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Antiferroelectricity and Chiral Order in New Liquid Crystals of Nonchiral Molecules Studied
by Optical Second Harmonic Generation
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Several homologs of new liquid crystals of strongly bent, achiral molecules have been investigated
by optical second harmonic generation. It is shown that the initial nonpolar mesophase is converted
into a polar state, which leads to frequency doubling of optical waves by applying electric fields of
a few Vymm. The observed symmetry breaking is explained by a field-induced antiferroelectric to
ferroelectric transition. The symmetry group and nonlinear coefficients as large asd31 ­ 16 pmyV
have been determined for the field-induced state from polarization and angle-dependent measurements.
[S0031-9007(98)07593-0]

PACS numbers: 61.30.Eb, 42.65.Ky, 42.70.Df
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The interesting question if and how a macroscop
spontaneous polarization can be carried by a soft liqu
material was first answered theoretically and experime
tally by Meyer et al. [1] in 1975. It was stated in this
work that the reduced symmetry of a tilted smectic liqu
crystal formed bychiral molecules may lead to ferroelec
tricity. Since then so-called ferroelectric liquid crysta
have been investigated for basic and applied research
tensively [2].

Recently, Takezoe and co-workers [3] reported on
new class of liquid crystals ofachiral, strongly bent,
banana-shaped molecules which also exhibit ferroelect
ity. Polar order was explained to result from molecul
dipoles along the twofold symmetry axis (like a
arrow in a bow) and smecticlike stacking of th
molecules. A macroscopic net polarization may the
result if the molecules are oriented within each smec
layer in such a way that the dipoles point parallel to th
layers and rotation around the long molecular axis
strongly hindered due to close packing. More recent
it was reported that similar banana-shaped molecules
hibit [4–6] antiferroelectric instead of ferroelectric liquid
crystalline properties, and a refined model of molecu
arrangement was developed which will be discuss
below together with our experimental results.

Since polar order is equivalent to a noncentrosymmet
arrangement of molecules, ferroelectric liquid crysta
have been also studied [7–9] for bulk first order optic
nonlinearities which allows second harmonic generati
(SHG) or the fast electro-optical Pockels effect. Ve
recently, we have reported [10] first observations
SHG and the occurrence of polar order in some
the appearing thermodynamic stable phases of the n
nonchiral banana-shaped molecules.

In the following Letter, the main results of electric field
dependent SHG in the smecticlike mesophases of so
homologs of these new materials are presented. The m
emphasis of these investigations was to decide whet
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the observed polar order is of ferroelectric or antiferro
electric type. Since the previously performed electrica
measurements [6–8] of the polarization current indicate
different results as mentioned above, it seems worthwh
to apply another experimental technique to study th
problem. During SHG, the intensity of the frequency
doubled lightIs2vd is related to the macroscopic sponta
neous polarizationPs by Is2vd ~ P2

s . In particular, SHG
has the advantage that it is not sensitive to other sourc
of electric currents not connected to polarization switch
ing like injected charge carriers or impurities, etc., whic
may complicate electrical studies.

Furthermore, the symmetry group of the field-induce
state has been determined by polarization- and ang
dependent SHG, which allows one to discuss a model
the molecular arrangement in the liquid crystalline phas
Last but not least, numerical values of the nonlinear o
tical coefficients for SHG have been determined by com
parison with a quartz reference.

The chemical structure of the investigated molecule
which were synthesized by Heppke and co-worker
is shown in Fig. 1, whereR stands for alkyloxy or
alkyl substituents consisting of typically 6 to 12 carbo
atoms. The molecules are clearly noncentro-symmetr
and a permanent dipolep can be expected along the
twofold symmetry axis as a result of the electroni
donor-p-acceptor system in each wing. Therefore,
has nonvanishing components along the conjugati

FIG. 1. Chemical structure of the banana-shaped molecule
© 1998 The American Physical Society
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length of the two benzylideneaniline wings. For thes
reasons, the bent-shaped molecules should be w
suited for large molecular hyperpolarizabilities. Typica
phase sequences and transition temperatures are,
example, B4-s156 ±Cd-B3-s165 ±Cd-B2-s173 ±Cd-Isotropic
(n ­ 7 alkyloxy homolog) or Cr-s90 ±Cd-B3-s145 ±Cd-
B2-s159 ±Cd-Isotropic (n ­ 10 alkyl homolog). Miscibil-
ity studies have shown that none of the phases occurr
in the homolog series are miscible with any of th
well-known phases of rodlike (calamitic) or disk-shape
(discotic) molecules, i.e., conventional smecticA, smectic
C, smecticCA phases. Consequently, the phases ha
been preliminarily denoted according to their appearan
on cooling from the isotropic fluid as [11]B1 to B4. The
B4 modification is solid and exhibited by most of th
alkyloxy homologs, but not by the alkyl homologs, o
which the lowest temperature phase is crystalline (C
It has a slightly blue colored appearance but is optica
clear at the same time, in contrast to the “polycrystallin
B3 phase. In fact, it looks much like a glassy state. T
B3 phase is supposed either to be crystalline [12] or
highly ordered smectic phase since schlieren, mosaic
fan-shaped textures with bands have been also repor
The liquid crystallineB2 phase shows a broken fan-shape
texture similar [13] to a smecticA phase. As mentioned
above, antiferroelectric properties with saturation pola
ization up to values of350 nCycm2, two by polarization
microscopy not distinguishable field-induced ferroelectr
states and switching times in the order of100 ms have
been observed [7,8] in polarization current measureme

Recently, we reported about temperature depend
SHG for the different thermodynamically stable phases
the alkyloxy and alkyl homologs [14,15].

The present Letter is concerned with theB2 phase,
which is exhibited by most of the alkyloxy and alky
homologs. TheB2 phase exhibits almost no spontaneo
SHG. However, by applying an electric field, stron
SHG could be obtained [10,14,15]. The main scope
the present Letter is to investigate the nature of th
switching process by SHG. It should be mentione
that the glassylike, lowest temperature phaseB4, formed
only by the alkyloxy homologs, spontaneously show
SHG with an effective nonlinear coefficient ofdeff ­
0.5 pmyV without any poling field, which is in the same
order of magnitude as thed11 coefficient of crystalline
quartz. The origin of SHG in this phase is still not clea
and is presently under investigation.

The experimental setup has been described in de
in Refs. [10] and [14] and will be sketched here on
briefly. The fundamental wave is obtained from
Q-switched, neodymium-doped yttrium-aluminum-garn
laser (Nd:YAG, l ­ 1064 nm) with a pulse duration
of 10 ns and a repetition rate of 1–10 Hz. The pul
energy is 4 mJ and the intensity at the sample can
varied between 30 and80 MWycm2, depending on the
focus diameter of the laser beam. The sample can
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tilted around an axis perpendicular to the direction o
light incidence and heated with an oven in a temperatur
range from 20–200±C. The second harmonic wave
sl ­ 532 nmd is detected by a photomultiplier behind
optical filters which cut off the fundamental frequency.
The polarization of the fundamental wave is controlled
by a half wave plate and a polarizer. Polarization of the
emitted second harmonic wave is checked by an analyze
The liquid crystal was filled into commercially available
cells (supported by EHC) of thickness between 5 an
25 mm, with rubbed polyimide orientation layers and
ITO coatings inside, supporting a planar orientation o
the molecules at the inner surface. Experiments hav
been performed with spot sizes typically between 50 an
100 mm diameter. Generally, this allows investigations
of domains with more or less uniform orientation. On
the other hand, it must be mentioned that presently n
preparation technique is known to obtain large singl
domains, which would be very desirable.

Figure 2 shows exemplarily the electric field depen
dence of the SH signal of an alkyloxy and an alkyl ho-
molog in the liquid crystallineB2 phase. The observed
double hysteresis loop is typical [4,16] for the electro-
optical switching of an antiferroelectric phase. Since th
SH intensity is proportional to the square of the nonlinea
polarization, it is not sensitive to the sign of polarization
and sign reversal in the electric field gives the same sig
nal. Below a threshold voltage almost no SHG can b
observed. Above threshold, a transition into a ferroelec
tric noncentrosymmetric orientation occurs, leading to
SH signal. Clearly, a hysteresis between increasing an
decreasing field is observed. The switching propertie
depend on the number of carbon atoms in the alkylox
chain: with increasing chain length the threshold voltage

FIG. 2. Electric field dependence of SHG in the smecticlike
B2 phase of two different banana-shaped molecules.
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are decreasing and the width of the hysteresis is incre
ing. For chain lengths shorter thann ­ 7 no switchable
B2 phase exists.

So far, it looks as if the antiferroelectric properties o
theB2 phase are independent upon whether the chain is
alkyl- or alkyloxy-type. The switching threshold voltage
are larger for the alkyl homologssø5 Vymmd compared
to the alkyloxy homologssø3 Vymmd.

The observed antiferroelectric to ferroelectric transitio
can be explained assuming a molecular arrangement
suggested recently [4–6]. Accordingly, the polarizatio
of subsequent smectic layers is alternating without ext
nal field, which yields no net spontaneous polarization.

Upon field, a ferroelectric state is induced, in whic
each layer has the same polarization orientation. T
observed hysteresis then results from the dipole-dipo
coupling. From birefringence measurements, which ha
been additionally performed by placing the sample b
tween crossed polarizers and monitoring the depolariz
tion of the fundamental wave, it further turned out tha
the optical axis is rotated about 15± during the switching
process. This strongly indicates that the molecules a
tilted within the layers. It must be noted that each lay
becomes chiral by this tilt, although the molecules a
nonchiral. Figure 3 illustrates the molecular arrangeme
and the switching process for a homogeneously chiral a
a racemic state. In the homogeneously chiral case
initially start from an anticlinic state, which is antiferro
electric and nonpolar. It has aD2 symmetry with three
perpendicular twofold symmetry axes. Consequent
SHG is allowed in principle, although the SH intensit
should be very weak, because the largestd coefficients
along the polar axis of adjacent layers cancel each ot
due to the antiferroelectric arrangement. The optical a
is perpendicular to the smectic layers in this case. Up

FIG. 3. Model of the switching process (H: homogeneous
chiral; R: racemic).
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field, a synclinic, homogeneously chiral, and ferroelectr
state is induced. The latter has aC2 symmetry with only
one twofold symmetry axis lying in the polar plane. This
state is polar and hence strongly second harmonic acti
The optical axis now points parallel to the molecular lon
axis and is tilted with respect to the layer normal.

In the second arrangement, the initial state is racem
and synclinic. This molecular arrangement is antiferro
electric, nonpolar, and centrosymmetric. No SHG can b
obtained. After switching with an electric field, the fina
state should then be racemic and anticlinic, which is als
ferroelectric and hence second harmonic active, but no
should have aC2n symmetry (twofold symmetry axis in
polar plane, which now also is a mirror plane).

By angle dependent and polarization dependent SH
measurements we found that the field-induced ferroelect
state clearly has aC2 symmetry and notC2n, which is a
strong indication that the field-induced arrangement is h
mogeneously chiral and synclinic. Assuming that Klein
mann’s symmetry is valid, the nonlinear coefficients hav
been determined (thez axis being the twofold rotational
symmetry axis) for then ­ 12 alkyloxy homolog to

dil ­

24 0 0 0 21.4 16.5 0
0 0 0 23.2 21.4 0

16.5 23.2 10.1 0 0 21.4

35 pmyV .

(1)

The value 0 stands for coefficients smaller tha
1023 pmyV, which was the sensitivity in these ex-
periments. The nonvanishing componentsd14 ­ d25 ­
d36 ­ 21.4 pmyV direct to the C2 symmetry group,
since these components should be zero in the case o
C2n symmetry. As can be seen from Fig. 2, only a wea
signal has been obtained in the antiferroelectric state
mentioned above. It was, however, too weak to determi
the symmetry group at the present state of investigation

For comparison, in a phase-matching geometry wi
one of the most widely studied ferroelectric liquid crys
talline materials (DOBAMBC), an effective nonlinear co-
efficient of 0.0008 pmyV was determined [17], and the
largest value for a ferroelectric liquid crystal has bee
reported by Walbaet al. [18] as deff ­ 0.23 pmyV for
o-nitroalkoxyphenyl biphenyl carboxylate, which is half
of d14 s­ 0.5 pmyVd of the standard inorganic nonlinear
crystal KDP (kalium hydrogene phosphate).

Finally, we should mention that we did not find any
indication for a helical structure in our experiments
Our field-dependent SHG clearly resembles all featur
which are typical for an antiferroelectric behavior an
cannot be explained by helix unwinding and helielectricit
[19]. Furthermore, we did not observe optical activity o
circular dichroism with theB2 phase, which is another
indication that no helix is formed.

In conclusion, an electric field-induced switching
process from an antiferroelectric to a ferroelectric sta
has been observed in a new smecticlike liquid crystallin
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B2 phase consisting of nonchiral banana-shape
molecules by SHG for the first time. From angle
dependent SHG it turned out that the induced ferroelect
state is homogeneously chiral, synclinic, and has aC2
symmetry. By comparison with a quartz reference
the largest nonlinear coefficient has been determined
be d31 ­ 16.5 pmyV, which is the largest value ever
reported for ferroelectric liquid crystals so far.
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