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An electric field applied to a layer of a nematic liquid crystal with positive anisotropy of 
the dielectric constant orients the molecules in the layer in the direction of the field. 
The aim of the present work is to study the reorientation of the molecules and their re
laxation to the original state. This is performed by recording the phase shift of the laser 
light beam due to birefringence of the oriented liquid crystal film. The experimental 
dependences of the phase shift on the applied voltage and the field switch-off time are 
obtained. The threshold nature of the reorientation and the mentioned dependences are 
analyzed theoretically. The orientation effect is employed in various applications in 
phase-regulating and light-valve devices. 

INTRODUCTION 

The great attention presently paid to liquid crystals 
is due to the extensive possibilities of their practical 
utilization in various branches of technology, particu
larly for optical information processing. So far, no 
acceptable materials have been found for controlled 
transparencies serving as phase converters of informa
tion. Of interest in this connection are oriented films 
of nematic liquid crystals, in which an entire ensemble 
of molecules can be synchronously reoriented under the 
influence of an electric field, thus causing phase changes 
in coherent light passing through the crystal [1,2J. This 
effect is the subject of the present paper. 

We consider a single-crystal layer of nematic meso
phase made up of flat glass substrates with transparent 
electrodes, and having a preferred optical axis lying in 
the plane of the layer. The optical indicatrix which de
termines the value of the refracti ve indices of the ob
tained uniaxial-crystal plate is an ellipsoid of revolu
tion about the principal symmetry axis 00(3J 

(1 ) 

If the light polarization vector E is perpendicular to 
the optical axis of the crystal, then the refracti ve index 
for the vector is equal to no. If the direction of E coin
cides with the optical axis 00, the refractive index is 
equal to ne. The characteristic difference ne - no for 
liquid crystals is appreciable, on the order of 0.3. In 
the general case, for a polarization vector lying in the 
principal plane of the crystal, the refractive index is 
determined by the major semiaxis of the ellipse in the 
indicatrix section perpendicular to the normal to the 
wave front 

non, 
n=~~~~~~~~ 

(no' cos' 0 + n,' sin' 0) 'I. 
(2) 

where 90° - 8 is the angle between the optical axis and 
the normal to the wave front. 

In an electric field (see Fig. 1), the molecule axes 
of the liquid crystal with positive anisotropy of the die
lectric constant assume a certain angle 8 (z) relative 
to the initial orientation (in the plane of the substrates), 
with the exception of the molecules adjacent to the 
electrodes of the thin boundary layer, so that 8 max 
= 8(L/2) and 8(0) = e(L) = 0, where L is the thick
ness of the liquid-crystal film, and the value of emax 
(O:s e max :s 90°) is determined by the applied electric 
field. In this case, if the polarization vector E makes 
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an angle rp with the principal plane of the crystal, then 
passage of light through the liquid-crystal film produces 
between the ordinary and extraordinary rays a phase 
difference amounting to 

2n [ L non. dz 
Q>=T S (no'cos'O(Z)+ n.'sin' O(Z))'h 

o 

(3) 

The intensity of the light registered behind an analyzer 
that is crossed with respect to E is 

1= 10 sin' 2cp sin' (Q> / 2), (4) 

where 10 is the intensity of the incident light. 

Turning on (turning off) the electric field leads to a 
reorientation of the molecules and to a corresponding 
change in the phase delay of the light: 

L 

L\Q>=~[nL-S non,dz 1 (5) 
A ' ,,(no' cos' 8(z) + nc ' sin' 8(z) 'I, _ ' 

accompanied by a change in the intensity 1. At a field 
intensity sufficient to rotate the molecules by e = 90°, 
the layer of the liquid crystal becomes isotropic for 
light propagating along the z axis, and the birefringence 
vanishes. The analyzer will then transmit the largest 
number of maxima (minima) of intensity, as determined 
by the relation m = AW/21T. This number does not de
pend on whether the analyzer is crossed relative to the 
polarization vector of the light or is parallel to it, but 
zero intensity is established after the field is turned on 
in the former case, and maximum intensity in the latter 
case. 

A change of the intensity (phase delay) can also be 
registered by observing the interference of the light 
reflected from both surfaces of the glass plates in con:
tact with the liquid crystal, in which case the vector E 
should lie in the prinCipal plane of the crystal [ll. The 

FIG. I. Distribution of the molecule axes in a Iiquid-crystallayer acted 
upon by an electric field. 
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interference method of registration is twice as sensi-
ti ve, because of the double passage of the light through 
the liquid-crystal layer. At the same time, the polari
zation method of observing the orienting action of the 
electric field on the liquid-crystal molecules is pre
ferrable because of the lower loss of light, the easier 
tuning, and the closer approach to the actual application 
conditions. 

It should be noted that for liquid crystals with nega
ti ve anisotropy of the dielectric constant and homo
tropic arrangement of the molecules relative to the 
light propagation direction, the considerations advanced 
above concerning the change of the birefringence in the 
electric field are valid in practice[4 J• The effect of the 
electric field consists in this case of increasing the 
birefringence (formula (3) can be used to determine the 
phase delay), and is analogous to removal of the elec
tric voltage from the electrodes for a layer of liquid 
crystal with positive dielectric anisotropy. 

EXPERIMENTAL CONDITIONS 

The orienting action of the electric field was investi
gated using the following nematic liquid crystals with 
positi ve dielectric -constant anisotropy: 

No. 1-4 'ethoxybenzylidene-4-aminobenzonitrile; 
No. 2 -4' -butoxybenzy lidene-4 - aminobenzonitrile ; 
No.3-Mixture of substances No.1 and No.2 in a 

ratio 1 : 1; 
No.4-Mixture of metoxybenzal-p'-n-butylaniline 

with substance No.1 in a ratio 6 : 1. 

The characteristics of these substances are listed in 
the table and the values of the refractive indices for 
them, m~asured by an interference procedure[Sl, are 
indicated for the central section of the temperature in
terval in which the nematic mesophase exists. The 
oriented single-crystal films of the liquid crystals with 
thickness ~10 Jl were produced in the usual manner by 
filling a capillary gap between previously rubbed-in 
substrates with a current-conducting layer having a 
resistance 20-30 n for a square of side 1 cm and a 
transmission ~90% at the wavelength 0.63 Jl. The two 
substrates were rubbed-in in the same direction. 

I I Refractive indices'" 
Characteristic Temperature I __ -,-__ ~ 
of substance interval, 0 C 

ne no 

N,1 
M2 
M3 
.1'>, 4 

103-11., 
63-104 
50-90 
20-65 

1.84 
1.82 
1.80 
1.78 

*Measurement accuracy 1%. 

1.47 
1.47 
1.47 
1.50 

The setup for measuring the orienting action of the 
electric field on nematic liquid crystals is shown in 
Fig. 2. Emission from an He-Ne laser 1 with wave
length A = 0.63 Jl, after passing through polarizer 2, 
collimator 3, and a 50% mirror, enters a cell with the 
liquid crystal (7, 8, 9), placed in a thermostat 6. Both 
methods of recording the orientation order in the liquid 
crystal were used. In the polarization method, the 
optical axis of the crystal made an angle of 45° with the 
polarization vector of the incident radiation, and ana
lyzer 10 and photomultiplier 11 were placed behind the 
cell. In the interference method, the vector E was in 
the principal plane of the crystal and the intensity was 
likewise measured with photomultiplier 4. Both a dc 
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FIG. 2. Experimental setup for the study of the orienting action of an 
electric field on nematic liquid crystals: I-laser, 2, 10-polarizers, 3-
collimator; 4, II-photomultipliers; S -beam splitter, 6-thermostat, 7-
glass substrates, 8-transparent current-conducting film, 9-liquid crystal, 
12-sound generator (GZ-33), 13-pulse generator (GS-6A); 14-amplifier, 
IS-shifted-pulse generator (GS-7A), 16-dcvoltage source. 

voltage from battery 16 and a pulsed voltage from a 
generator (13 or 15) were applied to the crystal. A 
special amplifier circuit made it possible to turn on a 
sinusoidal voltage (frequencies 10 3 - 2 X 105 Hz) from 
generator 12; this voltage was turned off during the 
time when the field pulse from generator 13 was ap
plied. The photomultiplier signals were registered with 
a PDS-021 automatic recorder and an Sl-17 oscillo
scope. 

EXPERIMENTAL RESULTS 

Figure 3 shows a typical dependence of the change of 
the intensity on the applied voltage for light registered 
ahead of the analyzer (curve 1) and behind it (curve 2); 
the analyzer is crossed with respect to the polarization 
vector of the incident light. In Fig. 3a, the transmis
sion T is given for a crystal film No.1 of thickness 
~10 Jl with the voltage increasing slowly (12 V in 
60 sec), while Fig. 3b shows the same for a voltage 
decreasing at the same rate. The reorientation of the 
molecules has a certain threshold, as is particularly 
clearly seen in Fig. 3b. The strong attenuation of the 
light at a voltage U exceeding the threshold value 
(Uthr = 2.0 V) is due to the fact that the pOSition of the 
molecules in the layer becomes unstable at Uthr, caus
ing a rapid inhomogeneous reorientation of the mole
cule and a loss of the single-crystal character of the 
film, accompanied by scattering of the light. Curves 2 
show distinct transmission maxima due to the decrease 
of the phase delay of the light in the electric field. The 
phase shift between two neighboring maxima is 21T. The 
curves for the remaining substances are similar. 

The transmibsion curves were used to plot the phase 
delay of the transmitted light as a function of the ap
plied voltage (Fig. 4, curves 1-4). The initial value of. 

J~£t*=FJd 
iRSbt:EfJ 
a 2 4 Ii 8 10 12 

U, Volts 

FIG. 3. Variation of the transmission T of single-crystal film No. I of 
thickness ~ lOll, registered in the absence of an analyzer (Fig. I) and be
hind crossed polaroids (Curve 2): a-increasing voltage, b-decreasing volt
age. 

P. D. Berezin et al. 306 



,--~~~~~ ~~~~~~~- --~-------

1 

\ 
12 

a I 2 
,\ \ 

r-----~ 

I 

I 3 \\ ~ 
8 

\ 1\\\ 
2 

, -\\: ~ 
.... 

5 8 10 
U. Volts 

FIG. 4 FIG. 5 

FIG. 4. Phase difference between the ordinary and extraordinary rays 
vs. the voltage on the liquid-crystal film (thickness - 10 p.). The solid 
curves 1-4 show the experimental plots for substances Nos. 1-4 (see the 
table), while the dashed and dash-dot lines correspond to an approximate 
calculation for crystal No. I. 

FIG. 5. Change of the phase delay of light following relaxation of the 
molecules of liq uid crystal No. I (layer thickness - lOp., temperature 
- 110°C): in the case of curves 1-5, there is no bias voltage Ub and the 
duration 7'p of the rectangular voltage pulses (Up = 50 V) is respectively 
0.02,0.028,0.038,0.2, and 2.0 msec; for curves 6-11, Ub is respectively 
1.8,2.1,2.7,3.0,3.3, and 3.5 Vat pulse parameters Up = 50 V and 7'p = 
0.2 msec; the dashed lines a, b, and c show the calculated course of the 
relaxation of the phase delay for 8 max equal to 30, 60, and 89°, respec
tively. 

.p is determined by the values of ne and no in the 
temperature interval in which the nematic phase exists 
and by the thickness of the liquid-crystal film, and 
while the formula q, = 21TL(ne - no)A-1 holds true 
within the scatter of the values of these parameters. 
The threshold voltage Uthr for the reorientation of the 
molecules did not exceed 3 V for the investigated 
crystals. The curve characterize the high sensitivity 
of the change in the phase delay to the applied electric 
field. For the sections with the largest slope, the rate 
of this change reaches 71T per volt. From the behavior 
of the phase delay with increasing voltage one can 
assess the change in the thickness of the transition 
boundary layer; at 10 V, for example, it is of the order 
of 0.5 JJ.. 

When a pulsed electric field was applied, the mole
cules were completely reoriented in a position with 
e = 90° within the time on the order of 200 JJ.sec at a 
rectangular-pulse amplitude 50 V. An intensity mini
mum was observed in this case in crossed polaroids. 
The relaxation of the molecules to the initial state with 
e = 0 is a much slower process. The relaxation time 
amounts usually to tens (for crystal No.1) and hun
dreds of milliseconds (for crystal No.4), and depends 
on the temperature of the material in the interval of the 
existence of its mesophase. If the molecules are given 
an initial orientation e ... 0 by applying a constant po
tential difference to the electrodes (a bias voltage Ub), 
the relaxation time increases somewhat with increasing 
Ub. This is due primarily to lengthening of the last 
stage of the relaxation, during which the maximum 
phase delay is established. When the bias voltage 
reaches Uthr, the rate of relaxation change of the 
phase delay decreases jumpwise during all stages of 
the relaxation time, since the electric field balances 
the elastic forces that tend to restore the initial single
crystal state of the layer. The amplitude of the relaxa
tion maxima of the transmission decreases as a result 
of scattering of the light by the aforementioned instabil
ities. Further increase of the bias voltage leads to a 
restoration of the amplitude of the maxima, and then 
to a reduction in their number. The reason for the 
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latter is that when Ub > Uthr the dsistribution of the 
molecule axis in the layer is characterized by a 
smaller value of the phase delay. As a result of the 
decrease in the reorientation angle, the relaxation 
time decreases and at Ub on the order of 7 V, when 
turning the field pulse on (off) changes the phase delay 
by only 1T, it amounts to approximately 0.4 msec for 
crystal No. 1. This behavior of the liquid-crystal layer 
in the course of relaxation was exhibited by all the 
investigated substances. Inhomogeneities of the film 
led only to a blurring of the indicated main features. 
Application of an alternating bias Ub instead of a dc 
bias did not change the character of the relaxation. 

Figure 5 shows a plot of the phase difference be
tween the ordinary and extraordinary rays against the 
time when the molecules of crystal No.1 relax to a 
state determined by the value of the bias voltage. The 
instant of time T '" 0 corres ponds to turning off the 
field pulse. The family of curves 1-6 in the figure 
corresponds to relaxation at Ub < Uthr, while curves 
7-11 correspond to Ub increasing to 3.5 V. The region 
of unstable equilibrium lies in the interval between 
curves 6 and 7, for which the values of Ub differ by 
only 0.3 V. The solid curves 1-5 describe the relaxa
tion process in the absence of a bias voltage for the 
case 0 < 8max < 90°. The maximum deviation angle 
was decreased in this case by reducing the duration of 
the rectangular voltage pulses. It is also seen from 
Fig. 5 that at the duration of these pulses (on the order 
of 2 msec), which greatly exceeds the value needed to 
orient the molecules with q, = 0, the relaxation time 
increases substantially as a result of the decrease of 
the relaxation rate during its initial stage. For several 
dozen seconds after the action of such pulses, the 
character of the slow relaxation remains in force also 
when short electric pulses (~0.2 msec) are applied. 
This is evidence of the strong influence of pulses with 
high field energy on the process of orientation packing 
of molecules at & = 90°, which proceeds without a 
change in phase delay. 

COMPARISON WITH THEORY 

The orientation changes produced by the electric 
field in the director d, which determines the direction 
of the optical axes of the molecule, can be considered 
theoretically. At small distortions of the spatial dis
tribution of d, the free energy of a liqUid crystal in an 
electric field &'- is gi ven by[6) 

F = ~ J {K" (div d)' + K22(drotd)' + K,,[dXrotdj' 

- ::(;d)' }dV, (6) 

where Kii is the elastic constant and €a = € II - €J. > 0 
is the anisotropy of the dielectric constant. 

According to the geometry of the problem, the 
change of the orientation of d takes place in the xz 
plane, with dx = cos &(z) and dz = sin 8(z). For a 
qualitati ve description of the considered phenomena we 
assume that Kll = K33 = K. In this case the Euler equa
tion corres ponding to the functional (6) takes the form 

d'8 a 
di' + 2" sin 28 = 0, (7) 

The solution of Eq. (7) determines the angle of inc lina
tion e max of the director d at the center of the layer, 
as a function of the field 
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(8) 

Minimizing F with respect to the constant C, we obtain 
ultimately with the aid of (8) 

1 ..... dO 
-2 a'I'L = oS ------

(sin' Om"" - sin' 0) 'I, . 
(9 ) 

Substituting in (9), for crystal No.1, the values Ea 
= 14[7), K = 7 X 10-7 dyne, and L = 10 Il, we rewrite (9) 
in the form 

(10) 

where E is a Jacobi elliptic integral of the first kind. 
It follows from (10) that the change of the orientation of 
the director in a liquid-crystal layer occurs at voltages 
exceeding the threshold value Uthr ~ 0.75 V. The dis
crepancy with the experimental result (Uthr = 2 V) can 
be attributed to the assumption that the elastic moduli 
are equal and to the lack of data concerning their 
values. The order-of-magnitudeagreement, however, 
is good. 

The inhomogeneous distribution of the director over 
the thickness of the layer e(z) at a given U is de
scribed by the formula 

a 'f, O(d de 
(2) z = f (cos 20 - cos 20m,,) 'f, (11 ) 

which follows from (7)- (9). The course of the theoreti
cal dependence of the phase delay ct> on the voltage is 
shown in Fig. 4 by a dashed line. The value of ct> was 
calculated from formulas (3) and (11). It is seen from 
Fig. 4 that there is qualitative agreement with experi
mental curve 1. By substituting in (3) and (11) the 
value K ~ 10-5 dyne, which is obtained from the experi
mental value Uthr = 2 V, we get the theoretical 4>( U) 
plot shown by the dash-dot line. Comparison with the 
experimental curve 1 points to anisotropy of the elastic 
constants of the investigated liquid crystal. 

Let us estimate the transients occurring when the 
electric field is turned on (off). In our apprOximation, 
they are described by the equation[6) 

0'0 00 
Ka;,:;=V1J"t, (12 ) 

where the viscosity coefficient is Y 1 ~ 0.03 g-cm -1 sec -1. 

The initial condition for (12) is 

8(z) it~O = 8(z) (13) 

(see (11 )). The boundary conditions for (12) are 

Oi,_o=8i'_L=O. (14) 

The solution of (12) under conditions (13) and (14) is 

2 L 00 nmz' nmz [n'm' K ] 8(z,t)=TS.E O(z')sin-L-sin--.r;-exp -Uyt dz'. (15) 
o m=t 

With the aid of (15) and formula (3) we calculated the 
time variation of the phase delay ct> when the electric 
field is turned off. The results of the numerical calcu
lation for emax equal to 30, 60, and 89° are shown in 
Fig. 5 by the dashed lines a, b, and c. A comparison 
with the experimental curves 1-5 shows qualitative 
agreement. The difference between the relaxation 
times is due to the fact that we used in the calculations 
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approximate (in order of magnitude) viscosity and 
elastic coefficients for the liquid crystals. 

CONCLUSION 

The described method of controlling birefringence 
serves as a basis for a number of technical applications 
of oriented liquid-crystal films. As shown earlier[l), it 
is possible to produce high-speed phase and amplitude 
modulation of a light beam by using low control voltages. 
Oriented films can be successfully used in phase
regulating devices whose necessary characteristic is 
high sensitivity of the phase response to the action of 
an electric field. The difficulties connected with main
taining constant film thickness and constant refractive 
indices can be easily overcome, especially by using 
bias voltages and liquid crystals in which the meso
phases exist in a large temperature interval. 

The orientational distribution of the molecules 
established in the liquid-crystal layer by the electric 
field can be fully determined, as follows from the pres
ent paper, from the phase delay of the light passing 
through the film. Therefore optical observation methods 
can yield reliable information on the occurring orienta
tional processes and the internal parameters of the 
medium. Thus, for example, the elastic moduli of a 
liquid crystal can be calculated from experimental data 
on the threshold voltage and on the change of the bire
fringence in an electric field. The relaxation behavior 
of the phase delay as a function of the time can yield 
more exact information on the viscosity coefficients 
than other known methods. It should be noted here that 
the theoretical description of the corres ponding charac
teristics must take into account the anisotropy of the 
internal parameters of the mesophase. 
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