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Polar structure in a ferroelectric bent-core mesogen as studied by second-harmonic generation

Fumito Araoka, Jirakorn Thisayukta, Ken Ishikawa, Junji Watanabe, and Hideo Takezoe
Department of Organic and Polymeric Materials, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152-8552, Ja

~Received 25 April 2002; published 14 August 2002!

Second-harmonic generation~SHG! measurements have been conducted in the ferroelectric liquid crystalline
phase of a chiral bent-core molecule,P-8-OPIMB6* . Well-aligned cells were obtained by applying an electric
field parallel to the substrate surfaces. In-plane anisotropy of the SHG signal observed at normal incidence of
light shows two- or four-leaf patterns depending on polarization conditions, indicating a ferroelectric uniform
structure. The detailed analysis of the data by taking account of optical anisotropy in the SHG active bulk leads
to the determination of nonlinear susceptibility tensor components,d333514.4 pm/V andd311549.2 pm/V.
Using thed coefficients thus determined, the hyperpolarizability tensor components of the molecule are also
determined asbzzz514.5310230 esu andbzxx567.6310230 esu. These values well agree with those of the
achiral homologP-12-OPIMB previously determined by hyper-Rayleigh scattering.
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Bent-core molecular systems have evoked consider
interest in the field of liquid crystals~LCs! due to the emer-
gence of polarity and chirality in achiral systems since
discovery by Nioriet al. @1#. The bent-core molecules pro
duce in-layer polar order because of their close packing@1#
and result in a ferroelectric/antiferroelectric LC that sho
ferroelectric/antiferroelectric~bistable/tristable! switching in
achiral LCs@1–7#. The introduction of chirality due to the til
of bent-core molecules from the smectic layer normal@8#,
spontaneous formation of chiral domains@9,10#, and en-
hanced twisting power by doping conventional chiral pha
with achiral bent-core molecules@11# are topical features
from the viewpoint of chirality.

In the present paper we confine ourselves to presen
the polar nature. Although numerous kinds of bent-core
compounds have been synthesized, only a very few fe
electric phases have been confirmed@6,7,12–14#. However,
the unambiguous identification of the ferroelectric grou
state is not easy, since the electric-field-induced ferroelec
state is sometimes quasistable@15#. In fact, the bistable
electro-optic switching misled us into identifying the ferr
electric phase. In this sense, the recently synthesized c
bent-core molecule@P-8-OPIMB6*, Fig. 1~a!#, which is a
chiral analog of the standard achiral bent-core moleculeP-8-
OPIMB, is an unambiguously confirmed ferroeletric LC@6#.
In the ferroelectric phase of this material, it is suggested
the molecules form a tilted smectic phase with an anticli
ferroelectric order (Sm-CAPF), so that the chirality of each
layer alternates from layer to layer to form a racemic la
structure in spite of chiral mesogens@7#. In sandwich cells,
twisted molecular orientation is suggested with a unifo
dipole orientation parallel to the cell surfaces in the mid
of the cell, as shown in Fig. 1~b! @7#. In the present experi
ment, an electric field was applied parallel to the surface
produce a uniform alignment@Fig. 1~c!#.

Since the polar order is equivalent to a noncentrosymm
ric molecular arrangement, the ferroelectric system can
highly active for second-order nonlinear optics. Hence
second-order nonlinear phenomenon becomes a pow
tool to investigate these polar properties. So far, the seco
harmonic generation~SHG! technique has been widely use
1063-651X/2002/66~2!/021705~5!/$20.00 66 0217
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for confirming the existence of a polar order in rod-shap
molecular systems@16–20#. Recently, the application of this
technique was also made to bent-core molecular syst
@21–23#. In fact, it was found that the bent-core molecul
allow remarkably high values of molecular hyperpolarizab
ity due to their characteristic molecular geometry@24# and
that they show remarkably high macroscopic hyperpola
ability ~nonlinear suscesptibility!. However, the detailed
comparison between molecular and macroscopic hyperpo
izabilities has never been made, partly because of the lac
well-aligned sample cells. Second-order nonlinear optic p
nomena are characterized by certain components of the th
rank nonlinear susceptibility tensor, so that the tensor an
sis gives us direct information of the symmetries and po

FIG. 1. ~a! Chemical structure and phase transition sequenc
P-8-OPIMB6*. The present experiments were made in the anticli
ferroelectric Sm-CAPF phase.~b! Molecular orientation in the un-
perturbed state, where a twisted molecular orientation is sugge
~c! Molecular orientation under an electric field parallel to substr
surfaces.
©2002 The American Physical Society05-1
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properties. In this study, we report transmitted SHG fro
well-aligned domains in the ferroelectric phase ofP-8-
OPIMB6* to investigate the symmetry and packing of be
core molecules into a layer structure, and demonstrate
the SHG method is very useful for structure investigation
the bent-core molecular system.

In this study, a modified three-layer model was used
analyzing the SHG results. In the conventional three-la
model @25#, linear and nonlinear wave equations are solv
under two boundary conditions at two bounding interfac
between an SHG active layer and two SHG inactive isotro
media. Here, in-plane optical isotropy of the active layer
assumed. This assumption does not bring about serious p
lems, when in-plane analyses are carried out for very t
media. However, since most of the liquid crystalline syste
have optical anisotropy and are treated in a bulk form,
contribution of this anisotropy becomes serious when
bulk thickness becomes comparable with the cohe
length. To overcome this problem, we modified the mo
~modified three-layer model! to be able to calculate the wav
propagation of ordinary and extraordinary light separat
by taking account of the optical anisotropy in the SHG act
layer at fundamental and SH wavelengths. The usefulnes
using the modified three-layer model will be mention
when presenting the data and simulation.

Let us consider the wave propagation at normal inciden
For isotropic media, the dielectric tensor is expressed b
diagonal matrix form with an identical componente. For the
isotropy, the tensor form is always the same, being indep
dent of the media rotation angle, and hence wave propa
tion is also independent of the media rotation. Moreover,
wave behavior is dominated only by one tensor compon
e, independently of its polarization direction. In contrast, w
have to use a diagonal matrix of the dielectric tensor for
anisotropic medium as follows:

S e1 0 0

0 e2 0

0 0 e3

D . ~1!

When the beam propagates parallel to theY axis, the elec-
tric field of the wave exists in theZ-X plane. Then the fun-
damental lightE0 is separated intoEX5E0sinf and EZ
5E0cosf, wheref is the media rotation angle. By solving
linear wave equation using the modified three-layer mod
we got four wave solutions in the SH active mediu
EX

m f ,EX
mb ,EZ

m f , andEZ
mb . Here the superscriptsm f andmb

denote forward and backward waves of the fundame
light, respectively. Then the nonlinear polarization is giv
by

Pi
(2)5(

i , j
Npx i jk~Ej

m fEk
m f1Ej

mbEk
m f1Ej

m fEk
mb1Ej

mbEk
mb!,

where Np5H 1 ~ j 5k!

2 ~ j Þk!.
~2!
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The SH wave generated from the nonlinear polarization
also calculated separately for two polarization directions
solving the nonlinear wave equation using the modifi
three-layer model and gives four wave solution
EX

MF ,EX
MB ,EZ

MF , andEZ
MB , whereMF andMB stand for the

forward and backward waves of the SH light, respective
Then the SH signal outputted from the sample is obtained
the summation of these two directional contributions.

As a fundamental beam for SHG measurements, we u
an Nd: YAG laser system~HOYA continuum SL-II! of l
51064 nm with a repetition frequency of 10 Hz and a pu
duration of 8 ns. The pulse energy was about 0.4 mJ/cm2. A
reference beam was separated from the fundamental bea
a beam splitter and led onto a powder cell of methylnitro
niline to generate a reference signal. The polarization of
fundamental beam was controlled with an input polarizer a
a half-wave plate. Visible light was cut by a color filter i
front of the sample cell. The diameter of the incident be
was precisely controlled to be 200mm by using a pinhole.
The sample cell was settled in a heater block and illumina
from the cell normal. Transmitted SH light generated fro
the sample was led into an output polarizer and finally
tected by a photomultiplier tube~Hamamatsu model-R955!
after passing through IR-cut and interference filters. T
electronic-converted signals were accumulated with a BO
CAR integrator~Stanford Research Systems! and outputted
to a personal computer system. For the quantitative dete
nation of thed components, the SH intensity from aY-cut
quartz (d11150.4 pm/V) was also measured under the sa
condition.

The sample compoundP-8-OPIMB6* was introduced
into the sandwich-shaped glass cell of a thickness of 13mm
at a temperature of 190 °C~isotropic phase! with capillary
action. The cell has in-plane electrodes with a gap of 1 m
on one side of its inner surfaces. Molecular alignment w
achieved by an application of a triangular field to avoid ele
trolytic decompression. The triangular field was applied s
chronously with the laser pulses through a delay circuit.

Figure 2 shows the temporal variation of the SH sign
intensity during the application of a triangular field for tw
fixed combinations of the input~in! and output~out! polar-
izations. The SHG signal was detected at a certain delay t
after t50 ms of the triangular field and was accumulated
give each data point. The input and output polarizations
~a! 0°~in!-0°~out! and~b! 90°~in!-0°~out! with respect to the
electric field. The SH intensities in Figs. 2~a! and 2~b! can be
compared to each other. Two facts are readily seen in Fig
~1! The off-diagonal nonlinear susceptibility compone
gives major contribution, since the signal for 90°~in!-0°~out!
geometry is much larger than that for 0°~in!-0°~out!. ~2! A
polar structure changes just after changing the polarity of
field, showing narrow peaks~dips! at about delays of 8 ms
and 58 ms, and remains after these changes. Thus, ferro
tric bistable switching occurs.

To analyze the polar structure of the ferroelectric unifo
state, a polarizer rotation method~PRM! was adopted. The
input and output polarizers were set to be parallel or cros
to each other, and were rotated in the same direction at
same time. The anisotropic SHG response with respect to
5-2



c
e
a
er

p

o
-
on

st
n
ts

th
te
ic
ot
ee
n
o
o

ls
o

ly.
le

s

nic
e-

t

ly
n

e

the
nlin-

l-
ec-
nt
.

ed

r
tr

ar-

re-
ves
ely.
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polarizer rotation directly reflects the in-plane polar stru
ture. The PRM results are shown in Fig. 3. The angles r
resent those between the directions of the input polarizer
the electric field. The delay time was fixed at 40 ms wh
the ferroelectric uniform state was maintained~see Fig. 2!.
The experimental plots exhibit~a! four- and~b! two-leaf pat-
terns, suggesting the existence of a uniform anisotro
structure, the symmetry of which isC2v , C2, or higher. The
previous texture observation suggested the structure sh
in Fig. 1~c!. This structure hasC2v symmetry, being consis
tent with Fig. 3, although the active components of the n
linear coefficient tensors ofC2v andC2 are common in the
present optical geometry and these symmetries are undi
guishable. There are only three nonvanishing compone
d333, d311, andd131, and, moreover, the active componen
are reduced to only two,d333 and d3115d131, under
Kleinnmann’s symmetry and intrinsic permutation.

Introducing these two independent components to
modified three-layer model, we can simulate the best-fit
patterns, as shown by solid curves in Fig. 3. The theoret
curves are well fitted to the experimental results for b
optical geometries. It is worth noting that such good agr
ment cannot be obtained on the basis of the conventio
three-layer model. Hence the introduction of optical anis
ropy to the theory is essential to analyze relatively thick p
lar films with in-plane anisotropy such as liquid crystal cel
From the fit, we deduced the quartz-normalized values
d333 and d311 as 14.4 pm/V and 49.2 pm/V, respective
These values are much larger than those of usual ferroe
tric liquid crystalline materials@26,27#. SHG measurement

FIG. 2. Temporal change of the SH signal intensity for two fix
combinations of the input~in! and output~out! polarization; ~a!
0°~in!-0°~out! and ~b! 90°~in!-0°~out!. The latter shows stronge
SHG than the former. SHG peaks are attributed to ferroelec
switching motion of the molecules.
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have also been carried out in the field-induced syncli
ferroelectric Sm-CSPF phase of an achiral bent-core m
sogenP-12-OPIMB by Macdonaldet al. @21#. The symmetry
of their system isC2, being different from that of the presen
system. They obtainedd333 andd311 as 10.1 pm/V and 16.5
pm/V, respectively, using a multidomain cell. The relative
good agreement ind333 values is due to the application of a
electric field, which aligns thez axis to the field, and the
disagreement ind311 values is due to the random in-plan
anisotropy in their cell.

To discuss the microscopic structure, let us assume
oriented gas model that describes a relation between no
ear susceptibilityd and hyperpolarizabilityb as

dIJK
(2) 5N fI

2v f J
v f K

v
1

Ng
(
i jk

(
n

Ng

~cosu I i cosuJ jcosuKk!b i jk ,

~3!

whereN, f, andNg are the number densities of the LC mo
ecules, Lorentz factor, and coordination number, resp
tively. If the molecules are packed with a perfect alignme
into the C2v (Sm-CAPF) space group, as illustrated in Fig
1~c!, Eq. ~3! is written as

ic

FIG. 3. Polar plots of the SHG intensity obtained by the pol
izer rotation method for~a! paranicol and~b! crossnicol polarization
geometries. The angles denote input polarization angles with
spect to an applied electric field. Closed circles and solid cur
represent experimental points and theoretical best fit, respectiv
5-3
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d333
(2)5N f3

2v f 3
v f 3

v
1

Ng
~bzzzcos3u3z1bzxxcosu3zcos2u3x!,

~4!

d311
(2)5N f3

2v f 1
v f 1

v
1

Ng
~bzzzcosu3zcos2u1z

1bzxxcosu3zcos2u1x!. ~5!

For the bent shape, we consider a bis-dipolar model th
based on the realistic assumption that the molecule con
of two rodlike mesogens linked with a certain dihedral an
udihedral . We also consider that each mesogen unit has o
one dominant hyperpolarizability componentbmesogenalong
its long axis@28,29#. Thenb ’s are described as

bzzz52S cos
udihedral

2 D 3

bmesogen, ~6!

bzxx52S cos
udihedral

2 D S sin
udihedral

2 D 2

bmesogen. ~7!

From these four equations@~4!–~7!# and the molecular tilt
of 34° determined by texture observation@7#, the molecular
hyperpolarizability tensor components were also estima
as bzzz514.5310230 esu and bzxx567.6310230 esu.
These well agree with the values ofbzzz515.3310230 esu
and bzxx561.5310230 esu previously reported by th
hyper-Rayleigh scattering method for the achiral homo
P-12-OPIMB @24#. This comparison leads us to conclud
that the ferroelectric phase of the chiral bent-core molecu
has a highly ordered molecular arrangement. The dihe
angleudihedral was determined as 127.6° at the same ti
and is also consistent with the values reported by surf
SHG for the Langmuir-Blodgett~LB! monolayer ofP-12-
OPIMB (127°) @28# and x-ray diffraction~XRD! measure-
ment forP-8-OPIMB (122°) @30#. This is an additional dis-
te
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tinct evidence of the high-ordered ferroelectric packing
the chiral bent-core molecules.

Finally a comment should be made on the SHG signa
the absence of an electric field. As we have already sho
@6,7#, the unperturbed states after terminating a field are a
SHG active and are bistable. We suggested the twisted s
ture shown in Fig. 1~b! by the texture observation withou
distinct evidence@7#. The SHG in-plane anisotropy was als
observed in these states. However, the pattern is very c
plicated, i.e., six peaks for a full polarizer rotation of 2p, and
cannot be simulated using any uniform molecular orien
tions. The simulation by assuming the twisted structure
now going on and will be reported in the near future.

To summarize, the polar structure of the ferroelect
phase of a chiral bent-core moleculeP-8-OPIMB6* was in-
vestigated by means of the SHG method. The result was
explained by the modified three-layer model, which includ
in-plane optical anisotropy in SHG active media. The go
agreement between experimental and simulated results d
onstrates that the modified three-layer model is useful to
vestigate high birefringent bulk media such as LC ce
Their nonlinear coefficientsd333514.4 pm/V and d311
549.2 pm/V are much larger than those of usual ferroel
tric materials. From this result and the bis-dipolar mod
hyperpolarizability components of the molecules were e
mated as bzzz514.5310230 esu and bzxx567.6
310230 esu, and the molecular dihedral angle was also
termined as 127.6°. These values are consistent with pr
ous reports by hyper-Rayleigh scattering, XRD, and surf
SHG for the LB monolayer. Hence we proved that the chi
bent-core molecules are highly ordered in their ferroelec
phase.
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