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The Raman spectra in backscattering and the far-field patterns of the transmitted light through a nematic
liquid crystal cell are studied simultaneously. It is shown that stimulated Raman scattering is produced when
self-focusing of the beam takes place. The threshold for stimulated scattering can be varied by selecting
different angles between the polarization of the laser beam and the director orientation, thus changing the
threshold for self-focusing. By using a microscope objective and focusing the input light to a beam waist of 10
mm we observe stimulated Raman scattering at very low powers (;8 mW! in a thin nematic film~;100mm!
for some orientations of the cell. The possibility of observing self-focusing and stimulated Raman scattering
with low powers in a cavityless medium such as this is due to the extraordinarily large optical nonlinearities of
liquid crystals in the nematic phase.@S1063-651X~96!02408-7#

PACS number~s!: 61.30.Gd, 42.65.Dr, 42.65.Jx

I. INTRODUCTION

The nonlinear optical properties of liquid crystals have
received considerable attention in the last 10–15 years@1,2#.
The boost came from the early observations that liquid crys-
tals have very large optical nonlinearities~about eight orders
of magnitude larger than that of CS2 , for example, and sev-
eral orders of magnitude larger than anything accomplished
so far in semiconductor microstructures! making them very
suitable not only for the study of nonlinear optics but also for
potential applications. A great many optical nonlinear pro-
cesses have been observed to date in the different me-
sophases of liquid crystals@3#. To assemble a full list of
references in this rapidly expanding field would be an impos-
sible task@4#. We mention briefly, however, the most rel-
evant nonlinear effects observed so far to convey a flavor of
the present status in the field. Among the observed nonlinear
optical phenomena we have@1# ~i! self-focusing, self-
defocusing, self-phase-modulation, optically induced mo-
lecular reorientation and light-induced Fre´edericksz transi-
tions @5–17#; ~ii ! degenerate and nondegenerate optical wave
mixings ~second and third harmonic generation, four wave
mixing, etc.! @18–24#; ~iii ! stimulated scatterings of different
types~thermal, Rayleigh wing, Brillouin! @25–30#; ~iv! non-
linear waveguiding@31,32#; ~v! optical bistability and all-
optical switching@33–39#, etc. A painstaking list of refer-
ences of nonlinear optical effects in liquid crystals is given in
the reviews by Khoo@2# and Ja´nossy@4#.

In this paper, we are interested in one particular type of
stimulated scattering, to wit: stimulated Raman scatter-
ing ~SRS! @70#. We shall present measurements of SRS in a
nematic liquid crystal cell ofN-(p-methoxybenzylidene!-
p-butylaniline ~MBBA ! @40# with planar orientation@1# at
room temperature and demonstrate its relation with the oc-
currence of self-focusing. We show that the SRS threshold

can be obtained at very low powers of the order of a few mW
for certain orientations of the nematic cell with respect to the
laser polarization, bringing the phenomena of SRS and self-
focusing in a cavityless medium such as this within the reach
of a portable helium-neon laser. This is a natural conse-
quence of the very large nonlinear optical constants of
MBBA in the nematic phase as we shall explain in Sec. II.

The paper is organized as follows: Sec. II gives a general
introduction to self-focusing due to molecular reorientation
~in organic liquids and in liquid crystals in particular! as well
as a brief description of previous Raman scattering experi-
ments in MBBA and related nematics. The fundamentals of
SRS are also given in Sec. II. In Sec. III we briefly present
the experimental conditions and results. Finally, Sec. IV pre-
sents a brief discussion and discusses prospective directions
of research.

II. GENERAL CONSIDERATIONS

Since we deal with self-focusing and SRS a brief intro-
duction to both in the framework of liquid crystals is neces-
sary for the sake of clarity.

A. Raman scattering

Raman scattering in liquid crystals has been used as a tool
for probing the physical properties and the degree of order of
the different mesophases since the early 1960’s. A very im-
portant application came forward with the awareness that the
Raman scattering selection rules could be used for retrieving
information on the degree of order of the liquid crystalline
mesophases@41–43#. A detailed comparison of the Raman
spectra of the different mesophases of MBBA as a function
of temperature has been given in Ref.@44#.

It is a well-known fact in liquid crystals that an intense
light beam may result in reorientation of the molecules@45#
~see also next subsection!. This is a spurious effect if one is
aiming to evaluate the macroscopic order parameter pro-
duced by the orientation of the molecules in terms of polar-
ization selection rules. Accordingly, Raman scattering ex-
periments @46# are traditionally performed under low
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Nacional de Cuyo, 8400-San Carlos de Bariloche, Rı´o Negro, Ar-
gentina.

PHYSICAL REVIEW E SEPTEMBER 1996VOLUME 54, NUMBER 3

541063-651X/96/54~3!/2637~10!/$10.00 2637 © 1996 The American Physical Society



excitation densities, in other words, under the conditions in
which the presence of the laser light does not perturb the
alignment imposed on a molecule by boundary conditions,
temperature, and the internal molecular field of the nematic
phase. In this way, maximum information about the degree
of order of the liquid crystal can be obtained. The theory of
Raman depolarization ratios in nematic liquid crytals has
been thoroughly introduced in Refs.@41# and@42#. We there-
fore present a brief review of the main results. The Raman
tensor for a particular vibration of interest~we ignore the
rotational contribution@46# to the Raman scattering cross
section in the nematic phase and consider only modes arising
from internal vibrations! can be written for an elongated
molecule as

RŴ 5a0S a 0 0

0 b 0

0 0 1
D . ~1!

Although the majority of the liquid crystal molecules are not
strictly uniaxial ~including MBBA! they can be fairly well
approximated by a rodlike object in which the main axis of

the tensor~1! coincides with the longest molecular axiszŴ.
The scattering efficiency for a given selected pair of incident
(eW i) and scattered (eW s) polarization vectors is given by

I;ueW i•RŴ •eW su2 @46#. We define three depolarization ratios
R1 , R2 , andR3 as

R15
CIyz
I zz
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I xx

, ~2!

with C5@(nw1ne)/(nw1no)#
2 beingne andno the extror-

dinary and ordinary refractive indices of the liquid crystal,
respectively, andnw the refractive index of the cell window.
With the help of the additional definitions@in terms of the
Raman polarizability components in~1!# A5Tr(R̂)
5(11a1b), B5(a2b)2/4A2 and D5(22a2b)/A, the
following system of equations is obtained@41,42#:
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whereb is the angle between the director orientation of the

nematic and a fixed laboratory direction~taken alongzŴ in
this case!. The brackets in̂cos2& and^cos4& represent orien-
tational averages for the nematic domain at fixed temperature
without any effect from the laser. From the three quantities
in ~2! plus the depolarization ratio of the isotropic phase@46#
Riso we have four quantities to determine the four unknowns
@41,42# a, b, ^cos2(b)&, ^cos4(b)&.

One way of evaluating the degree of molecular order in a
liquid crystal is through thescalar order parameter S@3#. By

taking the long axis (zŴ) of the molecule as a reference and
calling nW the director orientation,S is defined by@3#

S5 1
2 ^~nW •zŴ !221&5 1

2 @3^cos2~b!&21#. ~4!

In fact, S is the first-order expansion of the orientational
~angular! distribution function f (b) ~with axial symmetry

along zŴ for a nematic! in terms of Legendre polynomials
P2l„cos(b)…,

^P2l„cos~b!…&5E
0

p

f ~b!P2l~cosb!sin~b!db, ~5!

so thatS5P2; l51. The next order in the expansion of
f (b) would be

P45
1
8 @35̂ cos4~b!&230̂ cos2~b!&#. ~6!

Inasmuch as botĥ cos2(b)& and ^cos4(b)& are obtained
through ~3!, information about the first- and second-order
expansion terms off (b) can be gained with Raman scatter-
ing. This is a noteworthy characteristic of Raman spectros-
copy that allowed@41# a more detailed comparison of experi-
ments with accepted molecular models of the nematic phase
such as the Maier-Saupe mean-field theory@45,47#. In addi-
tion, the technique can be advantageously used in combina-
tion with elongated dye guest molecules and resonant Raman
scattering@43#.

There are, however, several drawbacks to the method.
Among them we mention the following:~i! the effects of
local fields on the Raman results are debatable. Local field
corrections are very important, if not dominant, in the optical
properties~and electronic polarizabilities in general! of liq-
uid crystals. A clear-cut theory on how to take them into
account does not exist to date to our knowledge. In this re-
spect, magnetic measurements are in general easier to inter-
pret since local fields are negligible for them.~ii ! The system
of equations~3! can be slightly sensitive to small changes in
parameters; and~iii ! experiments performed in thick cells
(d;200mm! show that the initial polarization of the laser is
degraded along the path of the light beam. The reason for
this scrambling of the polarization is the quasielastic scatter-
ing produced by the fluctuations of the director@48#. As a
consequence, a Raman event produced deep in the cell has a
different initial polarizationeW i and the depolarization ratios
~2! are inaccurate. The problem is normally overcome by
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measuring cells with different thicknesses and extrapolating
to d→0, a procedure which requires some care.

Finally, a few words on SRS. We follow closely Refs.
@45,49–51# in the presentation. The presence of the electric
field of the light in a molecule induces small changes in the
normal coordinatesq of the molecular vibrations and there-
fore changes in the optical polarizabilitiesa(q) associated
with the mode

a~q!;a0~q0!1F]a~q!

]q G
q0

q, ~7!

which, in turn, produces an induced polarizationPW ind :

Pind;«0qEF]a~q!

]q G
q0

SNVD , ~8!

with N/V the density of molecules, and an interaction Hamil-
tonian given by

HŴ R52PW ind•EW 52«0F]a~q!

]q G
q0

qEW •EW . ~9!

The normal coordinateq responds to an equation of motion
for a forced harmonic oscillator and is driven by
F52]HR /]q;E2. Thence,q;E2 and Pind;E3; i.e., a
third-order nonlinear polarizability is involved in the Raman
process@49,50#. Calling the incident laser frequencyvL ,
vq is the vibration energy of the Raman mode andvS the
Stokes frequency of the scattered light (vS5vL2vq) the
nonlinear polarization associated with Stokes-Raman scatter-
ing will be of the form @45# P;(EvS

EvL
* )EvL

, i.e., given

through a nonlinear optical term such as

Pind;xs
~3!~2vS ,vL ,2vL ,vL!E~vS!E* ~2vL!E~vL!.

~10!

The correct way to solve the propagation of several waves in
a nonlinear optical medium, taking into account the possible
interactions and mixings among them, is to solve the coupled
Maxwell wave equations with the corresponding phase
matchings@45,50#. This is the common framework for the
description of a variety of processes such as four wave mix-
ing, second and third harmonic generations, optical phase
conjugation, etc. The latter approach is normally not neces-
sary in Raman scattering because both the Stokes and anti-
Stokes fields are very weak in comparison with the laser and
their coupling is negligible. It is, however, fundamental to
understand the phenomenon of SRS. The amplitude of the
Stokes field in the coupled Maxwell wave equations and in
the slowly varying envelope approximation@45# ~considering
that uESu!uELu) becomes

]ES

]z
5~ iguELu22g!ES , ~11!

whereg5m0vS
2xs

(3)/8kS , with kS the wave vector ofvS and
xs
(3) the corresponding nonlinear optical susceptibility com-

ponent from~10! ~also called Raman susceptibility!. The pa-
rameterg is added phenomenologically to account for losses

due to random scatterings, fluctuations, residual absorption,
etc. The nonlinear susceptibilityxs

(3) will have in general
both real and imaginary partsxs

(3)5xs82 ixs
9 . The solution

for ES in ~11! has an amplitude envelope given by

uESu;expF S m0vS
2xs9uELu2

8kS
2g D zG , ~12!

and an oscillatory component governed byxs8. It is clear
from ~12! that the Stokes field will be either exponen-
tially damped or increased depending on whether
(m0vS

2xs
9uELu2/8kS2g),0 or .0. The second case repre-

sents the SRS condition and depends on the pump field den-
sity reaching the SRS threshold:

uELu258gkS /m0vS
2xs9 . ~13!

Note that the larger the losses}g and the smaller the Raman
susceptibilityxs

9 , the larger the intensityI L;uELu2 needed to
produce SRS.

Stimulated Raman scattering is a phenomenon of pattern
formation ~or phase transition! outside equilibrium@52# and
has all the characteristics of a threshold phenomenon such as
the lasing of a cavity. In fact, the analogy with the lasing
transition of a cavity is quite deep since Eq.~11! is very
similar to the Van der Pol oscillator@53# ~or overdamped
harmonic oscillator!, which governs the laser transition of a
cavity @54#. It can also be put in terms of coupled rate equa-
tions for the number of pump and Stokes photons@49#, even
though information about the phases of the fields is lost in
this approach.

B. Self-focusing

It is a well-established phenemenon in organic liquids that
the SRS threshold obtained experimentally is much smaller
than the one predicted by~13! @49,55–58#. The reason for
this is self-focusing. In fact, the same nonlinear optical sus-
ceptibility responsible for SRS in~10! produces self-focusing
of the pump beam, significantly increasing the effective
power density. In general, the electric field strength achieved
at the waist of the self-focused beam is enough to overcome
the losses and SRS takes place at the threshold of self-
focusing instead of~13!. The effect comes through the mix-
ing produced by the third-order nonlinear suceptibility as in
~10! but with ES replaced byEL , i.e., the self-action of the
beam throughx (3). The easiest way to understand why self-
focusing takes place is to realize that the existence of a po-
larizability P;x (3)E3 implies an intensity-dependent dielec-
tric tensore i j (v,EW ) of the form @49#

e i j ~v,EW !5e i j
01x i jkl

~3! EkEl . ~14!

Accordingly, assuming an incident Gaussian beam
E;E0exp(2r 2/2s2)exp(ikLz), where r 25(x21y2), the
central part of the beam will experience a different index of
refraction from that in the outer section. Depending on the
sign of x (3) the central part of the beam will travel with an
index of refractionn(r50), which can be larger of smaller
than the one forrÞ0. This is the principle of self-phase-
modulation. Ifx (3).0, n(r50).n(rÞ0) and the beam cre-
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ates its own waveguide. The waveguide tends to focus the
beam towards the center and the higher the intensity at
r;0 the larger the waveguiding effect. This results in a self-
driven process that collapses the beam to a small filament
@50#. The size of the filament is a compromise between dif-
fraction and the tendency of the medium to focus the inten-
sity in the center. Ifx (3),0 the beam self-defocuses.

In liquids formed by anisotropic molecules there is a natu-
ral mechanism to produce a quadratic index of refraction
such as~14! @49# that does not exist in solids. Theorienta-
tional Kerr effect is responsible for this contribution.
Roughly speaking, the electric field of the light polarizes the
molecule and creates a dynamic dipole proportinal toEL .
This dynamic dipole interacts again with the laser producing
a term proportional toEL

2 , which strives to reorient the mol-
ecules to minimize the interaction energy. This nonlinearity
exists irrespective of whether the liquid is in the isotropic,
nematic, or smectic phase. It is well known, however, that
this type of orientational nonlinearity can be enhanced by
several orders of magnitude in the nematic with respect to
the isotropic phase@2# and, in particular, close to the
nematic-to-isotropic phase transition where critical slowing
down of the molecules takes place@59#. The reorientational
force produced by the light beam is caused by the optical
torque@1#

MW opt5C^~nW •EW L!~nW 3EW L!&, ~15!

whereC is proportional to the dielectric anisotropy of the
moleculesD«5« i2«' . Equation~15! is zero if EW L is ex-
actly parallel or perpendicular to the director, albeit one of
the two situations is energetically unstable depending on the
sign ofC. In an istropic liquid, where the internal molecular
field averages to zero, the tendency of the laser to reorient
the molecules competes with temperature@49#, which tends
to randomize their orientations. In a nematic liquid crystal, in
addition, an internal molecular field~responsible for the mo-
lecular order! exists and the laser-induced reorientation com-
petes with the internal elastic energy of the nematic. The
total free energy produced by the twist, bend, and splay@3#
of the director plus the boundary conditions imposed by the
walls of the cell wrestles with the laser-induced reorientation
produced by~15!. The optically induced torque has to over-
come the internal elastic free energy and the quadratic non-
linearity in ~14! appears only above a certain threshold. A
situation similar to that found in ferromagnets with hyster-
esis is therefore accomplished. The external magnetic field
struggles with the internal free energy imposed by the ferro-
magnetic domain walls. The macroscopic magnetization fol-
lows the external field only after a critical value has been
reached. This is called the optical Fre´edericksz transition in
liquid crystals. The critical field for the Fre´edericksz transi-
tion depends on the polarization of the incident beam with
respect to the director, because this modifies the effective-
ness of the torque~15!.

Once the quadratic term in~14! above the Fre´edericksz
transition emerges, nematic liquid crystals display a fairly
large nonlinearity. The far-field diffracted pattern of the self-
focused beam in a medium with a quadratic nonlinearity is
very difficult to calculate if the sample is thick and numerical
solutions are almost always the rule. For thin samples, how-

ever, the diffraction pattern produced by a nonlinear film can
be greatly simplified. It has been shown@1,60–62# that the
phase modulation of the beam produced by~14! forms in the
far field a diffraction pattern with a radialI (r ) intensity dis-
tribution given by a Kirchhoff diffraction integral of the form

I ~r * !;U E
0

`

rJ0~g1rr * !e2g2r
22 i @f1~r !1f2~r !#drU2, ~16!

wheref1(r );r 2, f2(r );exp(2g3r
2), andg1,2,3 are con-

stants. Equation~16! displays a series of characteristic aber-
rational rings in the far field. Indeed, since the nonlinearity in
~14! is proportional toI;E2 this phenomenon had been
known from materials with a strong dependence of the opti-
cal constants on temperature~like some lead glasses! @63#,
although the effect is in this case insensitive to polarization.
The aberrational rings in the diffracted beam can be used as
a clear indication of self-phase-modulation and self-focusing
in the liquid crystal. A fairly good estimation of the number
of expected rings given by~16! can also be obtained by
decomposing the input beam in plane waves and using the

FIG. 1. ~a! Schematic molecular structure of MBBA. The two
benzene rings are joined by a relatively rigid backboneCH5N
called Schiff’s base. The Raman modes of the latter are studied in
conection with SRS. The molecule has also a comparatively flexible
tail formed by the chainC4H9 . The lowest highest occupied mo-
lecular orbital to lowest unoccupied molecular orbital optical tran-
sition is for polarization roughly parallel to the main axis of the
molecule at;400 nm;3.1 eV. MBBA is transparent at the 514.5
nm green Ar1-laser line.~b! Experimental setup: a 103 micro-
scope objective focuses the light onto a 100-mm-thick nematic liq-
uid crystal cell with planar alignment. The cell can be tilted to vary
the angle between the director and the incident polarization, thus
varying the onset of self-focusing and SRS. The far-field diffraction
patterns of the 514.5-nm Ar1-laser light are observed in transmis-
sion. See text for further details.
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method of the stationary phase@9#. If the initial beam is
tightly focused and cannot be approximated by a plane wave
the interaction of the elastic energy of the liquid cristal on
the periphery of the beam also plays a role in the nonlinear
interaction@13#. We ignore the latter for our experimental
conditions.

III. EXPERIMENT

In Fig. 1~a! we show the molecular structure of MBBA
@3#. The two benzene rings are joined by a relatively rigid
backboneCH5N called Schiff’s base. The molecule has a
flexible tail of C4H9 attached to one of the benzene rings.
We shall concentrate on modes associated with the rigid
backbone in what follows. Raman experiments were per-
formed in a backscattering configuration using a micro-
Raman DILOR multichannel setup at a constant temperature
of 24 °C~where MBBA is nematic!. A schematic view of the
setup is given in Fig. 1~b!. A 103 microscope objective
focuses the input 514.5-nm green Ar1-laser light to a waist
of 10 mm and into the liquid crystal cell. The reason for
using a microscope is threefold:~i! It allows us to reach
power densities that are useful for our experiment;~ii ! it
gives access to a fairly accurate positioning of the focus in-
side the cell~the limiting surfaces of the windows can be
clearly seen in the microscope!; and~iii ! it permits the selec-
tion of a defect-free domain of the nematic avoiding prob-
lems caused by small dust particles or air bubbles trapped
inside the cell. The focus of the beam is placed close to the
first window inside the cell.

The alignment of the molecules is produced by rubbing
the glass walls with 0.3-mm-grain size diamond paste@64#.
The two windows are separated by a 100-mm mica spacer.
The uniformity of the alignment was checked by observing
the conoscopic patterns@3# through crossed polarizers. The
cell can be tilted as shown in Fig. 1~b! up toQ;20° in order

FIG. 2. Far-field patterns at a tilt angle ofQ515° for intensities
below ~a!, at ~b!, and above~c! the Fréedericksz transition. The

incident polarization of the beam is in the plane defined bykWL and

nW and produce an optical torque~15! Þ0. In ~b! the beam is diver-
gent and unstable in time at the threshold. In~c! the aberration rings
produced by the self-phase-modulation of the beam~16! are clearly
seen. Under normal conditions we can observe up to;30 rings at
the highest power density attainable.

FIG. 3. Depolarized Raman spectrum of a multidomain~unori-
ented! drop of MBBA at room temperature. The Schiff’s base
modes are the dominant features of the spectrum~note the logarith-
mic scale!. We concentrate in the upper modes labeleda, b, and
c for the SRS experiments. The spectrum is a superposition of five
spectra covering a range of;300 cm21 each, with the multichan-
nel spectrometer at a resolution of;2 cm21 and with a fixed
integration time of 30 sec.

FIG. 4. Normalized Raman spectra of the modes in Fig. 3 for
two different tilt anglesQ and orientations of the initial polariza-

tion. In ~a! the incident polarization is in the plane containingkWL
andnW and the cell has a tilt angleQ515°. The scattered light is

analyzed with polarizationeW sieW i , i.e., except for the small tilt angle
of the cell the scattering efficiency is roughlyI zz @see ~2!#. The
torque~15! is different from zero under this condition and above a
certain critical power density a Fre´edericksz transition occurs. The
normalized Raman scattering cross section remains almost constant
up to this threshold in which it increases exponentially. In~b! the
cell is atQ50 and the incident polarization is perpendicular to the

plane defined bykW andnW . In this situation self-focusing does not
take place and the normalized Raman cross section remains ap-
proximately constant. The latter demonstrates a negligible contribu-
tion from heating due to residual absorption in our experiments.
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to change the angle of the incident beam with respect to the
director. The far-field diffracted patterns transmitted through
the cell are reflected through a mirror and projected onto a
screen at;1 m from the cell where they can be photo-
graphed.

Figure 2 shows an example of the far-field diffracted pat-
terns below, at, and above the Freedericksz transition. In Fig.
2~a! the intensity is well below the critical value and the
internal elastic energy of the liquid crystal dominates. In Fig.
2~b! the beam starts to show a considerable divergence and is
unstable in time with a typical response of a few seconds.
Finally, Fig. 2~c! shows the situation above the Fre´edericksz
transition where the aberrational rings given by~16! are
clearly seen. It is therefore quite easy to determine whether
self-focusing is taking place inside the cell. The typical re-
sponse time for the ring formation is again of a few seconds.

We now turn to the Raman scattering data with and with-
out self-focusing. In Fig. 3 we show the depolarized Raman
spectrum in a multidomain drop of MBBA at room tempera-
ture and low excitation power@41#. The spectrum is domi-
nated by five modes~note the logarithmic scale in Fig. 3!,
which are known to come from the Schiff’s base@41#. Their
Raman polarizability tensors are diagonal as in~1! along of
the main directions of the molecule. These modes have been
used in the past@41,42# to obtain information on the nematic
order parameter in the framework of the explanation given in

Sec. II A. We concentrate on the three upper modes at
;1575, 1596, and 1626 cm21 because we can measure them
simultaneously with the multichannel detector and long inte-
gration times and also because of their large sacttering cross
sections. These modes have been labeleda, b, andc in Fig.
3. The rest of the spectrum shows a complex structure of
molecular modes, which were studied in some detail in Ref.
@44#. An interesting characteristic of the Raman spectrum of
MBBA is the appearance of some weak modes according to
the phase in which the liquid crystal is observed. The latter
effect is partly due to the modifications in the structure pro-
duced by the molecular field of the different mesophases
@45#. Actually, the low-energy part of the inelastic scattering
spectrum up to;200 cm21 is remarkably sensitive to the
liquid crystalline phase. The modes we monitor here for SRS
are free from this problem.

Figure 4 displays a typical sequence of normalized Raman
spectra of the modesa, b, andc in Fig. 3 in two different
situations. In Fig. 4~a! the tilt angle isQ515° andEW L is in
the plane defined bynW andkWL producing a torqueMW optÞ0 in
~15!. The normalized Raman intensity remains constant up to
a critical value where all the modes increase exponentially
with the pump power. A very different situation is achieved
in Fig. 4~b! whereQ50° andEW L is perpendicular to both
nW and kWL . The normalized intensity remains approximately

FIG. 5. Normalized Raman scattering cross sections for the modes labeled in Fig. 3. The data for the different peaks are divided by their

intensity at low power densities so that they all lay on a common curve. In~a! EW L is in the plane ofnW andkWL and the tilt angle@see Fig. 1~b!#
is Q515°. The far-field patterns of the transmitted light are shown simultaneously. At;1.03108 W/m2 ~photo D! the beam becomes
unstable and shows thereafter aberration rings for higher power densities. This coincides with the onset of SRS in the Raman data. In~b! we

show data for the same power densities but withEW L perpendicular to bothnW andkWL . The scattering is analyzed as in Fig. 4 witheW sieW i and
corresponds exactly toI xx5I yy in ~2!. There is a small divergence of the far field causing probably the small drift of the cross section but
neither self-focusing nor SRS is observed, in sharp constrast with case~a!. See text for further details.
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constant in the latter case where optical reorientation is not
produced and shows, by the same token, a negligible pos-
sible effect of heating through residual absorption. The pro-
portionality constant in~15! C}D«5(« i2«') is .0 in the
optical range for MBBA; i.e., the interaction with the light is
minimized when the long axis of the molecule is parallel to
EW L . One would therefore naively expect the situation
EW L'nW to be unstable and expect optical reorientation, prob-
ably in a longer time scale, triggered by small departures or
fluctuations ofnW with respect toEW L . This is not so in nem-
atics and the explanation for it is both simple and subtle: the
absence of optical reorientation forEW L perpendicular to the
director ~although energetically unstable! is related to the
adiabatic propagation of lightand has been thoroughly
treated by Csillaget al. @65#. For our purposes here we can
always use this case to avoid self-focusing and have a test
measurement.

As a matter of fact, we can observe directly the relation
between the Raman spectra and self-focusing by putting to-
gether both the far-field transmitted patterns of the laser and
the Raman scattering cross sections of the data in Fig. 4. This
is done in Figs. 5~a! and 5~b! for the same experimental
conditions of Figs. 4~a!–4~b!. Since the peaks have different
cross sections we normalize the data for the different peaks
by the intensity at the lowest power density bringing all the
data points to a common curve. In Fig. 5~a! the far field
patterns show an increasing divergence of the beam until it
becomes unstable at;1.03108 W/m2 ~photograph D!.
Above that threshold the aberrational rings are clearly seen
in the far fields~photographs E, F, and G! implying that
self-focusing is taking place inside the cell. The effect is
coincident with the observed threshold for SRS of the
modes. Conversely, Fig. 5~b! for EW L' kWL andnW andQ50° a
very small increase in the divergence of the beam is observed
~probably due to small deviations from perfect orthogonality
of EW L with respect tonW ). This small divergence in the far
field implies a tiny tendency to self-focusing inside the cell,
which probably causes the small, but monotonic, increase of
the cross sections in Fig. 5~b!. In any case, neither a Fre´ed-
ericksz transition nor a SRS threshold is observed in this
second instance and the contrast with Fig. 5~a! is explicit.

Since the Fre´edericksz transition threshold depends on
~15! reaching a given value, we can change the power den-
sity we actually need to attain self-focusing by changing the
angle of the cell. From ~15! we have MW opt

}EL
2sin(Q)cos(Q) and the threshold for SRS and self-

focusing is expected to change from 1.03108 W/m2 at
Q515° to ;1.53108 W/m2 if Q55°. This is shown in
Fig. 6 where the normalized scattering cross sections for the
modes labeled in Fig. 3 are measured for the two angles
mentioned. The shift in the SRS threshold is in excellent
accord with the prediction.

An additional proof can be made to verify that effectively
the exponential increase in the scattering cross section is due
to SRS. To this end, we can observe the second-order Raman
scattering spectra of the modes under consideration. The
second-order spectra are expected to show a small but per-
ceptible enhancement above the SRS threshold due to the
superposition of the overtones of the Stokes Raman scatter-
ing. We explain briefly the reason for this in Fig. 7 where we

show the Feynman diagrams of the Raman processes as self-
energies of the laser photons. The first-order Raman scatter-
ing process, for example, is represented therefore in Fig. 7~a!
as an incoming photon atvL creating an electron-hole pair
~dashed bubble! and the subsequent emission of a vibration
~phonon! atvP . The diagram is followed by its conjugate so
that the total process represents the propagator of the photon
with its inelastic interactions. The second-order Raman
Feynman diagram is given on the right of Fig. 7~b! and in
this case two vibrations are emitted from the electron-hole
bubble via the electron-two-phonon interaction. On the other
hand, it is also possible to have inelastic scattering at 2vP
through the diagram on the left of Fig. 7~b!. In the latter, a
Stokes photon created in a Raman process produces a first-
order Raman scattering by itself. The second diagram is un-
der normal circumstances negligible with respect to the first
one and represents the overtone of the first-order Stokes scat-
tering. The situation is quite the contrary under stimulated
conditions in which the population of Stokes photons in-
creases sharply. In fact, the second diagram can be as impor-
tant as the first one~which is normally weak in any case! and
an enhancement of the second-order spectra should be ob-
served. The same holds for higher-order Raman processes
although the effect is obviously weaker the higher the order.

In Fig. 8 we show the normalized second-order Raman
spectra of the modes in Figs. 4 and 5 for the conditions of

FIG. 6. Normalized Raman cross sections for the modes in Fig.

4 for EW L in the plane ofnW and kWL and two different tilt angles,
Q515° and 5°. By changing the angle a larger field intensity is
needed forQ55° to achieve the Fre´edericksz transition threshold
and, therefore, self-focusing and SRS. The quantitative change be-
tween the two thresholds~shown with vertical arrows! is in fairly
good agreement with the reduction in the torque predicted by~15!.

54 2643STIMULATED RAMAN SCATTERING PRODUCED BY . . .



Fig. 5~a!. We can again identify the presence or absence of
self-focusing through the far-field images and determine the
threshold of the Fre´edericksz transition, which occurs at
1.03108 W/m2 as in Fig. 5~a! ~shown with a horizontal line
in Fig. 8!. The bump between;3150 and 3225 cm21 is the
second-order Raman spectrum of the peaks shown in Figs. 4
and 5. There is a clear enhancement of the signal above
threshold, as expected, giving further evidence for a SRS
phenomenon. In fact, the three modes under study should
produce three overtones each, not only enhancing the
second-order Raman spectrum but also producing an addi-
tional broadening, which is barely seen in Fig. 8 because of
the intrinsic weakness of the signal.

IV. DISCUSSION AND CONCLUSIONS

There are two different~but connected! effects influenc-
ing the Raman signal when optical reorientation occurs. If
the incident and scattered polarizations are not along the
main axes of the nematic domain the cross section

I;ueW i•RŴ •eW su2 is none of the ones used in~2!. The correct
value for the initial cross section at low-power densities must
be obtained by rotating the Raman tensor~1! to a new system
of axes. When the intensity is increased and the Fre´edericksz
transition threshold reached, two effects coexist:~i! The laser

reorients the molecules and, strictly speaking, changes the
Raman cross section by modifying the angle; i.e., by rotating
the Raman tensor; and~ii ! there is sudden increase in the
power density produced by self-focusing, which, in turn, is
also a consequence of the molecular reorientation producing
the quadratic term in~14!. The former effect, however, can
be neglected with respect to the latter. Optical reorientation
~without flow coupling@66#! can normally be solved in the
the context of thesmall angle approximation@2,67#. The
reorienting angleDu follows a power law with respect to the
pump beam@1# Du;EL

2 and, consequently, the change in the
scattering cross section produced by a small rotation of the
Raman tensor will also follow a power law to first order.
This bears, accordingly, a small correction to the exponential
dependence@see~12!# of the cross section for SRS, which
dominates the effect. We believe that the evidence produced
by the Raman data plus the far-field diffracted images and, in
addition, the angle dependence of the threshold~Fig. 6! and
the stimulated overtones on top of the second-order Raman
~Figs. 7 and 8! gives a consistent picture of SRS in the nem-
atic phase of MBBA.

FIG. 7. ~a! First-order Raman diagram. The thick horizontal
lines represent the photon propagators while the continuous thin
lines are the molecular vibrations. Dashed lines represent electron-
hole pairs, which are virtual excitations if the laser is below the
absorption edge. The diagram is put together with its conjugate and

represents the self-energyvŴ ph of the photons with their inelastic

interactions. The Raman spectra is given by;2Im~vŴ ph!. ~b!
Second-order Raman Feynman diagram~right! and stimulated
second-order Raman~left!. The second diagram represents the over-
tones of the first-order Raman and is normally negligible when the
number of photons in the laser beamnL greately outnumbers the
Stokes photonsnS , in other words, in normal Raman scattering
conditions. In SRS, however, the two diagrams can be comparable
in intensity and therefore an enhancement of the second-order sig-
nal is expected above threshold.

FIG. 8. Second-order Raman spectra for the conditions of Fig.
5~b!. The presence of self-focusing is decided by the far-field pat-
terns ~not shown here! as in Fig. 5. The Fre´edericksz transition
occurs at a power densityPc;1.0–108 W/m2 and is shown as a
horizontal line separating two regimesP,Pc and P.Pc . The
broad peak between;3150 and 3225 cm21 is the second-order
Raman of the modes in Fig. 4. A clear enhancement of the weak
second-order signal is observed abovePc in accordance with SRS.
A small change in the broadening of the spectra should also be
expected due to the fact that each vibration creates three overtones.
This is scarcely seen in the experiment due to the intrinsic weakness
of the signal. Integration times here aret;10 min to be compared
with 30 sec for the first-order Raman in Figs. 3 and 4. See text for
further details.
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Finally, very interesting possibilities should exist in Ra-
man scattering from cholesterics@3# in the Bragg regime
~optical wavelength;pitch!. Cholesteric liquid crystals are a
special kind of what we may call today aphotonic band
material @68#. In fact, cholesterics have a sharp stop band
close to the Bragg condition for one of the two circular po-
larizationss1 or s2, depending on the helicity of the pitch
@69#. A Raman process in backscattering with a cross section

I;us1
•RŴ •s2u2Þ0 can be inhibited at the stop band and, in

addition, induced untwisting of the pitch produced by exter-
nal fields should breed a variety of possibilities with unique
characteristics. Raman experiments in mixtures of choles-

teryl oleyl carbonate, cholesteryl nonanoate, and cholesteryl
chloride, to produce variable pitches in the;1-mm regime
according to the needs are in progress and will be reported
elsewhere@70#.
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