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A bent-core mesogen with different end groups has been studied for different surface conditions in
both planar and homeotropic cells using techniques for measuring biaxiality and optical switching.
Biaxial nematic phase observed in between the uniaxial nematic and smectic phases is evidenced by
a sharp increase in the biaxiality in a homeotropic cell measured using a photoelastic modulator. The
material in this phase is switchable through the minor director with an in-plane electric field. In a
planar cell, a step in the difference in the refractive indices resulting from the uniaxial to biaxial
transition is also observed. © 2009 American Institute of Physics. �doi:10.1063/1.3255013�

Since the prediction of a biaxial nematic phase �Nb� by
Freiser in 1970,1 this subject has continued to attract signifi-
cant interest among scientists during the past decade for rea-
sons of advancing fundamental science and its potential for
use in displays. The switching mode in Nb is more likely to
realize faster response2,3 and wider viewing angles. For
modes such as Vertical Alignment �VA�, In-Plane Switching
�IPS�, Twist Nematic �TN�, and Optically Compensated
Bend �OCB� using conventional Nu to achieving wider view-
ing angle displays, it is necessary to use expensive optical
compensation films.4,5 However, the intrinsic biaxiality of Nb
is extremely useful in reducing the light leakage for oblique
viewing angle.6 The most plausible structure for Nb device to
realize both fast response and wider viewing angle is the
homeotropically aligned cell with an in-plane switching of
the minor director.2 To achieve faster response, the minor
director should be driven without involving the major direc-
tor. If both the major and minor directors are involved in
reorientation of molecules under electric field, the slower
motion dominates the response time. This structure is of ad-
vantage to form a normal black state where the initial state
without electric field has the darkest gray level. However,
development of such a system has been hindered with a lack
of materials possessing Nb and by difficulties of alignment.
In this letter, we experimentally demonstrate a practical bi-
axial based nematic based device. In spite of a significant
attention the subject has already attracted,7–11 there is still a
lack of information on driving the minor director. Lee et al.12

reported fast switching of the minor director with bent core
liquid crystal �LC�, ODBP-Ph-C7, confirmed already by
NMR and x-ray experiments,7,8 but results of Lee at were
strongly criticized by Stannarius for their incorrect
interpretation.13 Recently Le et al.14 reported optical study of
the bent core LC, A131, which was confirmed as showing
biaxiality in its nematic phase. However, they did not find
any evidence of the optical biaxiality in this material.15 The
work being reported here is timely in the continued debate as
well as in providing quantitative results for biaxiality. The
material under investigation, PAL1 �Fig. 1� was synthesized
by the Halle group and was purified by column chromatog-
raphy, followed by crystallization from a methylene chloride-

methanol mixture �the detailed synthesis will be reported in a
separate manuscript�. This LC possesses bent-core structure
and different terminal groups. It shows negative dielectric
anisotropy due to the strong transverse dipole moment which
also broadens the Nb.16

The homeotropic and planar aligned cells are shown in
Fig. 2. For demonstrating the in-plane switching, a homeo-
tropic cell is used. In the cell, a gap of �180 �m on the
indium tin oxide �ITO� coated substrate is etched lithographi-
cally. For the electrostatic screening of the cell, the second
substrate coated with ITO is fixed on the top. Both glass
plates of the cell are spin coated on the inside with AL60702
�JSR Corp.� polymer for homeotropic alignment. We pre-
pared two different homeotropic cells: with and without rub-
bing. The rubbing direction lies at an angle of approximately
45° with respect to the two electrodes for the in-plane
switching. Standard commercial cells �E.H.C. Japan� with a
thickness of 5 �m and antiparallel rubbed polyimide on two
substrates are used to carry out experiments in the planar
geometry.

Three LC phases are observed in the unrubbed homeo-
tropic cell by scanning with temperature as shown in Fig. 3.
In the presence of the in-plane electric field, the director even
if it is slightly tilted in the homeotropic alignment should
stand normally to the substrate due to the negative dielectric
anisotropy of the material. And in between the Nu and Sm
phases, we observe another nematic phase where the minor
director is switched by an electric field of 1 V /�m as shown

in Figs. 3�b� and 3�c�. In order to align the minor director, wea�Electronic mail: jvij@tcd.ie.

FIG. 1. Molecular structure of PAL1. The three directors and their refractive
indices for Nb are denoted as l�n3�, m�n2�, and n�n1�.
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weakly rub the homeotropic cell as there can be an inhomo-
geneous distribution of the minor directors due to extremely
small elastic constant for the deformations around the long
axis. By observing a 7.2 �m thick cell in a polarizing mi-
croscope, we find a small tilt of the major director, called the
pretilt angle, from the normal position toward the rubbing
direction in the temperature range of the Nu �Figs. 4�a� and
4�b��. On applying an electric field of �1 V /�m�, the region
between the electrodes gets darker and is independent of the
cell’s rotation angle �Figs. 4�e� and 4�f��. This indicates that
the director is normal to the in-plane electric field and con-
sequently to the surface of the electrodes.

On transition from Nu to Nb, a large increase in the bi-
refringence is observed. In the absence of electric field, the
minor director aligns along the rubbing direction �Figs. 4�c�
and 4�d��. On the application of electric field of 1 V /�m, a
rotation of the minor director in the Nb toward the direction
of the field �Figs. 4�g� and 4�h�� is observed. Just below a
temperature of 65 °C in the nematic phase the cell shows
behavior similar to the IPS mode. Therefore we can clearly
see a qualitative difference between the two different nem-
atic phases.

For an accurate measurement of the retardation, a pho-
toelastic modulator �PEM� based system is used. It provides
a simultaneous measurements of both retardation ��� and
azimuthal angle ��, defined as the angle between the retarder
axis of the cell and the polarizer�. The effective birefringence
can be determined as �neff=�� /2�d, where d is the thick-
ness of the cell and � is the wavelength of the light source.
We used red light emitting diode as the light source with a
corresponding �=632.8 nm narrow-band �10 nm band-
width� optical filter. The retardation is converted into �neff.
Temperature dependence of �neff and of � in homeotropic
cell in the absence of the field is shown in Fig. 5. The cell is
cooled at rate of 0.1 °C /min. The microscope based PEM
system acquires a throughput of light from an area of ap-
proximately 150�200 �m2 of the cell in between the elec-
trodes. The observed �neff and � correspond to their average
values over several domains. In the Nu, the measured �neff is
close to zero as expected for a homeotropic cell. For a
rubbed homeotropic cell, one can clearly see a jump in �neff

at a temperature of approximately 65 °C accompanied by a
small change in � �Fig. 5�. The minor director coincides
with the rubbing direction as observed in the microscope.
This increase in �neff results from a transition to the Nb
which corresponds to a biaxiality, �n= �n2−n3�=0.0085. To
investigate the electro-optic switching, we applied 120 Hz
square wave electric field with an amplitude up to
0.7 V /�m. �neff as a function of temperature and the elec-
tric field is shown in Fig. 6. One observes that for the rubbed
homeotropic cell, increasing the electric field initially results
in a decrease in �neff of both nematic phases. This is easily
explained by a tilt of the major molecular directors back to
the position of a perfect homeotropic alignment by electric

FIG. 2. �Color online� Configurations of cells used in optical study �a�
homeotropic cell, cell gap=7.6 �m, �b� homeotropic cell, antiparallel
rubbing, cell gap=7.2 �m. �c� Planar cell, antiparallel rubbing, cell gap
=5.0 �m �E.H.C. Japan�. Arrows point to the rubbing direction.

FIG. 3. �Color online� Texture of the unrubbed homeotropic cell for tem-
peratures of �a� 68°, �b� 62°, and �c� 53 °C. Cell gap=7.6 �m,
E=1.0 V /�m, 120 Hz square wave, A denotes analyzer, P denotes polar-
izer, R denotes rubbing direction, and E denotes electric field.

FIG. 4. �Color online� Texture of rubbed homeotropic cell. Cell gap
7.2 �m. ��a� and �b�� Nu at 66 °C, without field. ��e� and �f�� Nu with
1.0 V /�m, ��c� and �d�� Nb at 64 °C without field. ��g� and �h�� Nb, with
1.0 V /�m. 120 Hz square wave is used to drive the cell, distance between
electrodes is 180 �m.

FIG. 5. �Color online� Temperature dependence of the effective birefrin-
gence in a rubbed homeotropic cell using PEM without voltage.
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field as the material has negative dielectric anisotropy. The �
of the retarder with electric field is found to rotate only in the
Nb, since the minor director here is well defined. We thus
find that the surface induced tilt can be eliminated by appli-
cation of an in-plane electric field. This makes it possible to
measure the optical biaxiality of Nb and to avoid problems
related to the surface-induced birefringence.15 The absence
of an aligned direction of the minor director in the unrubbed
cell causes a significant deterioration in the accuracy of the
data. Higher fields cause a gradual alignment of the minor
director in the unrubbed cell and a corresponding increase in
�neff �Fig. 6�b��.

In order to confirm Nb, we also observe an optical signal
in a planar cell. Our PEM measurements with a commercial
planar cell also show a similar jump in �neff in the nematic
phase �Fig. 7�. The minor director in the Nb of a planar cell
has been reported in the literature to be parallel to the
substrate.8,17 However in our experiment we observe in-
crease in �neff at the transition temperature which means that
the minor director is aligned perpendicular to the substrate.
On applying 2 V /�m to the planar cell, we do not observe
any measurable change in �neff in either of the two nematic
phases. This is because the minor director of the phase is
already parallel to the electric field and Nb with negative
dielectric anisotropy will preserve its planar alignment under
electric field.

We find n2−n3=0.0085 from the homeotropic cell,
whereas from the planar cell, n2−n3=0.0023. In both cases
the resolution in retardation drawn from the signal-to-noise
ratio is better than 10−3 rad. For the cells used here, this is
better than 5�10−5 in birefringence. The discrepancy in be-
tween results for homeotropic and planar cells can possibly
be explained by a difference in their surface conditions.
However, it is reasonable that the biaxiality found in the
homeotropic cell is closer to the value in reality. It must be
stressed that biaxiality is not induced by the surface, how-
ever rubbing the surface breaks the symmetry and aligns the
minor director along it. We find that in a planar cell the
minor director is normal to the surface. Normally, the trans-
verse dipole moments of molecules are favored normal to the
surface but on the contrary, the molecular packing favors the

minor director lying parallel to the substrate providing a
competition with an overall win for the first case. This is
likely to reduce the biaxiality in a planar cell. In summary,
we observe a biaxial Nb in homeotropic and planar cells us-
ing a quantitative technique where biaxiality is directly mea-
sured; we realize the most plausible device configuration for
display applications.

Work was funded by EU Bind Project No. FP7 216025,
SFI RFP06/ENE039 and SFI07/W.1/I1833.

1M. J. Freiser, Phys. Rev. Lett. 24, 1041 �1970�.
2G. R. Luckhurst, Thin Solid Films 393, 40 �2001�.
3R. Berardi, L. Muccioli, and C. Zannoni, J. Chem. Phys. 128, 024905
�2008�.

4H. Mori and P. J. Bos, SID Int. Symp. Digest Tech. Papers 29, 830 �1998�.
5J. Chen, K. -H. Kim, J. -J. Ryu, J. H. Souk, J. R. Kelly, and P.J. Bos, SID
Int. Symp. Digest Tech. Papers 29, 315 �1998�.

6Y. Saitoh, S. Kimura, K. Kusafuka, and H. Shimizu, Jpn. J. Appl. Phys.,
Part 1 37, 4822 �1998�.

7L. A. Madsen, T. J. Dingemans, M. Nakata, and E. E. Samulski, Phys.
Rev. Lett. 92, 145505 �2004�.

8B. R. Acharya, A. Primak, and S. Kumar, Phys. Rev. Lett. 92, 145506
�2004�.

9K. Merkel, A. Kocot, J. K. Vij, R. Korlacki, G. H. Mehl, and T. Meyer,
Phys. Rev. Lett. 93, 237801 �2004�.

10L. J. Yu and A. Saupe, Phys. Rev. Lett. 45, 1000 �1980�.
11K. Neupane, S. W. Kang, S. Sharma, D. Carney, T. Meyer, G. H. Mehl, D.

W. Allender, S. Kumar, and S. Sprunt, Phys. Rev. Lett. 97, 207802
�2006�.

12J. Lee, T.-K. Lim, W.-T. Kim, and J. Jin, J. Appl. Phys. 101, 034105
�2007�.

13R. Stannarius, J. Appl. Phys. 104, 036104 �2008�.
14V. Prasad, S.-W. Kang, K. A. Suresh, L. Joshi, G. Wang, and S. Kumar,

J. Am. Chem. Soc. 127, 17224 �2005�.
15K. V. Le, M. Mathews, M. Chambers, J. Harden, Q. Li, H. Takezoe, and

A. Jákli, Phys. Rev. E 79, 030701�R� �2009�.
16M. A. Bates, Chem. Phys. Lett. 437, 189 �2007�.
17R. Stannarius, A. Eremin, M.-G. Tamba, G. Pelzl, and W. Weissflog, Phys.

Rev. E 76, 061704 �2007�.

FIG. 7. �Color online� Temperature dependence of the effective birefrin-
gence in a planar cell using PEM with and without voltage. The inset mag-
nifies dotted rectangle in the figure.

FIG. 6. �Color online� Three dimensional temperature and voltage plots of
PAL1 by PEM. �a� Rubbed and �b� unrubbed homeotropic cells.
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