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EXPERIMENTAL AND THEORETICAL ANALYSIS OF INTRINSIC
OPTICAL TRANSISTOR ACTION IN HOMEOTROPICALLY ALIGNED
NEMATIC CRYSTAL FILMS

ENRICO SANTAMATO, ANTONIO SASSO, RICCARDO BRUZZESE,
ROSARIO CALASELICE, and PASQUALINO MADDALENA
Dipartimento di F.N.S.M.F.A., Pad.20 Mostra d'Oltremare
80125 Napoli, Italy

Abstract In this work we report the first observation
of intrinsic optical transistor action in a homeotropi-
cally aligned nematic liquid crystal film. The transi=
stor action is produced by the sample intrinsic optical
nonlinearities, so that no external feed-back mechanism
(e.g. a Fabry-Perot resonator) is necessary. We also
present a theoretical analysis of the problem in two
different approximations: a linear, time—dependent ap-
proach, and a stationary non linear analysis. The theo-
retical results show to be in good agreement with our
measurements.

INTRODUCTION

In recent years, the possibility of constructing nonlinear
optical devices based on the optical-field-induced refrac-
tive indeces (An) has attracted a great deal of attention.
It is often most appealing if such devices would work with
cw laser beams. This requires a nonlinear medium with an
extremely large nonlinearity. Several such media have recen-

. 53
tly been discovered. *’

In particular, recent studies have
demonstrated extraordinarily large optical nonlinearity of
nematic liquid crystal arising from the optically induced

. . . . 5,6
reorientation of the molecular director axis. The non-
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linearity has been shown to be several orders of magnitude
larger than that exhibited by a typical anisotropic liquid
like C82 and is in the same order of magnitude as those ob-
served is some nonlinear photorefractive crystals (e.g.
BaTiOa) or semiconductors.

In this paper we report both full experimental analysis
and theoretical description of the intrinsic optical tran-
sistor action in a homeotropically aligned nematic liquid
crystal film, which we have recently observed.7 Optical
transistor action here refers to the transfer of a signal
carried by a low—power beam to a high-power beam, when the
two interact in a medium. In our experiment, this was achie-
ved by the interaction of two linearly polarized laser
beams in a homeotropically aligned nematic film. The basic
idea is as following. Consider a strong beam and a weak beam

imping ing concurrently on the film at normal and oblique

incidence, respectively. Both are polarized in the plane of
incidence. With the strong beam alone, no molecular reorien-
tation can be induced in the sample if the beam intensity

is below threshold for optical Freedericksz transition.

In the presence of the weak beam, however, the threshold no
longer exsgts, and the resultant molecular reorientation
induced by the beams can produce a local An and lead to a
phase shift in the strong beam, which can be converted into
an intensity change of the strong beam. 8 An amplitude modu-
lation of the weak beam can give rise to a corresponding

amplified modulation of the strong beam. Power gain of the
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order of ten have been obtained.

We also report a theoretical description of the optical
transistor action in a mematic liquid crystal, which is ba-
sed on a plane wave theory of the laser beam interacting
with the sample. The numerical resultsobtained by using the
above model show a very good agreement with our experimen-
tal observations.

The organization of this paper is as follows. In sec—
tion II we report the description of the experimental set-
up and of the experimentals results. Section III contains
the general theory of the nonlinear interaction between an
electromagnetic plane wave and a nematic liquid crystal.
Finally, in the last two sections we develop the theory of
the section IIT in two different situations: a linear, time-

dependent approach, and a complete, stationary analysis.

II.EXPERIMENTAL SETUP AND RESULTS

The experimental arrangement is shown in Figure 1. A cw Ar+
laser beam operating at 514.5 nm was split into a strong
beam (=50mW) and a weak beam (=1mW). The strong one (Io)was
normally incident, and the weak one (I1) was near the Brew-
ster angle (=42°) on a homeotropically aligned 5CB nematic
film 60ym thick. The power of the weak beam could be varied
by using a variable attenuator. The beams were focused (with
a focal length of 25cm) to a spot of =~ 3x10—5cm2 and properly
aligned to ensure an accurate overlapping of the two beams

in the sample. The alignement was checked by observing the
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Ar® laser

BS L E, C D

FIGURE 1. Experimental layout: M's, mirrors; L's,
lenses; BS, beam splitter; VA, variable attenuator;
P, polarizer; C, liquid crystal cell; D, diaphragm;
PD, photodiode; (X,t), (%,t) recorder.
far-field ring patterns induced by the spatial phase modula-
6 . .
tion on boeh beams. -8 Both beams were polarized in the plane

of incidence. The beam powers were chosen so that

I << I =Ax I 1
1 0% Tin * Ypr 0

2. . .
where IFr ( ~1.8 KW/Jcm ) 1s the Freedericksz threshold for

homeotropic alignment, and A the laser beam cross section in

the focus.
Since I0 < Ith’ no molecular reorientation in the sam-
le took place when 11 = 0, and no field-induced phase shift

appeared on the strong beam. For I1 # 0, however, a small
molecular reorientation was initially started by the weak
beam. As soon as the mo¥ecular reorientation set in, the
strong beam also become operative in reorienting the mole-

cules. The two beams then cooperatively drove the molecular
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reorientation toward the final equilibrium configuration.
This lead to a spatially varying optical birefringence in the
medium and hence to a spatial modulatdon on the beams. We
noted that the far-field ring pattern of the transmitted st-
rong beam had a sensitive dependence on the weak beam inten-—
sity. As many as 30 rings (corresponding to a phase shift of
#60%) with a 20° angular spread were induced by 1mW in the
weak beam. Thus, the strong beam could be phase modulated by
an intensity variation of the weak beam. This modulation be-
came more effective as IO approached the Freedericksz thre-
shold intensity I

. For IO > It however, the weak beam

Fr h’
had only a negligible influence on the self-phase modula-
tion on the strong beam.

In order to obtain the optical transistor action, the
phase modulation on the strong beam should be converted in
to an intensity modulation. We used the following scheme.

A diaphragm, approximately the size of the input strong
beam, was placed about 20cm beyond the sample, and the beam
passing through it was detected (Fig.1). In the absence of
a spatial phase modulation, the strong beam was hardly
blocked by the diaphragm. With a strong spatial phase modu-
lation, however, a significant part of the strong beam was
diffracted into rings, and the beam power transmitted thr-
ough the diaphragm diminished.

In Figure 2 , the observed output through the diaphragm,

I , is plotted against the input weak beam power (11).

out
It is seen that IOut can be reduced from 48 to 10 mW by ap-
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plicating a 4 mW weak beam, exhibiting a static power gain

of about 10. The slope of Iout versus I1 in some region ap-
pears to be fairly steep. For 10=42mw, and 11:3.6mw, a va-
riation of Iout from 15 to 35 mW cold be obtained by a varia-
tion of ].1 of only 0. 2mW. Thus, the dynamic power gain is

of thé order of 100.

50,
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Figure 2. Output power 1 versus I_, for I_=48mW
ou 1 0

(®), and IO=42mW (@).

Unfortunatéty, the response time is slow because of the
strong molecular correlation. In Table I we show the obser-
ved time, T, required for reducing IO to 1/e of its original
value, as a function of I1 for two different values of I .

0

The theory underlying the above observations is a sim—

6,9
ple extension of the single beam case developed earlier.

The interference of the two beams can yield a spatial varia-



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:48 19 February 2013

INTRINSIC OPTICAL TRANSITOR ACTION ... 73

tion of molecular reorientation in the form of a three-di-

mensional grating structure.

TABLE I The computation time as a function of I1 for two
different values of Io.

IO-hB mW IO-AZ W
I, (mb) T (sec) 5 (mW) T (se)
9.00 5.3 7.60 10.5
6.25 7.5 6.85 10.5
5.60 3.0 6.00 15.0
5.00 9.8 4.60 15.0
3.75 10.5 4,20 16.5
3.15 12.0 3.90 18.8
2.50 12.3 3.60 22.0

However, in our experimental configuration, the optical pa-
ths of the two beams was differing much more than the laser
coherence length, so that the grating structure was rapidly
fluctuating in time and cedld not affect the molecular
orientation. With the grating effect neglected, the situa -
tion then crudly resembles that of a single beam incident
upon the nematic film at an oblique angle; the angle of in-

cidence increases as the weak beam power increases.

ITI. PLANE WAVE THEORY

In this section we briefly outline the genaral theory of the
non linear interaction between an;electromagnetié plane. wa-
ve and a nematic liquid crystal,.

The optical torque per unit volume, T , produced by a T™

plane wave impinging on the crystal at an angle& is given
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10
by €K
a 33 . 2 . 2
T (8)=- P ( sm(ZO)(IEX' - .IEZI ) +
E X
+ cos(20)(EE + E E)) (2)
X Z X zZ

where s=sina, K__ is the Frank elastic constant, and

33
€=¢€rg , with g'and g*the dielectric constants in a di-

a
rection parallel and perpendicular to molecular director n,
respectively. By choosing the z-axis along the sample nor-—

mal, © (z,t) represents the director tilt angle.

In the quasi-optical approximation, the components of

10
the electric field within the liquid crystal are
2.1/4 .
E (z,s)=E(e -s5") / exp(iV¥ (z,s))
X zz
2 1/2 (3)
e (e _-s )+s(e+rc') .
Xz zZZ a exp(iy (z,s)) ,
E (z,s)=-E
z 2.1/4
(e -s)
2z zz

where E is the electric field amplitude, €p™ gasin Ocos O,

2
andezz= €+ g cos © . The phaseY (z,s) is given by

2112 ,
y (z,s)= 2m g u EL(EZZ(Z e SEXZ(Z ) dz' (4)
’ A

Ezz(z')

where A is the laser wavelength.

Since, as already discussed, the spatial interference
terms can be neglected in our case, the strong (0=0) and
weak (0=42°) beams interact independently with the liquid
crystal, so that the total optical torque per unit volume

is simply
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Topt = 1(0) + T(sin42°). (5)

The equation of motion for molecular reorientation in

the nematic cell is

80 &0
n . 2 2
_ . . o).

5t + (K11s1n 0+ K33cos ) 522

ot (6)

2
_ _ : 401 .
(K33 K11)51n @cosd (6 z) To

wheren is a Leslie viscosity coefficient, K11 is the splay
elastic constant and‘roptis obtained through Eq.(2) and (5).

The phase change for the strong beam electric field E

0
( a=0), after passing through the liquid crystal film is
L
1/2 1/2
27 L Ex IS S dz
AY (L,0)= = - . v
O(L, ) : T 12 1 (7N
Sz

Eq.(6) is a nonlinear, inhomogeneous, partial differential
equation (in space and time), and an analytical solution
cannot be found. In the next two sections we shall obtain so-
lution of Eq.(6) in two different approximations. Firstly, in
the case of very small angles, we shall outline a very sim-—
ple, linear, time-dependent theory; secondly, we shall find
a solution in the stationary case (§£L=O). A comparison
between theoretical and experiﬁental results will also be

discussed.
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IV. LINEAR THEORY

In the limit of small angles of mblecular reorientation, an

analytical solution of the problem can be obtained. The

T
small-angle approximation ( 9<< —= ) reduces Eq.(6) to the
following linearized equation
Lz § 2 529
——LKL— EEO+L —, +B6+D=0, (8)
33 §z
where 9 9
9 (1 /IO)cos <1(1—2(sin0/ne )
= + ’
1r (IO/Ith) 1 RCRTIE

(1-(sin a/n_ )")
e

2 .
D=-( g /no)(11/1th) singcosg .

)1/2

1/2 .
3 , and n =( € ) / are the ordinary and
e "

In Eq.(8) no=( €
extraordinary refractive indices, respectively, and Ith de-
notes the Freedericksz threshold for homeotropic alignment,

viz
2 2 2 2
1. .= -
ch (c A(ne/no) K33(n/L) )/(ne no)’ (9)
where ¢ is the speed of light.

Assuming strong anchoring boundary conditions with

6(0)= 0(L)=0, the solution can be written in the form
-3

g(z,t) = z C (t)sin(nmz/L). (10)
n=1 n
we find
cC=20 ,for odd n
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22 2
1-exp ((B-n TT)K33t/(T¥L M)
C =—4D— s for even n.
n 2 2)

nT{(B-n T

Knowing Qz,t), one can then calculate the optical-field-
induced refractive index An(z,t), and, hence, the induced
phase shift AY 0(see Eq.(7)) of the strong beam in passing
through the sample.8 The result is

BY =Tn (/D (-t fn )" T, co (1) (1)

n=1
The theoretical calculations have been carried out for a
homeotropically alignment 5CB nematic film, with L=60U m,
and an incident angle =42°, For 5CB, N=0.25 poise, K33=
9x10" dyn, n_=1.533, n _=1.703, and I__ =1.8KW/cm-.

To compare theory and experiment we have measured the
time required to obtain an induced phase shift of 4 T(wich
corresponds about 2 diffraction rings in the far-field pat-
tern) on the strong beam as a function of the weak beam po-
wer for a fixed input strong beam. The phase-change of 4%
corresponds to a maximum molecular reorientation of ~20° at
the middle of the cell. This guarantees the applicability of
the above small angle approximation. The comparison between
experimental and theoretical results is given in Figure 3,
in the case of IO=48mW. As shown, the agreement between
theory and experiment is good, considering that we have sim-
ply taken the material constant from the literature, and

neglected the finite-beamsize effect.
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FIGURE 3. Comparison between the experimental (@)
and theoretical (solid line) times required for ob-
taining a phase shift of 4%, as a function of 11/1

for IO=48mW. 0

V. STEADY-STATE ANALYSIS

We have also studied the stedystate approximation of Eq. (6).
The exact, steady-state solution of Eq.(6) can be obtained
by putting 30/ 3t=0. In thés case, Eq.(6) reads
2 2
2 2 O . 20
(K, ,sin @+4K__cos O 2.9 -(K_.-K )snx@cos@(——) =T
11 1 opt

2 3
33 5 2 33 z

We have solved this equation numerically, thus obtai-
ning the tilt angle® = 0(z) as a function of z. The knowled-
ge of 9(z) allows one to calculate the integral in Eq. (7)

and, consequently, the phase change for the strong beam
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electric field EO after passing through the liquid crystal
film. This 1s roughly equivalent to calculate the maximum
number of rings obtained in far-field pattern after a steady
state condition has been ceached.

In Figure 4 we report the comparison between the calcu--
lated (continous line) and experimental measured number
of rings in the far—field pattern as a function of the ratio

I /1, for IO=48mW.

10

8“

N L o

Q
6... o
Q

4]
2]
0 a .2 3

W,

FIGURE 4. Comparison between experimental (@) and
calculated (solid line) maxmum number of rings in
the far-field pattern in a steady-state condition,
as a function of 11/10, for IO=48mW.

As easly seen, the agreement is thouroughly satisfactory al-
so in the steady-state case. Similar results have been ob=

tained also for IO=42mw.
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CONCLUSIONS

In this work we have reported the first obsarvation of in-
trinsic optical transistor action in a homeotropically ali-
gned nematic liquid crystal film. A very interesting feature
in our results is that the transistor action is produced by
the sample intrinsic optical nonlinearities, so that no ex-
ternak feed-back mechanism is necessary. In our experiment
we have observed static optical power gains of the order of
10 and dynamic power gains of the order of 100.

The main draw back of the all-optical device described
in this paper is the slow response time wich due to the
strong molecular correlation showed by 1iquid crystals
(see Table I), Much work is, obviously, required in this
direction in the future.

We have also obtained solutions to the general pro-
blem of the nonlinear interaction among two light beams and
a nematic liquid crystal. In particular, we found an analy-
tical solution in the case of small angles of molecular reo-~
rientation, and a numerical exact solution for the case of a
steady-state regime. In both cases very good agreement bet-
ween predicted an experimentalty measured values was ob-

tained.
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