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Optical second harmonic generation (SHG) measurements have been carried out on the B2
phases of three liquid crystal materials composed of conventional banana-shaped molecules
(P-10-O-PIMB, P-8-O-PIMB and P-8-PIMB). Quantitative values of the second order
susceptibilities dij have been deduced from SHG measurements at oblique incidences on poly-
domain racemic samples under an electric field. The dij coeflicients are in the range

1-10 pm V

1. Introduction

Since the discovery of ferroelectric properties in liquid
crystals composed of achiral banana-shaped molecules
[1, 2], many studies have been carried out on this kind
of material. Their main interest lies in the peculiar origin
of the ferroelectric properties, which mainly originate
from the stacking of the bent-core molecules. This new
approach represents a very interesting alternative to
calamitic ferroelectric liquid crystals in which the ferro-
electricity appears as a consequence of the molecular
chirality.

Although up to now several new phases have been
discovered in this kind of material, very limited knowledge
of their structure and physical properties has been
achieved. The most deeply studied phase of these com-
pounds is known as B2. It has been established [ 3] that
this phase shows antiferroelectric smectic packing which
presents two different structures depending on the chirality
sequence of the smectic layers. In the so called racemic
arrangement, the chirality alternates from layer to layer,
whereas in the homochiral configuration the chirality is
well defined. On the other hand, the B2 phase is switch-
able, giving rise to ferroelectric structures under a poling
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electric field. A remarkable consequence of this packaging
is the possibility of optical second harmonic generation
(SHG). The SHG efficiency is especially important in
banana-shaped mesogens because the molecular geometry
allows high values for the components of the hyper-
polarizability tensor B along the polar axis. This point
has been proved by means of p measurements using
hyper-Rayleigh scattering [4].

From an experimental point of view, it is not evident,
however, how to determine the components dij of the
second order susceptibility tensor. In fact, only a few
measurements in this respect have been carried out up
to now [5, 6]. The main problem in carrying out reliable
measurements of @ij arises from the impossibility of pre-
paring single domain samples in most cases. Therefore,
the whole sample cannot be described using a unique
dij tensor.

In this work, we present a study of the SHG in the B2
phase of three compounds, which belong to the classic
banana-shaped families P-7-O-PIMB and P-7-PIMB.
The experimental procedure takes into account the
contribution to the SHG of the different domains of the
sample, and supposes an alternative to the difficulty of
carrying out measurements on single domains of small
size [5].
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Apart from the B2 phase, the compounds studied in
this work also exhibit the so-called B3 and B4 phases at
lower temperatures. The present work is however focused
on the SHG of the B2 phase exclusively, since it is the
most relevant from the non-linear optics viewpoint. First
a description of the different materials and the experi-
mental procedure is presented. Next, the results are
shown and discussed, and finally some conclusions are
drawn.

2. Experimental

The materials [7] presented in this work are
1,3-phenylene bis[ 4-(4-"-decyloxyphenyliminomethyl )-
benzoate] (P-10-O-PIMB), 1,3-phenylene bis [ 4-(4-*-octyl-
oxyphenyliminomethyl ) benzoate] (P-8-O-PIMB) and 1,3-
phenylene bis[4-(4-"-octylphenyliminomethyl ) benzoate]
(P-8-PIMB). They were synthesized and characterized
in our laboratory. The structures and phase sequences
are depicted in figure 1.

Liquid crystal samples in the planar geometry were
prepared with commercially available cells (Linkam) of
nominal thickness 5Hm. The cell thickness was deter-
mined more accurately by means of an interferometric
technique. The material was introduced into the cell in
the isotropic phase and the cell was placed in a temper-

Figure 1. Chemical structure and
phase sequences on cooling for
the compounds studied. The
transition temperatures were
obtalned by DSC measurements
at 10°C min

ature controlled stage with optical access. Time dependent
electric fields were applied to the sample by means of a
function generator.

SHG measurements were carried out using optical
equipment described elsewhere [8]. Briefly, the funda-
mental light is a Q-switched Nd: YAG laser (wavelength
1064 nm) of pulse width 6ns and frequency 5 Hz. The
peak intensity at the sample position is 6.7 MW cm
The second harmonic light is detected using a photo-
multiplier after separating it from the fundamental light
by means of an IR cut filter, a green glass filter and an
interference filter. The laser intensity fluctuations were
compensated by measuring, with another photomultiplier,
the SHG of a quartz crystal placed in a_rleference branch.
A Y-cut quartz crystal (411 =04 pm V ) was used as a
standard for calibration purposes.

3. Results and discussion

In the first stage of the investigation, the phase
sequence of each material, as well as the textures corres-
ponding to the different configurations of the smectic
B2 phase, were studied by means of polarizing optical
microscopy. The sequence of phases and transition tem-
peratures were found to be in general agreement with
previous reports [9,10]. The isotropic—B2 transition

\
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in the alkyl homologue P-8-PIMB manifests itself by
the appearance of small circular homochiral domains,
whose extinction directions rotate clockwise and counter-
clockwise when a low frequency a.c. electric field is
applied. These domains gradually transform into the
racemic arrangement in which the extinction directions
are the same whatever the field polarity. On cooling, the
material enters the B3 phase. This presents a rather
complicated texture consisting mainly of grey birefringent
domains together with large green coloured inclusions.
This phase does not show ferroelectric switching and
remains unaltered until the compound crystallizes at
about 80°C.

Regarding the alkoxy homologues, a mainly racemic
configuration always forms for the B2 phase when the
sample is cooled from the isotropic phase. On the con-
trary, a predominantly homochiral situation is observed
on heating from the low temperature B4 phase. This also
happens in P-12-O-PIMB as reported recently [6]. In
any case, the structure is easily transformed into the
racemic state when a low frequency electric field is applied.
The B3 phase was also observed in P-8-O-PIMB and
in P-10-O-PIMB on cooling. The characteristics and
temperature stability of this phase depend strongly on
the sample history. In particular, large domains were
observed when a triangular electric field of low frequency
was applied in the B2 phase on cooling. The B3 phase
was not observed on heating from the B4 phase in agree-
ment with DSC measurements. The B4 phase shows a
typical texture composed of two different non-birefringent
domains of opposite optical activity.

In summary, the most relevant features of the B2
phase in our materials are the following. The racemic
structure is always the stable one and it cannot be made
homochiral within the B2 phase by means of electric
fields or temperature variations. On the other hand,
small domains that are randomly oriented always con-
figure the sample in a planar alignment, irrespective of
the configuration type (homochiral or racemic). Finally,
strong light scattering is observed in a racemic sample
when no electric field is applied. This effect also occurs
in the homochiral configuration under a field and was
interpreted as a consequence of the synclinic ordering
in the structure [6]. Accordingly, the sample becomes
transparent when the structural configuration is anticlinic,
i.e. racemic (homochiral) with (without) applied field.

Further, the components of the second order non-
linear susceptibility tensors d were determined. The SHG
intensity was measured as a function of the incidence
angle for different polarizer—analyser configurations:
p-input-p-output, p-input-s-output and s-input-p-output,
as the sample rotated about the vertical direction. The
4th configuration s-input-s-output was not interesting
since it gave a very small SHG signal for all angles of

incidence. The measurements were performed on racemic
samples under a square-wave electric field of 14 V km
which was synchronized with the laser pulse. This field
is above the saturation value of the SHG signal for all
materials as checked explicitly.

In order to extract the susceptibility coefficients the
measured signal is compared with the SHG intensity
calculated numerically by adding up the second harmonic
intensities generated by a large number of macroscopic
domains. These domains are considered to be randomly
rotated about the polar axis. The d tensor for each of
the domains in the racemic configuration under an
electric field (M2 symmetry) is modelled as follows:

0 0 0 0 Dcos 9 0
d= 0 0 0 Dgin 0 0 0
DC0520 Dsin20 d 0 0 0
(1)
where
D=Nf’pie d=Nf"py (2)

and 0 is the tilt angle.  is the second order molecular
hyperpolarizability and is referred to the ({n{) frame
indicated in figure 1. V is the density of molecules in the
bulk and / is a local field factor. In equation (1) the d
tensor is expressed in a reference frame where X is per-
pendicular to the smectic layers and Z is parallel to the
polar (two-fold) axis. The assumptions behind equations
(1) and (2) are thoroughly explained in reference [6].
Before carrying out the measurements, the random
character of the orientation of the domains around the
polar axis was checked for each sample. This is necessary
because random orientation is one of the conditions
assumed in the numerical calculation. Thus, the SHG
intensity was measured while the sample was rotated
about the polar axis (normal to the cell surface) for a given
incidence. A large number of domains was illuminated
by the laser since our spot diameter was 1.6 mm. No
appreciable changes were detected in any case, and there-
fore the assumption of random orientation was fulfilled.
The SHG intensity vs. incidence measured for the alkoxy
and alkyl homologues is presented in figures 2 (a—c). The
measurements were carried out at a given temperature
well inside the B2 phase. Measurements performed at
different temperatures showed no substantial differences.
In all the cases, a minimum (but different from zero)
intensity was detected at normal incidence. This intensity
should strictly be zero in our cell geometry by virtue of
equation (1). However, this anomalous behaviour can
be explained by considering that the smectic layers are
not strictly perpendicular to the cell surface. This effect
was taken into account in the calculation, and it was
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Figure 2. SHG intensity as a function of the angle of incidence
for the three materials studied under different polarizer—
analyser configurations. The continuous lines represent
theoretical predictions calculated by adding incoherently
the SHG contribution of a set of randomly oriented
domains.

found that a deviation angle smaller than 5° could
explain the anomally. This small angle does not modify
sensitively the global result, and it is only appreciable
at small angles of incidence.

An important aspect of the present study is concerned
with the set of input parameters that are necessary in
the calculation of the SHG intensity. These parameters
are D, d, 0, and the refractive indices for the fundamental
and second harmonic waves. Obviously, to obtain reliable
results for D and ¢ it is required that all the rest of the
input parameters are practically fixed. In this respect, a
typical tilt angle 0= 35" was taken from the literature
[2] and used for all compounds without any variation.
On the other hand, a simple estimation of the degree of
biaxiality of each domain was made to check the possibility
of a uniaxial approach. This was made as follows. The
bent shaped molecule was considered as formed by two
calamitic parts with a bend angle of about 120°. Thus,
the mean dielectric tensor of the anticlinic polar B2 phase
was calculated from that corresponding to a typical
calamitic liquid crystlal with ordmary and extraordinary
refractive indices 7o =1.50, e = 1.63 in the near IR
range. A practically uniaxial dielectric tensor results for
0 ~ 35°. The optic axis is perpendicular to the smectic
layers. Furthermore, the birefringence A% obtained is
close to the value extrapolated to the fundamental
wavelength from the data reported by Nakata et al.
[117] for a similar material. A valid criterion for selecting
the input values of the ordinary and extraordinary
refractive indices o and "e of the material, both at the
fundamental (w) and SHG (2w) frequencies, was to match
the experimental birefringence reported by Nakata et al.
[117]. Small variations of these quantities were allowed
to improve the numerical predictions (see the table). On
the other hand, the dispersion of the refractive indices
was formed to be positive and with a 51m11dr size to that
typical of a calamitic liquid crystal (And ~0.03 [8]).
The above conditions leave a single free parameter for
the refractive indices, and we fixed it by setting a typical
value 7lo(w)=1.5. On the other hand, the parameter d
was found to have a very weak influence on the SHG
intensities for the experimentally accessible angles of
incidence. This also occurs for P-12-O-PIMB [6] and
prevents a reliable determination of this coefficient. In
any case, 4 should be lower 3%1211’1 D as expected from
the fact that . (=15.5 X 10 esu in this material [4])
is smaller than fre: (= 61.5 x 10 esu).

The continuous lines in figures 2(a—c) represent the
best fit of the calculated intensities to the experimental
points. It must be stressed that the three experimental
configurations were fitted simultaneously with the single
parameter D (apart from small variations of the refractive
indices). This fact confirms the reliability of the method.
The table summarizes the results obtained for the three
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Table. Material parameters deduced from the SHG intensity curves. Only small variations around the experimental values were
allowed for An(w), An(2w) and e (2w) ~ o (w) (see the text). The errors were estimated by visual inspection, analysing the
agreement between the theoretical curves and the experimental points.

Material An(ey) An(2) Mo(2w) = Mo () D/jpmV '
P-10-O-PIMB 0.040% 0.005 0.070% 0.003 0.025% 0.003 8.4% 0.3
P-8-O-PIMB 0.040% 0.005 0.065% 0.003 0.025% 0.003 6.7 0.3
P-8-PIMB 0.040% 0.005 0.075% 0.003 0.020% 0.003 3.8% 0.3

materials under study. As can be seen, D decreases as
the length of the terminal cha}ilns in the alkoxy homo-
logues goes down (P =9 pm V  for P-12-O-PIMB [6]),
and is smaller for the alkyl homologue P-8-PIMB. The
relations between the different D values are in accord-
ance with the general trend of fr: as calculated from
the hyperpolarizability determined by hyper-Rayleigh
scattering in these materials [4].
From equation (1), the d tensors result:

P-10-O-PIMB
0 0 0 0 56 0
d=| 0 0 0 28 0 O0|pmV
56 28 4 0 0 0
P-8-O-PIMB
0 0 0 0 45 0
d=| 0 0 0 22 0 0|pmV
45 22.d 0 0 0
P-8-PIMB
0 0 0 0 26 0
d=| 0 0 0 13 0 O|pmV'

26 134 0 0 0

As can be seen, the d coeflicients obtained in this work
lie between the largest reported up to now among
ferroelectric liquid crystals. This fact is in accordance
with the results obtained for P-12-O-PIMB [5, 6],

and supports strongly the suitability of the bent-core
molecular scheme for obtaining materials with enhanced
non-linear optical properties.
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