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We.report some quantitative studies of four-wave mixing in aligned nematic-liquid-crystal films. Using an
unfocused cw laser of 200 mW power, at an estimated intensity of 5 W/cm?, we have observed a conversion
efficiency of 1072 The third-order nonlinear polarization that is responsible for this wave-mixing process is
attributed to the optically induced molecular reorientation. A quantitative calculation of the wave-mixing efficiency
and the intensity dependence is presented. It is shown that the experimental results are in good agreement with the

theoretical predictions.

INTRODUCTION

The theory and practice of degenerate four-wave
mixing have been standardized for many years. 1=3
In essence, four-wave mixings hinge on the non-
linear third-order polarization of the medium,
which may arise from electronic or orientational
contributions. In recent years, liquid-crystalline
media have received considerable attention be-
cause of their large optical nonlinearities, which
are due to their large anisotropies.?™" Measure-
ments by Wong and Shen? have shown that the Kerr
constant of MBBA (p-methoxybenzylidene-p -butyl-
aniline), for example, can be almost 100 times
that of CS,, a well-known liquid of large optical
nonlinearity. In recent developments of nonlinear
optical devices, these large nonlinearities have
been fruitfully utilized. Self-focusing, 3 optical
second- and third-harmonic generation, %7 non-
linear Fabry-Perot action®, and most recently,
degenerate four-wave mixing have been demon-
strated.®!% The nonlinearities come from the or-
ientational contribution, which has been shown to
be principally due to the collective molecular or-
ientational fluctuation. An important point to note
about these studies is that they are all performed
in the isotropic phase. Typically, the conversion
efficiency, which is proportional to the square of
the laser intensities, was found to be on the order
of 10™, for laser intensities on the order of tens
of MW/cm?.

It was suggested by Herman and Serinko [Phys.
Rev. A 19, 1757 (1979)] that larger wave-mixing
efficiency could be obtained in the nematic phase,
if one makes use of a dc field to bring the nematic
crystal to near a critical orientational transition

(the so-called Freedericks transition).!! This was

verified in some of our recent studies.!* Above
the Freederickstransition, we have observed the
predicted probe beam-amplification process, as
well as the diffraction of a fourth wave in the
phase-matched direction. These processes occur
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in the low optical intensity region, which is de-
fined by 3(Ae/4m)E?, < 3AxHS, or 3(Ae/4mEY,
where E, is the electric-field strength of the opti-
cal field, E 4 and Hy, are the dc electric and mag-
netic field, respectively, and Ae¢ and Ay are the
anisotropies in the permittivity and the permea-
bility, respectively. In this paper, we report
some quantitative studies of degenerate four-wave
mixing in aligned nematic in which the nonlinearity
is purely optically induced. Our theoretical anal-
ysis is analogous to Herman and Serinko’s, but
there ar e important details which we will point
out,

THEORETICAL ESTIMATE

Without much loss of generality, we consider
the scattering geometry as depicted in Fig. 1.
The sample is homeotropically aligned with the
director axis pointing in the Z direction. The in-
cident optical waves are polarized in the x direc-
tion and are almost normally incident on the face
of the sample. These two beams are crossed at
a small angle defingd by their respective propaga-
tion vector E, and k,. For this geometry, the
Maxwell equation D=€¢E may be solved to give an
effective dielectric constant ¢y, (cf. Herman and
Serinko):

_ e = (3 a¢)
Cott = T A cos26 ’
where Ac =€, —¢,, with ¢, and ¢, being the dielectric

e=%(61 +€u) ’ (1)
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FIG. 1. Scattering geometry.
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constant for optical field polarization parallel and
perpendicular to the director axis (optical axis) of
the nematic crystal. 6 is the tilt angle of the di-
rector axis with respect to the Z axis. In the ab-
sence of the optical field, § =0 and €,,, =€,. When
subjected to perturbation by an optical field of
strength greater than the Freedericks field, 6 will
assume a new, finite value. (This is, in fact,
shown to be the case in our experiment, as we
will discuss in a later section.) Our main task is
to determine the nonlinearity in €, (i.e., the E%
dependent part) that is associated with this direc-
tor-axis reorientation.

For optical fields whose associated electric
field strength is not too much greater than the dc
Freedericks field, we expect the induced molecular
reorientation to be small, i.e., 6 is small through-
out the bulk of the sample. In that case, Eq. (1)
reduces to

2A€p? ) . @)

eetf =€ (1 + 26"

This shows that the optically induced dielectric
constant change is given by

_elAeez

n

5€ (3)
To solve for 8, we quote here the well-known
sine-Gorden equation !® obeyed by 6

5 9% .
£ @- +s1n9_cos6=0 , (4)

where )
£ =E (41K /A€) .

This equation is obtained by minimizing the free
energy of the system which, in the present con-
text, is given by

2
F=;—K<§—€) ——;—%Eﬁpsinze. (5)
K is the elastic constant, assumed equal for the
three types of distortion (i.e., bend, splay, and
twist). This one-constant approximation has been
shown to give a fairly accurate numerical esti-
mate of MBBA’s responses. ! E is the electric
field of the incident optical waves

Eop =E1 +]-'§2
=6E jexpi(k,* T —wt)
+8E expi(k, T —wt) +c.c. (6)

We note here that if Ae is negative (which is the
case in purely dielectric MBBA), then Egs. (5) or
(4) shows that the applied field will tend to stabil-
ize the orientation in the 8§ =0 direction (i.e., the
initial configuration). In optical fields, Ae is

positive, and the system will stabilize under
optical perturbation with 6 assuming a finite
value for E,, greater than the equivalent dc
Freedericks field. It is important to note here
that because the molecules orientational re-
sponses are slow, only the slowly varying (in
fact, time-independent) terms E,E¥ and E}E,
matter in Egs. (4) and (5). In general, the solu-
tions to Eq. (4), subjected to the boundary condi-
tion for homeotropic sample (i.e., 6 =0 at Z = —d
and Z =d) are generalized Jacobian sine-ampli-
tude functions, !* and have been discussed in great
detail elsewhere. These analytical solutions,
however, do not allow easy identification of the
various nonlinear optical processes associated
with mixings of the optical electric field. A quick
estimate of the third-order nonlinearity, never-
theless, can be made if we consider an approxi-
mate solution of Eq. (4). Assuming that “hard”
boundary conditions exist (i.e., §=0 at Z =0 and
Z =d, even in the presence of the optical field) an
approximate solution!® of (4) is

6= Gmusin%z- , ("

where d is the sample thickness. 6,,, is the max-
imum angle of inclination of the director axis with
respect to the Z axis and, by symmetry, occurs
at Z =d/2. Several approximate forms of 6,,,,
have been used in the literature. In general, if

“hard” boundary conditions are assumed, the
solutions predict the existence of a critical value

Ey (i.e., the Freedericks field). For applied field
strength below Ep, 6,=0. Above Ep, 6,,, is given
approximately by

E2 _E2 1/2
0 max = 2('—%52'—&) s (8)
F

where E% =(m/d)*4nK /Ae. This form of approxi-
mate solution is slightly different from that as-
sumed by Herman and Serinko, but it follows more
naturally from the quadratic dependence of the
free energy (5) as well as the Torque balance
equation (4) on E’s. Equation (8) predicts a sharp
cut off at E =FE. In practice, several factors
(includ ing slight variation in the boundary condi-
tions, nonuniformity of the field, presence of con-
taminants and ions, etc.) will introduce a round
off near E ;. This has been shown to be the case
in most experiments, and in our experiment as
we will show presently.

Putting (8) into (3), one gets

_ AeEY o (1Z
Be=ers E—g’-sm(d) ) (9)
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The nonlinear third-order polarization is thus giv-
en by

€,A¢E 3
PP = ﬁsm ( d) . (10)

The term in (10) responsible for the wave-mix-
ing process of interest comes from

e AE Z . - -
PP = Z;:T_Z sm2< y )EfE;‘exp[z(Zkl -ky)*¥].

(11)

This polarization generates a dlffracted wave in
the phase-matched direction k3-2k1 -k2 The
magnitude of the diffracted wave E; may be found
by integrating the Maxwell wave equation

19°E, 47 3°
VEgrar e te®, 0

where P; is the linear polarization associated with
E ;. Following the usual wave-mixing calculation, 2
this gives
A
E3=E§E2<%§;—}Zi), | (13)

where k= | k3l . This expression for the diffract-
ed-wave intensity is similar to that derived by
Herman and Serinko for the case of optical plus
dc magnetic field induced nonlinearity, with the
appropriate replacement of AyH% by 5(Ae/4m)EL.
An important point to note here is that in our case
we are studying purely optically induced effects
associated with high optical strength [i.e., with
3(ae/4m)E% >5(A€/4m)EL]. On the other hand, the
magneto-optical effect as studied by Herman and
Serinko deals with the low optical intensity limit
[(ac/4mE? < 5AxHE = $(Ae/4m)EL] and requires
the presence of the dc magnetic field H (>Hg).

From Eq. (13), the intensity of the diffracted
wave is thus given by '

. a(10"kd%Ac%,\ 2

L=nt (M)
where we have defined all intensities in unit of
W/cm?, and have made use of E% = (7/d)*4nK / Ac.
Putting in k=2r(\)" for » =5145 &, ¢,~¢,, d="1T5
um, Ae=0.1 and K =5%10" dynes, one finally
gets

I,~8X10F, . (15)

(14)

It is important to note here that the numerical
factor in (15) depends on the form of the approxi-
mate solution for 6 that one chooses. Further-
more, there are uncertainties associated with the
values for K and Ac. In practice, therefore, Eq.
(15) should be regarded as only an order of mag-
nitude estimate of the wave-mixing efficiency.

For the purpose of brevity, we have not included
here calculations of the scattering for other opti-

cal polarizations and scattering geometry. In any
case we do not expect the basic mechanism under-
lying the wave-mixing process under study here
to be drastically different for other scattermg and
polarization setups.

EXPERIMENTAL RESULTS

At this point, some remarks on light scattering
in the nematic phase of liquid crystal are in order.
It is well known that because of the higher degree
of order, and thus a much higher light scattering
cross section, nematics are turbid in appearance,
and scatter an incident laser light wildly. Align-
ment of the molecules to minimize these spurious
side scatterings is therefore extremely crucial,
especially when our final objective is to demon-
strate the use of nematic films as practical holo-
graphic and imaging media. It is found that, in
general, the least spurious side scattering occurs
for nematics that are aligned homeotropically
(i.e., the director axis is perpendicular to the
face of the cell), with the incident light almost
normal to the face of the film, and the polarization
perpendicular to the director axis.

In our experiment, homeotropic samples are
made using a surfactant treatment, and checked
by a conoscopic optical interference method.

The liquid crystal used was MBBA (which is ne-
matic at room temperature), with a sample thick-
ness of 75 um. As a first check of the optical
field induced molecular orientation, the conoscop-
ic interference set up as shown in Fig. 2 is used,
with the argon laser and the He-Ne laser polar-
ized in the same direction. When the argon laser

© OPTICAL POLARIZATION
—> DIRECTOR AXIS
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FIG. 2. Optical setup for conoscopic interference.
experiment and observed pattern.
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is on, it was observed that indeed the interference
pattern changed to one corresponding to a tilted
director-axis configuration, when the incident ar-
gon-laser intensity exceeded 4.5 W/cm?. At this
intensity, the associated electric-field strength
E,, is estimated to be about 57 V/cm. In a sepa-
rate experiment, we have performed a series of
conoscopic interference experiments in which
samples of various thickness were subject to dc
electric field applied perpendicular to the director
axis. The corresponding Freedericks fields E,’s
were measured. For a sample thickness of 75
wm, the de Freedericks field was found to be about
60 V/cm, which is in good agreement with the op-
tical field strength mentioned above. A point to
note is that these dc and optical field strengths
for inducing molecular reorientation are much
smaller than those values given in the theoretical
expression for E,. Using known values of K =5
%107 dynes, Ac~0.1 andd="15 pm, E, is estima-
ted to be 600 V/cm. This discrepancy can be at-
tributed to various factors, including nonideal
boundary conditions, presence of contaminants or
free ions (e.g., coming from the surfactant) that
tend to change the elastic constant K or the aniso-
tropy Ae¢ or Ay.

The four-wave-mixing scattering geometry is
shown in Fig. 1. Both incident beams were de-
rived from the 5145-A line of a argon-ion laser
operating in the single-frequency mode. These
beams were crossed at a small angle of about
0.6°. The beams were almost normally incident
on the face of the sample, with the polarization
about perpendicular to the director axis. The di-
ameter of these beams was estimated to be 2 mm.
At an incident beam 1 power of 200 mW (5 W/ cm?
in intensity) and beam 2 of 120 mW, an easily
visible diffracted beam was produced in the phase-
matched direction. As the angle of crossing for
the incident beams was varied, the diffracted-
beam direction varied accordingly. The crossing
angle could be increased up to 1° and the diffracted
beam was still visible. The power of the diffract-
ed beam was measured to be 5X10% mW. An in-
‘teresting point to note is that the beam waist of
this beam was considerably smaller than those of

the incident beam. When expanded and then pro-
jected on a screen, the beam waist was measured

to be roughly one-third that of the incident beams,
The conversion efficiency, namely I;/I,, was thus
estimated to be 0.5X107%. This is in good order-
of-magnitude agreement with the theoretical value
estimated from Eq. (14), which gives 2X107? for
the conversion efficiency.

To check the four-wave-mixing nature of the ob-
served effect, we first established that the gener-
ation of the diffracted beam required the simultan-

eous presence of both beams 1 and 2, by succes-
ive blocking of these incident beams. A more
quantitative measurement is the intensity depen-
dence. Since I, is derived from the same laser
that provided I;, we expect I3 to be proportional

to the third power of the laser intensity and is
linear in I,. The dependence on the laser intensity
was checked by simply raising and lowering the
laser intensity, while the dependence on I, is
checked by introducing neutral density filters in
the path of I,. Figures 3 and 4 show the observed
intensity dependence. I, obeys the predicted inten-
sity dependence very closely.

FURTHER REMARKS

The interaction of liquid crystals with optical
and dc fields is a complex issue. In the study de-
scribed above, we have singled out but one of the
effects associated with these complex electro- and
magneto-optical effects. For the case of purely
optical perturbation, although we have removed
many complications associated with dc fields,
there exists a host of optical effects that remain
to be solved. It is conceivable that various other
polarization and scattering geometries may be
tested to gain more quantitative characterization
of the process. We have, instead, studied effects
associated with high optical intensities. Previous
studies ® have shown that because of the large non-
linearity of liquid crystal, self-focusing, and the
associated irregular beam intensity, distribution
will occur at a high optical intensity. To qualita-
tively investigate this, we have expanded all the
beams after the cell and study the beam intensity

DIFFRACTED BEAM INTENSITY (ARBITRARY UNIT)
&
T

P 1 L L
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ARGON LASER INTENSITY ¢ 302 W )

FIG. 3. Cubic dependence of the diffracted-beam in-
tensity on the argon-laser intensity.
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DIFFRACTED BEAM INTENSITY (ARBITRARY UNIT)
=
T

1 1 1 1 i L

% 10 150 20 0 30
INTENSITY OF BEM 2 ( 3x10°2 Wier )
FIG. 4. Linear dependence of diffracted intensity on
beam 2 intensity.

profile. No unusual intensity distribution was ob-
served up to the maximum power output of the la-
ser (with an estimated incident optical intensity I;
of 20 W/cm?). To raise the intensity, the incident
beams were lightly focused. At an estimated inci-
dent optical intensity I; of 100 W/cm?, an irregu-
lar transmitted intensity distribution profile began
to appear. At the same time, the diffracted-beam
profile was also distorted, and second- and some-
times third-order diffracted beams began to ap-
pear. At these intensities, side scatterings from
the main beams, which otherwise occur as a rela-
tively faint background, also began to increase to
comparable intensity as the diffracted beam. This

study, while qualitative, shows that there exists
a good working range of optical intensities in
which the wave-mixing process may be optimized
without complication from high intensity effects.

Our study also clearly indicates the possibility
for further fundamental and also applied studies.
Using a pulsed laser, or by modulating either
beam 1 or 2, one could study the orientational re-
laxation rate of the molecules in the nematic
phase, and perhaps gain further insights into the
phase-transition aspect of nematics. From a
more applied standpoint, it is obvious that the de-
generate four-wave-mixing process under study
could be utilized in real time holographic imaging
and optical modulation devices. We have, for ex-
ample, successfully attempted wave-front conju-
gation. !’ The possibility of high-resolution imag-
ery is also being tested.
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