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Theory of optically induced molecular reorientations
and quantitative experiments on wave mixing

and the self-focusing of light
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We present a theoretical treatment of optical-field-induced molecular reorientations and

quantitative experimental verifications of the associated nonlinear-optical processes in the
nematic phase of liquid crystals. Explicit analytic expressions are obtained in the small-

angle linearized approximation of the Euler-Lagrange equation describing the molecular

reorientation. It is found that optical-field strengths much lower than the so-called opti-
cal Freedericksz transition threshold can create substantial molecular reorientations and

generate easily observable nonlinear-optical effects such as self-focusing and degenerate

four-wave mixings. The theoretically predicted dependences on the scattering geometry,
the optical intensities, and the nematic thicknesses are in excellent agreement with experi-
mental data. The relative contribution of thermal effect is also determined.

I. INTRODUCTION

The physics of liquid crystals is a complex but
fascinating subject. In particular, their optical pro-
perties have been the subject of intensive funda-
mental and applied investigation. ' Recently, the
nonlinear-optical properties of nematic liquid cry-
stals under the action of purely optical and dc-
plus-optical fields have received considerable atten-
tion.

In brief, the action of an optical field on nemat-
ics is in many respects equivalent to a dc field.
Specifically, the interaction can be described by the
addition of a term (Sa) 'he E,p in the free energy
(where he is the optical dielectric anisotropy and

Eop the optical-field strength). Because the
nematic's response times are generally very long,
only the time independent (i.e., dc) component in

Epp will manifest. In that sense, the process of op-
tically inducing molecular reorientation is almost
identical to the now well-known dc-field-induced
distortion of nematics. ' On the other hand, be-
cause optical fields involve propagation and the
inevitable nonuniformity in the intensity (field) dis-
tribution of the light beam, there are several ques-
tions that deserve a detailed analysis. Explicit
analytical descriptions of the various effects associ-
ated with geometry, polarization, thicknesses, etc. ,
are missing from the literature, even though they
may be somehow deduced from our understanding
of the nematic's dc-field responses.

In this paper, we present an approximate solu-
tion of the Euler-Lagrange equation that allows an

identification of the optical nonlinearities and easy
and direct comparison with experiments. The ac-
curacy of the approximation is negligible, in fact,

compared to many other more frequently made as-

sumptions, (e.g., the one-constant approximation)
in some of the so-called exact solution. ' Detailed
comparison of the theoretical expressions with the
experiments on wave mixing and the self-focusing
of lights shows that within the limits defining the
validity of our approximations, excellent agree-
ments are obtained. In addition, other mechanisms
that also contibute to these nonlinear-optical pro-
cesses, e.g., thermal indexing, can be quantitatively
determined. This paper is a natural and necessary
extension of the preliminary study as reported in
Ref. 4, and will answer some of the questions that
may be raised on the rather new subject of
optical-field-induced nonlinearity in nematics.

II. THEORY

We will divide our theoretical discussion into
subsection A the molecular reorientation, subsec-
tion B the optical nonlinearity, and subsection C
the thermal effect.

A. Molecular reorientation

Without much loss of generality, consider a
homeotropically aligned nematic liquid-crystal film
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with an incident optical field. (To treat a planar
structure, one merely needs to substitute in the ap-
propriate elastic constant. ) The geometry is depict-
ed in Fig. 1. The unperturbed director axis n(0) is
along Z. The optical propagation is in the XZ
plane, with the optical propagation vector k mak-
ing an angle P with the Z axis. In the presence of
an optical field, therefore, the angle between k and
n(I) is given by l( =p+8. A solution of the
Maxwell's equations for the anisotropic medium in
this configuration immediately yields, for the effec-
tive dielectric constant E,ff,

where

(2=4mK(he) 'E,
p

We have assumed, of course, an infinite plane
wave, which is accurate for typical nematic film
thicknesses and laser beam sizes.

The solution of Eq. (3) is a well-known elliptic
integral' from which it is not immediately obvious
how the intensity-dependent dielectric constant
may be extracted. To be specific, if one desires to
evaluate an intensity-dependent dielectric constant
in the form

E ff—Eo+5E(I) (4)

Eeff-
c~ icos'l(+@&sin t(

F=—
I [V n(r)]2+[7 Xn(r)]~]

2

[E,~.n(r )] (2)

where E~~ and Ej have their usual meaning. The
reorientation angle 9 is obtained by minimizing the
free energy of the system:

where 5E(I) is linear in the intensity I (for the pur-
pose of studying third order nonlinear-optical pro-
cesses, for example) these analytical solutions are
not very useful.

A small-angle approximate solution of Eq. (3)
however, appears to serve this particular purpose,
namely, the identification of 5E(I) very well. It is
also very accurate as we will demonstrate in a later
section. Assuming hard boundary conditions, i.e.,
0=0 at Z=0 and at Z=d, where d is the film
thickness, Eq. (3) can be rewritten as

where E is the elastic constant (i.e., we have made
a one-constant approximation). This procedure
yields the well-known Euler-Lagrange equation (a
sine-Gordon equation) describing the so called
"torque" balance between the reorientating "force"
from the optical field and the elastic restoring
force.

d 0
2g +(2cos2P)8+sin2P=O .

dz2

Define

P = (2 cos2P)8+sin2P .

2$2g
+sinl(t cosl( =0,

c}Z2
(3)

Equation (5) can be rewritten as

()
cos2P

IIX

The solution of p, subject to the conditions 8=0 at
Z=O and at Z=d, is

d
1 —cos —,

ZP=sin2P cos —, +
~ d

sin

~ Z
sin —,

FIG. 1. Relative orientation between the director axis
and the optical propagation in a homeotropically aligned
sample.

where g'=(g /cos2P)'~ .
For a weak optical field, i.e., where d /g « I

[or equivalently, E,z «E,h, where E,h, the optical
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Freederickz threshold, is given by E,h ——

4rr K(be) 'd ], one can easily show that

Z/g & d /g « 1. Equations (6) and (8) give upon
expansion of the sine and cosine term inside the
square bracket of (8)

dz Z'8- —,sin2P (9)

Note that 8 is maximum (8=8,„)at Z =d/2,
which is expected from symmetry consideration

sin2P
ms

I@id
An immediate conclusion one can draw is that

optical-field strengths well below the so-called
Freedericksz threshold can induce substantial
molecular reorientations. For instance, if
sin2P=0. 5, and 16$ d =25 [i.e., E,„=0.2E,h),
then Eq. (9) gives 8 -0.02. In a later section, we

find that this corresponds to a change (linear in 8)
in refractive index of 0.005. For a typical MBBA
film of 75 pa thick the optical threshold field (in
terms of the intensity) is estimated to be about 100
W/cm . (Please see last paragraph of this section. )

Hence one requires only an optical intensity on the
order of 20 W/cm to induce such a large non-

linearity. On the other hand, to achieve a compar-
able change in a well-known nonlinear liquid like

CSz, for example, would have required intensity on

the order of QW/cm ."

(10)

e, 1+ -(p'+8'+2p8)
~II

-ei+5e(P)+5@(8)+5e(8 ) . (12)

B. The optical nonlinearity

As a result of the reorientation of the molecules,
the effective dielectric constant as given by Eq. (2),
after some rearrangement of terms become

e,rr=ei 1+ sin (P+8)he. q

The first two terms on the rhs of Eq. (12) are
the unperturbed components, corresponding to the
effective dielectric constant as seen by an optical
field propagating such that k makes an angle P
with the Z axis, along which the unperturbed
director axis points. The third term is the contri-
bution from the molecular reorientation. Note that
5e(8) is proportional to E,„, i.e., it is the inten-

sity-dependent dielectric constant. The last term is
proportional to E,~ (or I ) and is not of our in-

terest here. It is interesting to note here that the
magnitude of these terms are comparable to each
other. Nevertheless, we will limit our discussion to
the intensity-dependent term 5e(8). From (9) and
(11), we have

beeiPsin2P
5e=

q
(dZ —Z );

note:

—2 2-E,p
. (13)

So far we have assumed that there is only one
incident field of wave vector k. It is straightfor-
ward to generalize the above results to the case of
several optical fields with different propagation
vectors, assuming again that all the frequencies are
the same. It is perhaps important to point out
here that nematics' responses are slow. Typically,
the response time r (which may be roughly taken
as the sum of the turn on and the turn off times) is
on the order of deciseconds to seconds, depending
on several factors. If there is a frequency offset
(4co, say) between the incident fields, then the
scattering cross section is reduced by a factor of
(1+Dao~). In practical terms, this would mean
that the incident laser fields have to be of the same

frequency to reorient the molecules.
If there are two fields of propagation constant

ki and kz, then E,~ become

EiEi +E&E&+E&E&expi (k& —k&) r+E&E& expi(k& —k&) r .

The last two terms contribute to spatially varying
dielectric constants (i.e., grating), and give rise to
degenerate four-wave mixings. Diffractions occur
along k4 determined by k~=2ki —kq and k4
=2k& —k i, respectively, as is well known.

For one incident optical field, the intensity-
dependent dielectric constant given in (13) gives
rise to nonlinear self-phase modulation of the beam
as it propagates through the nematic film. For
most laser beams with a intensity profile (e.g., a
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Gaussian), self-focusing will result, since 5e as ob-

tained in Eq. (13) is positive.
It is perhaps outside the scope of this paper to

present a rigorous treatment of the theory of self-
focusing. Reference can be made, of course, to
some rather comprehensive treatment. ' For the
purpose of quantitative comparison with theory,
we note that if the incident laser has a Gaussian
distribution of beam waist ro, and the nonlinearity
is of the form e,rr=eo+5e(I) then the self-focusing
distance f is given in the thin lens limit to be

f '=dro 5e(I}

II).e kaid r OPsin2P

2Ce(lE
(14)

where we have used the integrated (over the thick-
ness d) value of 5e(8), and express the result in
terms of the optical intensity I =(CI8rr)E, ~. It is
important to note here that the focusing power

f ' scale as d and is proportional to the geomet-
rical factor P sinP cosP.

C. The thermal effect

d~cff' d~y 2 d~llcos~p+ sin p .
dT

Writing

(15)

The analysis of nematics' response would have
been much simpler if orientational mechanism
alone had been responsible for the nonlinearity. In
nematic liquid crystal, another mechanism, namely,
thermal indexing (deldT) also account for the two
nonlinear-optical processes as mentioned above. In
this case, the intensity-dependent dielectric con-
stant is due to absorption of the laser and subse-
quent thermalization.

For a quantitative determination of the contribu-
tion from thermal effect, we recall that for nemat-
ics, d el

l

/d T is negative and dej /d T is positive
where T denotes the temperature. From Eq. (1),
the change in the effective dielectric constant asso-
ciated with a rise in temperature of dT is given by
(assuming he/E'llis « 1)

56f t ] 5E(0)+5e(dT)

When P is small, for all intents and purposes,
sin p=psinpcosp. Hence one can write

5eioiai=I [ae ath(—y+1) l

Xp sinp cosp+Ia, i, ,

(18)

(19)

where a~ denotes the contribution from orienta-
tional mechanism and may be deduced from Eq.
(13}. a,i, denotes the thermal contribution. Rough-
ly, a,h ~ d. If integrated over the sample thickness
d, ag gives a~ and a,h gives a,q. Note that a~ is
proportional to d while a,h is proportional to d .
Referring to (14), we observe therefore that if ther-
mal effects are included, then f ' is nonvanishing
for P=O, i.e., at normal incidence, self-focusing
will occur due to thermal lensing effect. Thermal
lensing effect was observed by Volterra and
Wiener-Avnear in 1974, who were then not aware
of the possibility of optical-field-induced molecular
reorientational effect.

For easy reference, we note here that for MBBA,
typical values for the various molceular constants
appearing in (19) are E=0.8&10 dynes;
he =0.4, y=5 at room temperature (20'C). Also,
defining a threshold intensity I,h =(CE,q/8n. )10
(in W/cm ), we note that for a 100-pm thick
MBBA sample, I,h -100W/cm . I,h scales as d
so that a 50-pm thick sample would have an opti-
cal Freedericksz threshold intensity of 400W/cm .

III. EXPERIMENTS

We have also approximated P+8 by P since P is
much greater then 8. For most nematics, y& 1

throughout the nematic (teinperature) range. '3 For
MBBA at room temperature, for example, y=5.
The change in dielectric constant associated with a
temperature rise dT is therefore given by

5e(d T)=dpi(d T)[1—(y+ 1)sin2p] .

We note that dpi(dT) is linear in the optical inten-

sity and we write it as a,hI. Combining Eqs. (17)
and (13), the total dielectric constant change asso-
ciated with molecular reorientation and thermal ef-
fect is given by

dEll dEy

dT dT

we get

de, ff dog 2

dT dT
[1—(y+1)sin p] . (16)

Our experiments are aimed at testing the depen-
dences on the geometry (i.e., on P) and on the
thickness as predicted in the preceding equations,
and also the nuinerical value of f ' and the
wave-mixing efficiency. Experimental results on
degenerate four-wave mixings have been reported
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before. We mention here two important points
that have not been treated, namely, the dependence
on the angle P and the thermal contribution. The
insert in Fig. 2 shows the scattering geometry.
The 51454 line of a Argon laser is divided into
two roughly equal intensity beams and then com-
bined (with a small crossing angle) on the sample
with their propagation vector ki and kz making an
angle P with the molecule's director axis direction
(Z). The sample is a homeotropically aligned
MBBA film of 75 pm thick at room temperature
(20'C). One of the nonlinearly diffracted beam
(which lies in the plane defined by k

&
and kz) is

monitored.
Figure 2 shows the diffracted intensity plotted as

a function of (PsinP cosP) . It can be shown that
the diffraction is proportional to (M) where 5e is
the integrated value of 5e (over the thickness d).
The plot shows a straight line passing through the
origin, in excellent agreement with the theoretical
prediction. From Eq. (17), we note that thermal
effect would have caused a nonzero contribution.
The results therefore confirmed that thermal grat-
ing is not significant at low optical intensity. It is
important to remind ourselves here that we are us-

ing optical field well below the Freedericksz thres-
hold. The intensity used in this experiment is

about 5 W/cm, for I& and 3 W/cm for Iq,
whereas the Freedericksz threshold corresponds to
an intensity on the order of 180 W/cm .

The large nonlinearity associated with optically
induced molecular reorientation is reflected by the
readiness with which the beams self-focus. At
p=25', denoted SF in Fig. 2, all exit beams clearly
show that they have self-focused. It is interesting
to note here the rather low intensity, namely, 3 to
5 W/cm that is required to produce self-focusing
effect.

Perhaps the most immediate question about
wave mixing is what happens at normal incidence
if the incident optical intensity is increase. In
fact, it was observed that at P=O, a nonzero
wave-mixing efficiency (i.e., a clearly visible dif-
fraction) is observed if the incident optical intensi-
ty is increased to about 20 W/cm (I~ -20 W/cm,
Iz-12W/cm ). We suspect that this could be due
to the small but nevertheless finite thermal grating
effect. To perform a quantitative check of this, we
note that the diffraction in the 2k' —kq direction,
following well-known wave-mixing calculation, is
given by

Ip —(I '5e„,)I,I~

-(I '5Et t)IL,

16-

~ 14

12

10

g 8

6

0
I I I

2 3 4
Sig gOS ~O

where Il. is the intensity of the incident laser (be-
fore it is split into Ii and Iz). For a fixed Ig),
IL is therefore given by

IL —[ae—a,h(y+ 1)]PsinP cosP+ a,„. (20)

Experimentally, we increase the incident intensi-

ty till a diffraction is observed and its intensity ID
recorded. The experiment is then repeated for
various value of P.

Figure 3 is a plot of IL versus the geometri-
cal factor PsinP cosP. A linear dependence, in ac-
cordance with the theory, is clearly obtained with a
nonzero intercept at p=O. It is interesting to note
that the intensity required to generate the same
magnitude of diffraction drops from 20 W/cm
(for P=O) to only 4 W/cm (for P=25 ).

From Eq. (20), the intercept at p=O is clearly
proportional to a,h, while the slope is proportional
to a~—a,h(y+1). The ratio of these two quanti-
ties; i.e., slope/(intercept) is therefore

FICx. 2. The dependence of the diffracted intensity on
the geometrical factor. Insert shows a schematic of the
scattering geometry.

ae—(y+1)+
«h

a~= —6+
«h
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FIG. 3. The diffraction at higher optical intensity

showing thermal effect.

try. In Ref. 4, the incident laser was not strictly at
normal incidence (i.e., P+0). A review of the ex-

perimental situation shows that the laser was in-

cident at about 10' (i.e., P= 10') in order to avoid

reflection feedback to the laser. Our present study
shows that indeed the geometrical dependence is a
rather drastic one: at Ii ——5 W/cm and I2 ——3

W/cm, the diffraction increases from zero to a
clearly visible beam as P is increased from 0' to
10'.

Our study at higher optical intensities (I& ——20
W/cm~) has further established that at small P
(i.e., near normal incidence), both orientational and
thermal mechanisms contribute (for MBBA, of
course). If strictly orientationally related diffrac-
tions were of interest, one condition will be to set

P &0.3, which, for a 75-pm thick sample, gives a
relative thermal contribution of less than 10%%uo.

Finally, if we examine the numerical value of
the conversion efficiently, we found that there is a
very good agreement between the theory and exper-
iment. Following the usual wave-mixing calcula-
tion as exemplified in Refs. 3 and 4, and assuming
a more correct value of De=0.4 (not 0.1 as used in

Ref. 4), we get

ID-0.2IfI2P sin P cos P,

for MBBA at room temperature (when @=5).
From Fig. 3, slope is 53 and the intercept is 0.5.
This gives a~/cz, q-112. In other words, the orien-
tational contribution is much greater than the ther-
mal grating effect. Since the magnitude of the
orientational nonlinearity is determined also by the
factor PsinPcosP(=P ), we note that the orienta-
tional and the thermal contributions will be com-
parable for P &0. 1 (when ag =a,q, P=0.1). For
larger angle, the orientational contribution will

therefore dominate.
It is perhaps superfluous but important to re-

mind ourselves here that thermal contribution only
matter at high optical intensity (I& & 20 W/crn ).
For I& -5W/crn, as in the case mentioned earlier
with reference to Fig. 2, there is practically no ob-
servable wave mixing at P=O.

It is also appropriate at this juncture to clarify
some of the points made in Ref. 4. From our
study of the wave mixing in a tilted geometry, and
the fact that optical field well below the Freeder-
icksz transition can induce molecular reorientation
(and therefore wave mixing), we now know that
the diffractions observed in Ref. 4 is most likely
due to the optical reorientation in a tilted geome-

where we have ignored the thermal contribution by
using only low-intensity optical beams. For I& ——5

W/cm and Iq ——3 W/cm, and P=0. 17 (i.e., 10 ),
we have experimentally obtained a conversion effi-
ciency ID/I2 of 5 & 10 . The theoretically pre-
dicted value is 4X10 . This excellent agreement
is probably very fortuitous, in view of several un-

certainties. However, it clearly demonstrates the
importance of accounting for the geometrical fac-
tor which in the above calculation gives a factor of
0.0004.

The self-focusing of light

The experimental setup is depicted in Fig. 4(a).
An argon laser operating in the TEMOO mode 5145
A line is lightly focused by a converging lens with
a focal length of 40 cm. The sample is placed at
45 cm from the lens. The estimated focus spot
size (ro) at the sample is 2)(10 cm . Homeo-
tropic MBBA films of 25, 50, and 75 pm thick are
used. The far field intensity distribution is project-
ed on a board 8 m away.

Self-focusing of the laser as it propagates
through the sample is manifested in the form of a
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(a)

I 6

4

(b)

FIG. 4. (a) Schematics of the experimental setup for
observing self-focusing. (b) Schematics for showing the
positive power of the nematic film.

decrease in the divergence of the beam. It has
been observed that as the intensity of the laser is
increased, rings begin to appear, a phenomenon
that was also observed in Ref. 7. These rings were
due to the phase modulation experienced by the
laser because of the intensity-dependent refractive
index. Its number seems to correspond to the
theoretical prediction N =(phase shift) l2tr very
well.

When these rings appear, quantitative studies of
the self-focusing of light become very complicated.
We have instead concentrated our studies on the
intensification of the central region as a result of
the self-focusing. By putting a small aperture on
the exit beam central region and measuring the
normalized intensity In {Itrnnsmitt~l incident)~ we
have in fact noticed a more than 4 times increase
in In when the beam self-focused. The central
bright spot has a fairly well-defined divergence
that changes as the intensity is raised and can be
quantitatively measured.

Before we proceed to discuss our experimental
results, we have further established the self-
focusing property of the nematic film using the
simple geometrical setup as shown in Fig. 4(b).
The two converging lens form a focus at f, in the
absence of the the nernatic film. When the film is
inserted, and when the laser intensity is raised, the
focus of the optical system is clearly shifted to f2,
which can only happen if the nematic has a posi-
tive power.

We have made two quantitative measurements,
one dealing with the case where thermal lensing ef-
fect is absent, and the other involving contribution
from the thermal effect.

In the first experiment, we use a low-intensity
beam and study the divergence of the beam as the

5 10 15 20

g sing m+(&o g

FIG. 5. The dependence of the focusing power on the
geometrical factor.

sample is tilted (i.e., vary P). The intensity is ad-

justed so that self-focusing is not observed at nor-

mal incidence but shows up as P is increased; we

have also made sure that the intensity is not strong
enough to generate diffraction rings.

Figure 5 shows a plot of the power f ' of the
nematic as a function of the geometrical factor, for
an incident optical intensity of 20 W/cm on a 50-

pm thick sample. A very good linear fit is ob-

tained, in agreement with the theoretical prediction
of Eq. {14). The numerical agreement between the
experimental data and the theory is also very good.
At @=0.4 (25'), the estimated value for f ' from

Eq. (14) based on the constants given in the last
paragraph of the previous section is 75 cm ' for
an optical intensity of 20 W/cm . The experimen-

1

tal value for f ' is —„cm '. These measured

values of f ' correspond to a change in dielectric
constant (between the center of the beam and the
e intensity point) of 0.003. The agreement is

fairly good, in view of the various approximations
assumed in the theory and the uncertainties in the
values of the molecular constant assumed. Nev-

ertheless, the agreement between the theory and the
experiment on the geometry dependence is particu-
larly notable.

In the second experiment, the incident optical in-

tensity (I&&2) is varied to produce the same self-
focused divergence in the exit beam. We choose
the divergence to be half of the unperturbed beam.
For a fixed divergence, and therefore f ', a plot
of I~~2 versus the geometrical factor should be a
straight line, following Eqs. (19) and (14). As the
angle P is increased from 0 (i.e., tilted away from
normal incidence), one would expect that Ii~2 to
increase. From Eq. (19), one can see that the ratio
of the slope to the intercept at P=O should give
—(y+ 1)+a~/a, h.

Figures 6(a) and (b) show a plot of I,~q versus P
for two samples of 25 and 50 pm thicknesses,
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18

16

ther. However, we will content ourselves here with
the rather remarkable agreement between the quali-
tative theory and the experimental results on the
thickness and the geometry dependence, and the
numerical value of the self-focusing distance.

14

12

10

0 2 4 6 8 10 12

P SIIlP CDSP( I+)

FIG. 6. Self-focusing at higher optical intensity: (a)
for a 25-pm thick sample and (b) for a 50-pm thick
sample.

respectively. In both cases, there is a finite inter-
cept on the I&&'2 axis (an artifact of our experiment,
of course). The slope (for 50-Ium sample) is found
to be [106] unit, in comparison with the intercept
of [2] units. The ratio is therefore 53. For room
temperature (20'C) MBBA, y=5, and we have
therefore ae/a, h

——59. The magnitude of the
reorientational nonlinear coefficient ae, of course,
depends on several factors such as he, E, both of
which do not vary greatly for different nematics.
However, a~ depends crucially on the thickness d
(us~ d ). On the other hand, the thermal coeffi-
cient is linear in d . Therefore, the ratio of a~/a, h

(for different thicknesses} should scale as d. Figure
6(b}, which pertains to a thinner (25-pm thick)
sample, shows precisely this point. The slope is
measured to be 15 and the intercept is 0.6. The ra-
tio is therefore 25. This therefore gives
(ae/a, h) =31. Comparing this with the value of
(as/aih} obtained above for a 50-IMm thick sample,
we can see that the scaling as d of these ratios is
indeed obeyed. The experimental data for a 75-pm
thick sample is also consistent with this scaling. It
is interesting to recall that the experiment on wave
mixing as discussed earlier for a 75-pm sample
gives ag/a, h ——112, again supporting the thickness
scaling dependence. Moreover, one can see from
the intercepts in Fig. 6 that a,h does vary roughly
as d

The subject of the self-focusing of cw laser
beams in nematics obviously can be pursued fur-

IV. CONCLUSION

We have presented a quantitative theory and ex-
perimental treatment of optical-field-induced non-
linear effects in nematic liquid crystals. In the
small-angle approximation, the agreement between
theory and experiments are remarkable. Specifical-
ly, the measurement of the nonlinear processes
(wave mixing and self-focusing) as a function of
the geometrical factors have provided further
quantitative understanding into nematics responses
and thrown new lights on previous studies of de-
generate wave-mixing process. Most importantly,
we have shown that a weak optical field (well
below the so-called Freedericksz transition) can
creat substantial molecular reorientation and there-
fore large nonlinear effects. The theoretical ex-
pressions obtained in our study, although approxi-
mate, are explicit and should provide a useful
starting point for analyzing nematics nonlineari-
ties. Our method of obtaining the relative contri-
bution of thermal effect should also be applicable
to other nematics besides MBBA. Nevertheless, I
should remark that the nonlinear interaction of
nematics with light is a complicated issue; we have
not, for example, studied the dynamics of the prob-
lem. One might also easily conjecture performing
various counterpart studies of the now well-estab-
lished dc-field-induced effects in nematics, since, as
we remarked earlier, the action of an optical field
is almost equivalent to a dc field. Because optical
studies involve propagation, and also one has now
the extra variable of adding on a dc field, it is ex-
pected that many interesting nonlinear electro-
optical and magneto-optical effects will emerge.
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