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Nonlinear Birefringence in Electrically
Biased Hybrid Aligned Nematics
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The laser induced nonlinear birefringence in electrically biased hybrid aligned nematics is investigated.
It is either enhanced or suppressed by the quasi-static electric ficld depending on the sign of the dielectric
anisotropy of the nematics. An analytical solution is obtained for small distortion. The experimental
results is in good agreement with theoretical prediction.
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. INTRODUCTION

It 1s well known that with the presentation of external field the molecules in a
nematic liquid crystal cell (NLC) will orient themselves toward the minimum energy
configuration. This is referred to as the Freedericksz transition (FT). There usually
exists a threshold field for this transition. However, the threshold is absent for the
hybrid aligned nematic cell! (HAN). It is formed when the two glass walls of a
nematic sample are treated to induced, respectively, homeotropic and planar ori-
entation. The HAN cell is recently receiving a growth of interest due mainly to its
potential application in displays?® and nonlinear optics. Nevertheless, up to our
knowledge so far, the birefringence studies of HAN cell are limited in single field
(electric®3 or optical*® field) effect.

From our previous work, it is known that the optically induced birefringence in
a homeotropically aligned MBBA cell can be enhanced by a quasi-static electric
field.® The biased electric field plays an important role in nonlinear optical phe-
nomena of NLC. For example, the first order F.T. and optical bistability can be
induced by applying an electric field.” The degenerate four wave mixing is crucially
influenced by the biased electric field, too.?

In this paper, the birefringence controlled byelectric and/or optical fields is stud-
ied for HAN cell for NLC of either positive or negative dielectric anisotropy. The
continuum theory is used in the derivation for field-induced molecular reorientation
angles and birefringence. The phase retardation which is measured by Ho’s high-
resolution birefringence measurement method is proportional to laser intensity and

255



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:10 19 February 2013

256 S.-H. CHEN AND W.-J. JONG

the square of the applied quasi-static electric voltage in agreement with the the-
oretical prediction in the small distortion regime. The bend elastic constants are
determined for SCB and MBBA. The thermal effect due to laser heating is dis-
cussed.

. THEORY

Consider a HAN film of thickness d with the geometry depicted in Figure 1. Its
unpertured director A, making an angle 0,(z) with the z-axis. The quasi-static
electric potential V (1 kHz) is applied on the electrodes coated on the inner faces
of the substrates, The incident linearly polarized light beam is in the (x, z) plane
with the wave vector k making an angle § with the z axis. Under the action of
the applied fields, the local director #A(z) orients itself to the angle 6(z) with the
z-axis. Thus n, = sin 6(z), n, = 0 and n, = cos 6(z).

The reorientation angle of the director, 8(z), can be calculated as usual by
minimizing the total free energy F = [f dV, where the free energy density f is
given by!?

K';g s aed D2
— _ e a2 _ z
p (1= Ksin6) <az 8me (1 — W sin?6)

I n

T eVI = usi:12(6 TR )

f:

where K =1 — K /Ky3,u =1 — nj/n, W =1 — ¢,/g,; D, is the z component
of the electric displacement, [ is the optical intensity and c is the velocity of light
in vacuum ; Ky, Ks; are splay and bend elastic constants, respectively.

V(1kHz)

— “® A} Laser

FIGURE 1 Configuration for a hybrid aligned nematic liquid crystal under the action of a quasi-static
electric field and a light beam.
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This minimization procedure yields the Euler-Lagrange equation, which can be
rewritten as

(1 — K sin%0) (%)2 + f(, Dz; 0) = A? (2)

where

2In, B D?

fl, Dz; 8) =

with the boundary condition 6(0) = 0 and 6(d) = «/2, integration of Equation (2)
yields

6(2) 1 — K sin20’ "
o’ =
) [Az ~ {4, Dz e’)] ¥=z @

The constant A can be found from

f”/z 1 - Ksin®8' |, de’
o | A% - fU, Dz; 8")

knowing V = [§ E, dz and E, = Dz/g,(1 — W sin?0) from Equation (2) one can
obtain

|
Q.

v j“/z 1 1~ Ksin®® | i @
Dz~ Jo g1 — Wsin®) | A% — f(I, Dz; 8)

Typically, using Equation (2), (3), and (4), 6(z) can be solved by numerical method.
However, under the one constant approximation (K;; = K,, = Kj33), we let

Since the Euler-Lagrange equation yields 8, = wz/2d for absence of external

fields, put this trial solution into Equation (1) and minimize the total free energy
F with respect to 6,, aF/a8, = 0, yields

Inqud B e, VW
- ” c0s2B — W A2 + W) ©
¢ Kism? 2In,ud g, VW2
21— + sSin — —————=
ad 3mc 4md(Z + Wy

for u/2 sin® u(6 + B) << 1; Wsin?6 <<1 and 9, << 1.
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In the case of normal incidence, B = 0, and ¢,V*W¥4wd(2 + W)? << Ky;m?/
4d, 9, becomes

n,u g,W nue,W?
o 2 I V2 + o

~ 2" ] —
K 2cK35m? 2K,,m(2 + W) 2KZm5c(2 + W)

avir o (7)

The laser beam with wavelength N\ should have extraordinary component ex-
perience an extra induced phase retardation that that of its ordinary component
with an amount of

H U U2 nU, €,W noun,,uze, W?
A ~ Dol oy ey dv? + e ren &
4ckymA 4K smh(2 + W)? 4K%méc(2 + W)Ah Vi)
where n,,, n,, are the index for probe beam and u, = 1 — nZ,/n2,.
. EXPERIMENTAL

The HAN cells used in the experiment are arranged with two parallel indium tin
oxide coated glass plates separated by mylar spacers (75 ~ 250 pm). Homeotropic
orientation is obtained by DMOAP coating on the electrode. Planar alignment is
achieved by rubbing after PVA coating. Nematic MBBA and 5CB are used, as
typical materials of opposite dielectric anisotropy.

A block diagram of our experimental apparatus is shown in Figure 2. A quasi-
static electric field at 1kHz is applied normal to the glass plates. An Ar™* laser
beam (at 5145A) is incident normally on the cell with its polarization along the
easy direction of the first plate. The field-induced birefringence is measured with
a He-Ne probe laser by using a modulation technique originally devised by Lim
and Ho.?

Briefly, the probe beam is split and the main measurement beam passes through
a rotating polaroid before being detected by photo diode A. The projection of E,

Chopper
L

Mirror
[}

He-Ne Sample /4 Plate
Laser

Y-t
Recorder

A Laser

FIGURE 2 Block diagram of the experimental setup.



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:10 19 February 2013

ELECTRICALLY BIASED HAN 259

on the same plane is at an angle of 45° to the probe laser polarization direction.
The axis of the A/4 plate is aligned with the probe laser polarization direction. A
polaroid is mounted at the end of the open shaft of a synchronous motor. The
shaft of the motor also carries a chopper which intercepts the reference beam. The
phase difference between the signals from the photodiodes is measured with lock
in amplifier as a phase meter.

IV. EXPERIMENTAL RESULTS

The birefringence measurement results are shown in Figures 3, 4 and Figures 5, 6
for MBBA and 5CB, respectively. Figures 3 and 5 show the laser beam intensity
dependence of phase retardation difference (A3) of the E-ray and O-ray of the
probe beam after passing through the sample film for two samples of different
thickness with and without biased voltage. Figures 4(a) and 6(a) show the electric
field controlled birefringence (ECB) for samples of different thickness. Figures
4(b) and 6(b) are the replots of Figures 4(a) and 6(a), respectively. The linear
retardation of A3 versus laser intensity I and the square of the voltage V is obvious
as shown in Figures 3, 4(b), S and 6(b). The discrepancy in the high field regime
for the 262um MBBA sample with 0.5V biased voltage shown in Figure 3 will be
discussed in next section.

V. DISCUSSION AND CONCLUSION

It is obvious to find from Figure 4 that the electric field induced birefringence is
positive for MBBA which exhibits a negative dielectric anisotropy. However, as

fed d{um) V{volt) K {0 'dyne)
0O 262 0 1,2

1.2 I A 262 065 10.6
® 207 O 6e7

1 - A 207 0.5 75

08|

Phase Retardation Ag (1000°)

s
8

[(W/cm?)

FIGURE 3 Induced birefringence versus pumping laser intensity for MBBA. The straight lines are
the lcast square fitting results.
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o

Phase Retardation Ag (1000 )

Applied Voltage (Volt)

FIGURE 4(a) Induced birefringence versus biased voltage for MBBA. The solid curves are drawn
freehand as a guide to the eye.

45 d(um) Ky(10'dyne)
LA 75 78,08 A
6 L0 75 7.2
3 ® 125 6.2
3LO 200 649
250 647
]

N

0 2 4 6 8 10
Applied Voltage Square (Volt?)

FIGURE 4(b) Induced birefringence versus the square of biased voltage for MBBA. The straight
lines are the least square fitting results.
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FIGURE 5 Induced birefringence versus pumping laser intensity for SCB. The straight lines are the
least square fitting results.

shown in Figure 5, it is negative for SCB with a positive dielectric anisotropy. The
phase retardation difference is proportional to the biased voltage in agreement
with the prediction of Equation (8). The slope of the Equation (8) can be found
from the least square fitting straight lines in Figures 4(b) and 6(b). Putting the
physical parameters n, = n,, = 1.56(1.52); n, = n,, = 1.78(1.68), ¢, = 4.9(18.0)
and £, = 5.4(7.0) for MBBA (5CB), one can easily obtain k;; for each sample
film. The linear relation for induced phase retardation difference A% versus the
intensity I for weak laser beam is shown in Figures 3 and 5. The effect of biased
electric field on laser induced birefringence is unambiguous. The electric field does
either enhance or suppress the induced phase retardation for MBBa or 5CB, re-
spectively as predicted from Equation (8). Again using the known values of physical
parameters and the slopes of the least square fitting line, the bend elastic constants
can be obtained. The average value of k;; obtained from Figures 3 and 4(b) is 8.0
x 107 dyne for MBBA, which is close to 7.5 x 10~7 dyne as reported.'" The
average value of k5; obtained from Figures 5 and 6(b) is 7.9 x 10~7 dyne for SCB,
which is close to 7.5 x 10~7 dyne found in the literature.'?

The discrepancy of data for MBBA with 0.5 volts biased voltage in higher in-
tensity regime on Figure 3 can be explained by thermal effect.!?® In general,'® the
rate of change of index with respect to temperature An, /AT is negative while An,/
AT is positive. In other words, An = n, — n, decreases as temperature increases.
Consequently, thermal effect is significant for MBBA for two reasons. First, MBBA
is sensitive to Ar* laser as the thermal effect is considered. Second, |An /AT = 5
|An,/AT| for MBBA. That is when the orientation angle 6 is small, the suppression
of phase retardation is negligible. However, when 0 is large, the suppression be-
comes significant. In particular, the orientation angle of HAN is much larger than
of the homeotropically aligned cell. Therefore with a biased voltage of 0.5 volts
brings the molecular angle even larger such that n; is closer to n,. In this case the
suppression becomes observable.
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250um
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L |
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FIGURE 6(a) Induced birefringence versus biased voltage for 5CB. The solid curves are drawn
freehand as a guide to the eye.
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FIGURE 6(b) Induced birefringence versus the square of biased voltage for 5CB. The straight lines
are the least square fitting results.

In conclusion, the laser induced nonlinear birefringence in a hybrid aligned
nematic cell is either enhanced or suppressed by the quasi-static field depending
on the sign of the dielectric anisotropy of the nematic. For small distortion, the



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:10 19 February 2013

ELECTRICALLY BIASED HAN 263

phase retardation difference due to molecular reorientation is proportional to the
pumping laser intensity and to the square of the applied voltage. The thermal effect
is significant for electric field biased cell of MBBA.
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