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Abstract—A convenient and accurate technique for measuring the birefringence of liquid crystal (LC) is
developed. The birefringence of LC was obtained with only une experimental run by using phase modulation
technique, which is an expansion of PMFB (Phase Modulated Flow Birefringence) technique developed else-
where [1]. The basic principle of the method is based un the determination of the phase differences which
occur when a phase modulated monochromatic polarized light propagates through a medium with an aniso-
tropic refractive index. Birefringence measurements with red light (wavelength : 0.6328 gm) for commercial
liquid crystal material (Merck, ZLI 3201-000) are repaorted.

INTRODUCTION

The magnitude and wavelength dependence of the
birefringence An of liquid crystals (LCs) are of funda-
mental interest and are key parameters which affect
the operation of liquid crystal based electro-optic de-
vices. Several techniques [2-6] have been developed
for evaluating the birefringences of liquid crystals in
the visible spectral region. The conventional interfer-
ence technique {2] developed for birefringence meas-
urements in the visible region has several particularly
disadvantageous features. First, it only provides rela-
tive birefringence values, and in order to determine
the absolute birefringence An, two independent nieas-
urements are necessary. It is also difficult to measure
continuous birefringence data even over a narrow
spectral range by this method.

A voltage-dependent transmission technique [3,4]
has also been used to measure the birefringence of
liquid crystals at single wavelength in the visible spec-
tral region. However, in the implementation of this
technique only one polarization component of the
transmitted light was measured and, therefore, a por-
tion of the total phase shift & was not accounted for.
The accuracy of the method decreases significantly as
the phase shift induced by the liquid crystal becomes
smaller [4].

The voltage-dependent optical transmission tech-
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nique [7] is to determine the total phase differences
induced by a liquid crystal retardation plate in two
different optical arrays. To determine the absolute
birefringence 4n in this method, two independent
measurements are necessary. Experimental errors
may occur in two independent experimental measure-
ments.

In this work we report an improved technique to
determine the absolute birefringence with one experi-
mental run. The novelty and value of this method is in
the use of PEM (Photoelastic Modulator) to determine
the absolute birefringence accurately and convenienlly
through the one experimental run. Details of the
method are described in Sec. IlI.

PRINCIPLE OF MEASUREMENT

Nematic liquid crystals consist of rodlike molecules
which on the average line up parallel to the preferred
direction specified by the vector L. When a polarized
monochromatic lightwave propagales through a ho-
mogeneously aligned LC cell with its polarization axis
p at an angle of 45° to L, the extraordinary and ordi-
nary rays in the outgoing light will experience a phase
difference &;

2
= g{i)?\iég sin* @ ()
where d is the LC layer thickness, An (n,n,) is the
birefringence of the LC, A is the wavelength, and # is
an angle between the light propagation direction and
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Fig. 1. Schematic diagram of optical configuration
for liquid crystal birefringence measure-
ment.

the cell plate containing LC.

Generally, the pretilt angle (90°-6) of the LC is
small (<5°) and Eqg. (1) reduces to & =2rd An/A.
When the LC cell is placed between a analyzer and
PEM as shown in Fig. 1, the transmitted intensity can
be calculated by using Jones calculus (8]. The
mathematical derivation is similar to the case reported
in other paper [9] so that we omitt the detailed
procedure here.

[4e=1+]J,({A) (cos4 ¢sin® & —cos® (5/2)) 2)
I.=2sind2cos’¢— 1], (A) 13)
1,,=2]), 1A) [cosd gein® (8/2) —cos* 18/2))  14)

where ¢ is orientation angle of the sample.

Here PEM produces a sinusoidal phase such as
8, =Asinwt. wis a resonance frequency of PEM and
t is time. The details can be seen elsewhers [1,9].

If the sample was homogeneous and perfectly
aligned, we can assume ¢=0. Since J (A) is adjusted
by changing the amplitude of the PEM, the setting of
the PEM controller can be chosen such that the dc sig-
nal given in eq. (2) will not have any dependence on
the optical anisotropy of the sample. In other word, it
is possible to make J(A) equal to zero. Then

[ee=1 (5)
sin6=1,/2], (A) (6)
cosd= —1,,/2],(A) (7)

Eq. (6) and (7) reduce to

-1, (A)

d=Nr-+tan™' ( .1, (A)

LWN=0,1,2,---. (8

Fig. 2. Schematic representation of the experimen-
tal arrangement.

EXPERIMENTAL

As shown in Fig. 2, we have incorporated the capa-
bility of signal processing in the experiment to deter-
mine the birefringence of the sample. The light inten-
sity detected at the photodiode is converted o the
voltaic output and goes into the input port in pre-ani-
plifier. The output, full intensity signal is fed in:o two
lock-in Amplifiers (Stanford Research System, Inc.
SR510), 1f and 2f. They are both sent the same refer-
ence frequency signal from the PEM controller and
phase reference of the 1f and 2f amplifier are set to 0°
and 90°, respectively. Then the output signals from
two lock-in Ampilifiers are fed back to the ratio circuit.
The information to be extracted from the signal in-
cludes the mean intensity [, and the first harmonic
component [,. [, is easily obtained from low pass
filter. And the analog ratio circuits provide two ratio
components R, (1,,/1,) and R, (I,./1,). These analog
ratio signals are converted to the corresponding digitiz-
ed signals by the A/D converter with 13 bit resolution.
A digitization is performed in about 1 ms. These
digitized signals are then read by the IBM/AT via the
serial asynchronous data communication (RS-232C).
Here, the lock-in Amp. (1f) is DCE and RS-232C port
on computer (COM1: port on IBM/AT) is DTE and RS-
232C communication are made at 9600 baud, no pari-
ty, two stop bits.
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Fig. 3. Retardation as a function of the applied volt-
age. Frequency is 1 KHz. The sample is ZL1
3201-000; (a) 8 «m cell, (b) 9 «m cell.

RESULT AND DISCUSSION

As shown in Fig. 3, I, and I, go through maxima
and minima as the applied voltage increases and they
approach limiting values in the high voltage region.
The reason for this behavior is that the LC molecules
are reoriented by the applied electric field. [nitially,
with V = 0, the pencil-shaped LC molecules cause the
LC cell to behave as a phase retardation plate. Above
the limiting voltage, virtually all the molecules are
reoriented by the electric field so that the liquid crystal
director L is perpendicular to the plane of polarization
of the incident light. This molecular reorientation ef-
fectively removes the original optical anisotropy of the
cell, and no phase difference between tine ordinary
and extraordinary rays is observed at high voltages.
When the applied voltage is reduced by a small
amount, partial relaxation of the liquid crystal mole-
cules ioward their original parallel orientation occurs,
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Fig. 4. Voltage dependent birefringence of ZLI 3201-
000 liquid crystal.

and a small optical anisotropy is produced. The first in-
tersection in Fig. 3(a) (starting from the high voltage
end) where sind= cos§is identified with an absolute
phase retardation & of /4, since precise phase shift for
any applied voltage range is calculated from Eq. (8). At
second crossing point & is 5x/4. Following this proce-
dure the total phase difference produced by this cell is
given by Eq. (8) with lij 7 (N = 3) this value of & can
then be used to calculate the birefringence to obtain
An =8A/2rd = 0.1307 for 8 um cell, with A = 0.6328
um anu T = 26°C. Similarly, we oblain 4n = 0.1291
from data shown in Fig. 3(b) for 9 zm cell. The de-
pendence of LC effective birefringence on voltage can
also be calculated from the data shown in Fig. 3(a) and
(b} by using Eq. (8). The results are shown in Fig. 4 for
both 8 xn and 9 um cell. These data for two different
cell thickness agree well. We can conclude the method
developed here is accurate.

In Fig. 4 birefringence decreases linearly as the
voltage exceeds the Freedericksz transition threshold
and the rate of decrease is less in the high voltage
region owing to the balance between surface torque
and external field-induced torque [10]. From Fig. 4,
we find that the threshold voltage, V,-08 V,_ . where
An first begins to decrease. The threshold voltage for a:
homogeneous liquid crystal cell is given by [4]

K ,
o= 1112 an
Vin ”[EOAe] 9)
where K, is splay elastic constant and Ae is dielectric
anisotropy.

We obtain that the value of K;;=10.7 and €, =
12.267 from literature information (Merck). By substi-
tuting the value of K;, on Eq.(9), we can calculate the
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dielectric anisotropy. We compute Ae = 14.65, while a
reported value of Ae is 16.4 from the supplier. The
small deviation between the reported value and our
calculated one is due to the absence of the information
for the temperature dependence of K, and frequency
dependence of Ae.

CONCLUDING REMARKS

A phase modulated technique was developed to
measure the birefringence of liquid crystals at discrete
wavelength (0.6328 xm). This technique developed
here for measuring the birefringence of LC is proved
accurate and convenient. The unique feawure of this
technique is that it is useful for the automation of bire-
fringence measurement of LC by using compuler-
aided phase modulation technique.
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NOMENCLATURE
d . cell thickness
L : director of the LC molecules
p © polarization axis
l,, : mean intensity signal
I, : intensity of the first harmonic component
I, : intensity of the second harmonic component
J{A) : Bessel function of the first kind of order 0
J(A) : Bessel function of the first kind of order 1
JAA) : Bessel function of the first kind of order 2

R, : ratio signal intensity with first harmonic com-
ponent

R,, : ratio signal intensity with second harmonic
component

Greek Letters

d retardance

A wave length

4 o tilt angle

é orientation angle of liquid crystal
An : birefringence
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