into account the electrostatic potent
This final conformation of the molecule was used to estim
the layer spacings and molecular form factor so as to sim
late the powder pattern and then compare it with the exp
mental one.

a-

FIG. 9. X-ray pattern of an oriented sample.

FIG. 10. Temperature dependence of the layer spacingd and the
tilt angle c.
7-4
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EXPERIMENTAL EVIDENCE FOR AN ACHIRAL . . . PHYSICAL REVIEW E 64 051707
The results are as follows:~i! the bent angle is estimate
to be around 106°,~ii ! the molecular lengthL54.67 nm.

Using the molecular shape shown in Fig. 1 and an
thogonal arrangement of the molecules within the layer,
structure factor was calculated and multiplied with a Deb
Waller factor (s50.7 nm). The calculated intensities of th
three reflections (00l : l 51 – 3) agree well with the experi
mentally obtained ones. It leads to a packing shown in F
11. However, it can still serve us only as a rough appro
mation since the minimization was performed without co
sideration of the surrounding of the molecule.

IV. DISCUSSION

Summarizing the experimental results, we can see tha
low-temperature phase is a smectic phase without in-p
order and with an orthogonal alignment of the molecul
which resembles the Sm-A phase. But in contrast to Sm-A,
this phase does not form a homeotropic texture but rath
schlieren texture, which mainly displays defects of t
strength61 ~sometimes also61

2!. At first sight these find-
ings are compatible with aCM phase. However, the antifer

FIG. 11. Packing of the molecules in the low-temperature ph
CPA .
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roelectric switching observed on this compound indicates
presence of the polar axis, which reduces the symmetry
the phase toC2v ~different fromD2h of theCM phase!. From
these results we can conclude that the low-temperature p
is an antiferroelectric version of theCP phase discussed b
Brand et al. @4,11# and designated as aCPA phase. In this
smectic phase, the banana-shaped molecules are pack
the bent direction, which is identical with the polar axis. T
smectic layers haveC2v symmetry, i.e., a twofold symmetry
axis ~which coincides with the polar axis! and a vertical mir-
ror plane including the twofold axis and the layer normal.
addition, the polar direction alternates from layer to lay
giving rise to the antiferroelectric structure of theCPA phase.
This is suggested by the sporadic occurrence ofs56 1

2 de-
fects in the schlieren texture, which cannot be formed in
ferroelectricCP phase. It is known that in smectic phas
where the tilt of the molecules or of the mesogenic un
alternates in adjacent layers, i.e., in Sm-CA phases or in in-
tercalated Sm-C phases@16–18#, s5 1

2 defects can arise by a
combination of a disclination and a screw dislocation~dispi-
ration!. The same should be true for theCPA phase under
discussion.

Further on, in theCP or CPA phase, chiral smectic layer
cannot exist like in theB2 phase of banana-shaped com
pounds, where the bent-shaped molecules are tilted with
spect to the layer normal@10#. Therefore, racemic or homo
geneously chiral domains cannot be observed inCP andCPA
phases.

It should be noted that in mixtures of a side-cha
polymer and its monomer, a smectic phase with alterna
tilt of the mesogenic unit is described@19#. In pyroelectric
experiments, this phase shows antiferroelectric proper
but a field-induced switching could not be observe
Although the structure of this phase is clearly differe
from that of theCPA phase presented here, the symme
and the antiferroelectric nature of this phase seem to be
same.
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