PHYSICAL REVIEW E VOLUME 54, NUMBER 3 SEPTEMBER 1996

Stimulated Raman scattering produced by self-focusing in liquid crystals
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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
um we observe stimulated Raman scattering at very low powes fiW) in a thin nematic film(~2100 pum)
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 phadé&1063-651X96)02408-1

PACS numbd(ps): 61.30.Gd, 42.65.Dr, 42.65.Jx

[. INTRODUCTION 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
The nonlinear optical properties of liquid crystals havelaser polarization, bringing the phenomena of SRS and self-
received considerable attention in the last 10—15 yghgs. focusing in a cavityless medium such as this within the reach
The boost came from the early observations that liquid crysof a portable helium-neon laser. This is a natural conse-
tals have very large optical nonlineariti@gbout eight orders quence of the very large nonlinear optical constants of
of magnitude larger than that of GSfor example, and sev- MBBA in the nematic phase as we shall explain in Sec. II.
eral orders of magnitude larger than anything accomplished The paper is organized as follows: Sec. Il gives a general
so far in semiconductor microstructuyesaking them very introduction to self-focusing due to molecular reorientation
suitable not only for the study of nonlinear optics but also for(in organic liquids and in liquid crystals in particulas well
potential applications. A great many optical nonlinear pro-as a brief description of previous Raman scattering experi-
cesses have been observed to date in the different m&ents in MBBA and related nematics. The fundamentals of
sophases of liquid crystalg]. To assemble a full list of SRS are also given in Sec. Il. In Sec. Il we briefly present
references in this rapidly expanding field would be an imposthe experimental conditions and results. Finally, Sec. IV pre-
sible task[4]. We mention briefly, however, the most rel- sents a brief discussion and discusses prospective directions
evant nonlinear effects observed so far to convey a flavor opf research.
the present status in the field. Among the observed nonlinear
optical phenomena we havEl] (i) self-focusing, self-
defocusing, self-phase-modulation, optically induced mo-
lecular reorientation and light-induced "Eokericksz transi- Since we deal with self-focusing and SRS a brief intro-
tions[5-17]; (i) degenerate and nondegenerate optical wav@uction to both in the framework of liquid crystals is neces-
mixings (second and third harmonic generation, four wavesary for the sake of clarity.
mixing, etc) [18—24; (iii ) stimulated scatterings of different
types(thermal, Rayleigh wing, Brillouin[25-30; (iv) non-
linear waveguiding[31,37; (v) optical bistability and all-

II. GENERAL CONSIDERATIONS

A. Raman scattering

optical switching[33—-39, etc. A painstaking list of refer- Raman scattering in liquid crystals has been used as a tool
ences of nonlinear optical effects in liquid crystals is given infor probing the physical properties and the degree of order of
the reviews by Khod2] and Jaossy[4]. the different mesophases since the early 1960's. A very im-

In this paper, we are interested in one particular type oportant application came forward with the awareness that the
stimulated scattering, to wit: stimulated Raman scatterRaman scattering selection rules could be used for retrieving
ing (SR [70]. We shall present measurements of SRS in d@nformation on the degree of order of the liquid crystalline
nematic liquid crystal cell ofN-(p-methoxybenzylidene  mesophasep41-43. A detailed comparison of the Raman
p-butylaniline (MBBA) [40] with planar orientatior{1] at  spectra of the different mesophases of MBBA as a function
room temperature and demonstrate its relation with the ocef temperature has been given in Ref4].
currence of self-focusing. We show that the SRS threshold It is a well-known fact in liquid crystals that an intense

light beam may result in reorientation of the molecUlé5]
(see also next subsectiohis is a spurious effect if one is
*Permanent address: Centro Atico Bariloche and Instituto aiming to evaluate the macroscopic order parameter pro-
Balseiro, Comisia Nacional de Energi Atomica and Universidad duced by the orientation of the molecules in terms of polar-
Nacional de Cuyo, 8400-San Carlos de Bariloch@ Regro, Ar-  ization selection rules. Accordingly, Raman scattering ex-
gentina. periments [46] are traditionally performed under low

1063-651X/96/543)/263710)/$10.00 54 2637 © 1996 The American Physical Society



2638 P. ETCHEGOIN AND R. T. PHILLIPS 54

excitation densities, in other words, under the conditions in | . 1 1 ) 1 1 )

which the presence of the laser light does not perturb the 2= B+ gD (cos(B))— 2B+gPb )(COé(ﬂ)%
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 degregvhere 3 is the angle between the director orientation of the
of order of the liquid crystal can be obtained. The theory Ofnematic and a fixed laboratory directigtaken alongé in

Raman depolarization ratios in nematic liquid crytals hast . ; .
) . his casg The brackets ifcos) and(cos) represent orien-
been thoroughly introduced in Refg1] and[42]. We there- tational averages for the nematic domain at fixed temperature

fore present a br!ef review OT the main results. The Ramar\]/vithout any effect from the laser. From the three quantities
tensor for a particular vibration of intereéve ignore the

rotational contribution[46] to the Raman scattering cross Ilg (23\,2'L;]Sa\t/zefgjrpOLa;'nZt?[?eosnt:)aggtg];rtnhiﬁést%téofglﬁrpuhr?fﬂwns
section in the nematic phase and consider only modes arising's° q

from internal vibrations can be written for an elongated %1’42 a, b, <f°§(lﬁ)>’.<coi('8)>' f molecul .
molecule as One way of evaluating the degree of molecular order in a

liquid crystal is through thecalar order parameter £3]. By

00 taking the long axisi’) of the molecule as a reference and
b 0f. (1)  calling n the director orientationS is defined by[3]
0 1

S= 5((n-2)>~1)= 3[3(coR(B)) —1]. (4)

Although the majority of the liquid crystal molecules are not|n fact, S is the first-order expansion of the orientational

approximated by a rodlike object in which the main axis of s o .
o i N along z for a nemati¢ in terms of Legendre polynomials
the tensor(1) coincides with the longest molecular ads  p_ (cos(@g)),

The scattering efficiency for a given selected pair of incident
e) and scattered ¢ larizati tors is given b m :

(el)earl» ésca ered g) polarization vectors is given by (Pz|(C0€(,3))>=f £( )Py (cosB)sin 8)d 3, 5)
|~|e-R-e4? [46]. We define three depolarization ratios 0

Ri, Ry, andRs as so thatS=P,; |=1. The next order in the expansion of

f(B) would be
yz 2y |

Ri=7", Re=gr- Re=p_. 2) P,=3[35cog(B))—30(cos(B))]. (6)

yy | XX

Inasmuch as bothcog(8)) and (cos(B)) are obtained
with C=[(n,,+ne)/(ny+n,)]? beingn, andn, the extror-  through (3), information about the first- and second-order
dinary and ordinary refractive indices of the liquid crystal, expansion terms off(8) can be gained with Raman scatter-
respectively, ana,, the refractive index of the cell window. ing. This is a noteworthy characteristic of Raman spectros-
With the help of the additional definitior{$n terms of the  copy that allowed41] a more detailed comparison of experi-
Raman polarizability components in1)] A=Tr(R) ments with accepted molecular models of the nematic phase
=(1+a+b), B=(a—b)%4A% and D=(2—a—b)/A, the such as the Maier-Saupe mean-field thel@t¥,47. In addi-

following system of equations is obtaingdil,42: tion, the technique can be advantageously used in combina-
tion with elongated dye guest molecules and resonant Raman
3 11 1 1 5 scattering 43].
_";: —+—B+—D+-—D?+|-B—=D-— _DZ) There are, however, several drawbacks to the method.
A® 9 16 18 288 8 6 48 Among them we mention the followingdi) the effects of
3 3 local fields on the Raman results are debatable. Local field
X (cog(B))+ 68T 3—2D2) (cod(B)); corrections are very important, if not dominant, in the optical
properties(and electronic polarizabilities in generaf lig-
uid crystals. A clear-cut theory on how to take them into
lyx 1 1, (3 1, account does not exist to date to our knowledge. In this. re-
Az RB+ 3—2D + gB— 1_6D )<c0§(5)) spect, magnetic measurements are in general easier to inter-

pret since local fields are negligible for thefit) The system
1 1 of equationg3) can be slightly sensitive to small changes in
6B 3—2D2)<CO§1(/’>’)>: parameters; andiii) experiments performed in thick cells
(d~200 um) 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 direcfd8]. As a
consequence, a Raman event produced deep in the cell has a
(cod(B)); different initial polarizationg; and the depolarization ratios

’ (2) are inaccurate. The problem is normally overcome by

+
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measuring cells with different thicknesses and extrapolatinglue to random scatterings, fluctuations, residual absorption,
to d—0, a procedure which requires some care. etc. The nonlinear susceptibility’® will have in general
Finally, a few words on SRS. We follow closely Refs. poth real and imaginary parsg®= ys —ix.. The solution

[45,49-5]1 in the presentation. The presence of the electrig, Esin (12) has an amplitude envelope given by
field of the light in a molecule induces small changes in the

normal coordinatesg of the molecular vibrations and there-
fore changes in the optical polarizabilitieqq) associated |Eg[~ex
with the mode

MowéXg|EL|2 ) }
= 4]z,

8ks (12

and an oscillatory component governed Y. It is clear

a(q)~ ao(do) + fel@) , (7)  from (12) that the Stokes field will be either exponen-

q o tially damped or increased depending on whether

R (mowix<EL|?/8ks—¥)<0 or >0. The second case repre-
which, in turn, produces an induced polarizati®g,q: sents the SRS condition and depends on the pump field den-
sity reaching the SRS threshold:
da(q)| (N
Pina= o088 =50 ] V) ® |EL|2=8ks/ mowdxs (13
0

with N/V the density of molecules, and an interaction Hamil- " Ot tha.lt .the I?rger the Iossesy. and the smallezr the Raman
tonian given by susceptibilityy,, the larger the intensity ~ |E_|* needed to
produce SRS.

- . da(q) .. Stimulated Raman scattering is a phenomenon of pattern
Hr=—Pina E=—¢9 a9 qE-E. (9)  formation (or phase transitionoutside equilibriun{52] and
o has all the characteristics of a threshold phenomenon such as

. ) . the lasing of a cavity. In fact, the analogy with the lasing
The normal coordinatg responds to an equation o.f mMotion transition of a cavity is quite deep since EAJ) is very
for ‘a forced harmonic oscillator and is driven by gimijar to the Van der Pol oscillatdi53] (or overdamped
F=—JHgr/9q~E". Thence,q~E" and Pj,g~E” i.€., @ hamonic oscillator which governs the laser transition of a
third-order nonlinear polarizability is involved in the Raman cavity [54]. It can also be put in terms of coupled rate equa-
process[49,5(0. Calling the incident laser frequenay,, tions for the number of pump and Stokes photpt@, even

wq is the vibration energy of the Raman mode anglthe  h6ygh information about the phases of the fields is lost in
Stokes frequency of the scattered lighis=w —wq) the  ihig approach.

nonlinear polarization associated with Stokes-Raman scatter-

: . N * : .

ing will be of the form[45] P (EoEG )Ew, ie., given B. Self-focusing

through a nonlinear optical term such as . . . s
9 P It is a well-established phenemenon in organic liquids that

3 _ *(_ the SRS threshold obtained experimentally is much smaller
Pina~xs™(— ws o1, — oL, o)) E(wg) EX wL)E(wL()iO) than the one predicted bil3) [49,55-58. The reason for
this is self-focusing. In fact, the same nonlinear optical sus-
The correct way to solve the propagation of several waves igeptibility responsible for SRS i10) produces self-focusing
a nonlinear optical medium, taking into account the possible®f the pump beam, significantly increasing the effective
interactions and mixings among them, is to solve the couplegiower density. In general, the electric field strength achieved
Maxwell wave equations with the corresponding phaseat the waist of the self-focused beam is enough to overcome
matchings[45,50. This is the common framework for the the losses and SRS takes place at the threshold of self-
description of a variety of processes such as four wave mixfocusing instead of13). The effect comes through the mix-
ing, second and third harmonic generations, optical phasi#ég produced by the third-order nonlinear suceptibility as in
conjugation, etc. The latter approach is normally not necest10) but with Eg replaced byE, , i.e., the self-action of the
sary in Raman scattering because both the Stokes and antieam throughy(®). The easiest way to understand why self-
Stokes fields are very weak in comparison with the laser anébcusing takes place is to realize that the existence of a po-
their coupling is negligible. It is, however, fundamental to larizability P~ y(®)E2 implies an intensity-dependent dielec-
understand the phenomenon of SRS. The amplitude of thgjc tensorfij(w'ﬁ) of the form[49]
Stokes field in the coupled Maxwell wave equations and in
the slowly varying envelope approximatip45] (considering €ij (w,E)= Eioj +Xi(j3k>l EE, . (14)
that|Eg|<|E,|) becomes
Accordingly, assuming an incident Gaussian beam
E~Eqexp(—r?20?)exp(ik z), where r2=(x?>+y?), the
central part of the beam will experience a different index of
refraction from that in the outer section. Depending on the
whereg= Monggs)/ffks. with ks the wave vector ofogand  sign of x(® the central part of the beam will travel with an
Xff) the corresponding nonlinear optical susceptibility com-index of refractionn(r =0), which can be larger of smaller
ponent from(10) (also called Raman susceptibilityrhe pa- than the one for #0. This is the principle of self-phase-
rametery is added phenomenologically to account for lossesnodulation. Ifx®)>0, n(r=0)>n(r #0) and the beam cre-

JEg .
E:(|9|EL|2_7)ES! (11
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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. Ify(®<0 the beam self-defocuses.

In liquids formed by anisotropic molecules there is a natu-
ral mechanism to produce a quadratic index of refraction microscope
such as(14) [49] that does not exist in solids. Thwienta- objective ~__
tional Kerr effect is responsible for this contribution.

Roughly speaking, the electric field of the light polarizes the

molecule and creates a dynamic dipole proportinaEta

This dynamic dipole interacts again with the laser producing incident ~
a term proportional t&?2 , which strives to reorient the mol- pelarization
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 director
several orders of magnitude in the nematic with respect to orientation
the isotropic phasdg2] and, in particular, close to the

Schiff’s base

(b)

glass walls
mica spacers

Tt angle

planar nematic
liquid crystal

nematic-to-isotropic phase transition where critical slowing é

down of the molecules takes plag®9]. The reorientational

force produced by the light beam is caused by the optical far-field patterns
torque[1]

FIG. 1. (a) Schematic molecular structure of MBBA. The two
Mopt: C((n-E(NXE,)), (15) benzene rl_ngs are joined by a relatively rigid backb(md=N_ _
called Schiff's base. The Raman modes of the latter are studied in
where C is proportional to the dielectric anisotropy of the conection with SRS. The molecule has also a comparatively flexible
tail formed by the chairC,Hg. The lowest highest occupied mo-

molleculesﬁslzsu—sl : Equ?tlon(lﬁ) is zero ifE_ iS €X- |ocyjar orbital to lowest unoccupied molecular orbital optical tran-
actly parallel or perpendicular to the director, albeit one Ofgjion is for polarization roughly parallel to the main axis of the

the two situations is energetically unstable depending on thg,gjecyle at~400 nm~3.1 eV. MBBA is transparent at the 514.5
sign of C. In an istropic liquid, where the internal molecular nm green Af -laser line. (b) Experimental setup: a 30 micro-
field averages to zero, the tendency of the laser to reorierfcope objective focuses the light onto a 1@@-thick nematic lig-
the molecules competes with temperat{#6], which tends  uid crystal cell with planar alignment. The cell can be tilted to vary
to randomize their orientations. In a nematic liquid crystal, inthe angle between the director and the incident polarization, thus
addition, an internal molecular fielgesponsible for the mo- varying the onset of self-focusing and SRS. The far-field diffraction
lecular ordey exists and the laser-induced reorientation com-patterns of the 514.5-nm Arlaser light are observed in transmis-
petes with the internal elastic energy of the nematic. Thesion. See text for further details.
total free energy produced by the twist, bend, and sf&y
of the director plus the boundary conditions imposed by theever, the diffraction pattern produced by a nonlinear film can
walls of the cell wrestles with the laser-induced reorientatiorbe greatly simplified. It has been shoyh60-63 that the
produced by(15). The optically induced torque has to over- phase modulation of the beam producedb$) forms in the
come the internal elastic free energy and the quadratic norfar field a diffraction pattern with a radia(r) intensity dis-
linearity in (14) appears only above a certain threshold. Atribution given by a Kirchhoff diffraction integral of the form
situation similar to that found in ferromagnets with hyster- . )
esis is thergfore a_ccomphshed. The e_xternal magnetic field |(r*)~U rJO(,ylrr*)e—y2r2—i[¢l(r)+¢2(r)]dr . (16)
struggles with the internal free energy imposed by the ferro- 0
magnetic domain walls. The macroscopic magnetization fol-
lows the external field only after a critical value has beenwhere ¢,(r)~r?, ¢,(r)~exp(— ysr?), and Y123 are con-
reached. This is called the optical Edericksz transition in  stants. Equatiori16) displays a series of characteristic aber-
liquid crystals. The critical field for the Feelericksz transi- rational rings in the far field. Indeed, since the nonlinearity in
tion depends on the polarization of the incident beam with(14) is proportional tol~E? this phenomenon had been
respect to the director, because this modifies the effectiveknown from materials with a strong dependence of the opti-
ness of the torquéls). cal constants on temperatufiike some lead glassp$63],
Once the quadratic term ifl4) above the Fredericksz although the effect is in this case insensitive to polarization.
transition emerges, nematic liquid crystals display a fairlyThe aberrational rings in the diffracted beam can be used as
large nonlinearity. The far-field diffracted pattern of the self-a clear indication of self-phase-modulation and self-focusing
focused beam in a medium with a quadratic nonlinearity isn the liquid crystal. A fairly good estimation of the number
very difficult to calculate if the sample is thick and numerical of expected rings given byl6) can also be obtained by
solutions are almost always the rule. For thin samples, howdecomposing the input beam in plane waves and using the
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. EXPERIMENT
FAR-FIELD PATTERNS
In Fig. 1(@) we show the molecular structure of MBBA
N [3]. The two benzene rings_are joined by a relatively rigid
e backboneCH=N called Schiff's base. The molecule has a
flexible tail of C4Hq attached to one of the benzene rings.
A @ 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 nematit A schematic view of the
setup is given in Fig. (b). A 10X microscope objective
focuses the input 514.5-nm green Ataser light to a waist
of 10 um and into the liquid crystal cell. The reason for
using a microscope is threefoldi) It allows us to reach
power densities that are useful for our experimeiy; 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 microscopeand(iii) it permits the selec-
i . _ . tion of a defect-free domain of the nematic avoiding prob-
FIG. 2. Far-field patterns at a tilt an’gleﬁf: 15° for intensities lems caused by small dust particles or air bubbles trapped
below (3), at (b), and above(c) the Fredericksz tranSitign' The inside the cell. The focus of the beam is placed close to the
ipcident polarization of the beam is in the plane defineckpynd first window inside the cell.
n and produce an optical torqu#&5) #0. In (b) the beam is diver- The alignment of the molecules is produced by rubbing
gent and unstable in time at the threshold(dnthe aberration rings  the glass walls with 0.3sm-grain size diamond pasfé4].
produced by the self-phas_e_-modulation of the béa6) are _clearly The two windows are separated by a 106+ mica spacer.
seen. Under normal conditions we can observe up 8 rings at g niformity of the alignment was checked by observing
the highest power density attainable. the conoscopic patterri8] through crossed polarizers. The
cell can be tilted as shown in Fig(d) up to®~20° in order

N

/ ( ‘):
A\ ,-a"ll

method of the stationary pha$@]. 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 e m...m..m.nm;::::ng O S
the periphery of the beam also plays a role in the nonlinear (10" Wim’]
interaction[13]. We ignore the latter for our experimental (a) (b)
conditions. T
2 13
w T ] T T T T T T T T T T § /:.;
:§ 1000 3 I Schiff's basle modes 4 £ gzgg
. C b. ] 07
£ 500 — Depolarized ¢ [~0.6 om0 d
o, T spectrum i =15 deg g-i =0 deg
5 200 L | 1350 1450 1550 1050 1750 1850 0.3 120 1400 1500 1600 1700 1600
@ . 4 . -
s 100 = Raman shift [cm™] Raman shift [cm™]
S ]
c ]
‘é 50 i FIG. 4. Normalized Raman spectra of the modes in Fig. 3 for
81 L two different tilt angles® and orientations of the initial polariza-
- 500 1000 1500 tion. In (a) the incident polarization is in the plane containiﬁ
andn and the cell has a tilt angl® =15°. The scattered light is
. 1 analyzed with polarizatio§S||éi , i.e., except for the small tilt angle
Raman shift [cm ] of the cell the scattering efficiency is roughly, [see(2)]. The
torque(15) is different from zero under this condition and above a
FIG. 3. Depolarized Raman spectrum of a multidom@inori- certain critical power density a Federicksz transition occurs. The

ented drop of MBBA at room temperature. The Schiff's base normalized Raman scattering cross section remains almost constant
modes are the dominant features of the spectfumte the logarith-  up to this threshold in which it increases exponentially(bpthe

mic scal@. We concentrate in the upper modes labeded, and  cell is at® =0 and the incident polarization is perpendicular to the

c for the SRS experiments. The spectrum is a superposition of fivglane defined b)lrz andn. In this situation self-focusing does not
spectra covering a range ef300 cm ! each, with the multichan- take place and the normalized Raman cross section remains ap-
nel spectrometer at a resolution 6f2 cm™! and with a fixed proximately constant. The latter demonstrates a negligible contribu-
integration time of 30 sec. 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 th8ec. 1l A. We concentrate on the three upper modes at
director. The far-field diffracted patterns transmitted through~1575, 1596, and 1626 cm because we can measure them
the cell are reflected through a mirror and projected onto &imultaneously with the multichannel detector and long inte-
screen at~1 m from the cell where they can be photo- gration times and also because of their large sacttering cross
graphed. sections. These modes have been labaled, andc in Fig.

Figure 2 shows an example of the far-field diffracted pat-3. The rest of the spectrum shows a complex structure of
terns below, at, and above the Freedericksz transition. In Fignolecular modes, which were studied in some detail in Ref.
2(a) the intensity is well below the critical value and the [44]. An interesting characteristic of the Raman spectrum of
internal elastic energy of the liquid crystal dominates. In Fig.MBBA is the appearance of some weak modes according to
2(b) the beam starts to show a considerable divergence andie phase in which the liquid crystal is observed. The latter
unstable in time with a typical response of a few secondseffect is partly due to the modifications in the structure pro-
Finally, Fig. 2c) shows the situation above the’Edericksz  duced by the molecular field of the different mesophases
transition where the aberrational rings given @6) are  [45]. Actually, the low-energy part of the inelastic scattering
clearly seen. It is therefore quite easy to determine whethespectrum up to~200 cm ! is remarkably sensitive to the
self-focusing is taking place inside the cell. The typical re-liquid crystalline phase. The modes we monitor here for SRS
sponse time for the ring formation is again of a few secondsare free from this problem.

We now turn to the Raman scattering data with and with-  Figure 4 displays a typical sequence of normalized Raman
out self—fopusing.II%Fig. 3 \(ljve Sh?vl\\l/lgls:epdafized Ramarspectra of the modes, b, andc in Fig. 3 in two different
spectrum in a multidomain drop o at room tempera- it 4+ ; ; o) — 1 E° =
tlfre and low excitation powe{rfl]. The spectrum is doFr)ni- situations. In_Flg. @ the Plt angle .IS@ 15 an»dEL s

the plane defined by andk, producing a torqué/ ,,# 0 in

Cv?]tiecﬂ g?ef:z/r?ovn\:r? ?g ?Oor;ee tfr;snlqot%aen?cnﬁ:;:f,s %ﬂg&? 'IEIr?e)wg (15). The normalized Raman intensity remains constant up to
y a critical value where all the modes increase exponentially

Raman polarizability tensors are diagonal aglinalong of
the ma|npd|rect|ons}éxf the molecule. ?’hese modes hgve be "H'th the pump power. A very different situation is achieved

used in the pag41,42 to obtain information on the nematic N Fig. 4b) where®=0° and E. is perpendicular to both
order parameter in the framework of the explanation given im and kL The normalized intensity remains approximately

A B A B C D E F G
" .. ; S & " -
[7]
=
g vl | T T T T | 1 H ? H | T T 7 E
: L _ c —
% 6 L v 1626 cm:: mode &;{ i =_ 6 .
—_— @ 1675 cm _mode : _ Ke] I} 1596 cm™ mode
= w 1596 cm™ mode 4 S ) @ 1575 cm™ mode
V4 el v 1626 cm™ mode
"g 4r / N g 4 N
Q b
7)) (a) i/ N ( )
S | —wppprd iy 5 A LA LA
© ‘l | I R N | PR | % I . . IR
E %0 05 10 15 5% o5 10 4
: - S 0 05 10 15

Power density [10° Wim?] Power density [10° W/m?]

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 curv@) B, is in the plane of andk, and the tilt angldésee Fig. 1b)]
is ®=15°. The far-field patterns of the transmitted light are shown simultaneously: JA0x 168 W/m? (photo D the beam becomes
unstable and shows thereafter aberration rings for higher power densities. This coincides with the onset of SRS in the Ram@) data. In
show data for the same power densities but \Eghperpendicular to both and IZL. The scattering is analyzed as in Fig. 4 V\@,ﬂéi and
corresponds exactly th,=1,, 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(@asgee 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- — B R
portionality constant if15) CxAe=(g|—&,) is >0 in the ..g
optical range for MBBA,; i.e., the interaction with the light is c N
minimized when the long axis of the molecule is parallel to 3
EL. One would therefore naively expect the situation o
E,Ln to be unstable and expect optical reorientation, prob- S8 4
ably in a longer time scale, triggered by small departures or - |
fluctuations offi with respect toE, . This is not so in nem- g
atics and the explanation for it is both simple and subtle: the 3 B
absence of optical reorientation fér,_ perpendicular to the (7 L
director (although energetically unstablés related to the 7]
adiabatic propagation of lightand has been thoroughly 8 2
treated by Csillaget al. [65]. For our purposes here we can o
always use this case to avoid self-focusing and have a test - i
measurement. © L
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 ol vy

the Raman scattering cross sections of the data in Fig. 4. This 0 05 10 15

is done in Figs. &8 and %b) for the same experimental

conditions of Figs. )—4(b). Since the peaks have different

cross sections we normalize the data for the different peaks ) 8 2
by the intensity at the lowest power density bringing all the Power density [10° W/m’]
data points to a common curve. In Fig@ap the far field
patterns show an increasing divergence of the beam until it _ _ -
becomes unstable at-1.0xX1C¢ W/m?2 (photograph D. FIG; 6: Normalized Ra}man (iross secuong for the modes in Fig.
Above that threshold the aberrational rings are clearly seeg fo£5E°La|2dt§ p;/”ih‘;f:g%gdt';; ?n(élfawg I(:rz]eerf:‘}teltclilti ;‘;%':i; .
lsnelmicfssri:;elgss(tgrll%tggg?;)ches irEs,,i(!I:é ?f:](g )ccémp'llyf:r;gea?:ét igheeded for® =5° to achieve the Fexlericksz transition threshold

coincident with the observed threshold for SRS of theand, therefore, self-focusing and SRS. The quantitative change be-
tween the two thresholdshown with vertical arrowsis in fairly

modes. Conversely, Fig(i) for E, | k_ andn and®=0°a  go0d agreement with the reduction in the torque predictedby
very small increase in the divergence of the beam is observed
(prqbably due to small deviations from perfect orthogonalitygpow the Feynman diagrams of the Raman processes as self-
of E_ with respect ton). This small divergence in the far energies of the laser photons. The first-order Raman scatter-
field implies a tiny tendency to self-focusing inside the cell,ing process, for example, is represented therefore in F&y. 7
which probably causes the small, but monotonic, increase ads an incoming photon a#, creating an electron-hole pair
the cross sections in Fig(ly. In any case, neither a Feé-  (dashed bubbleand the subsequent emission of a vibration
ericksz transition nor a SRS threshold is observed in thigphonon at wp . The diagram is followed by its conjugate so
second instance and the contrast with Fig) 3 explicit. that the total process represents the propagator of the photon
Since the Fredericksz transition threshold depends onwith its inelastic interactions. The second-order Raman
(15) reaching a given value, we can change the power derFeynman diagram is given on the right of Figband in
sity we actually need to attain self-focusing by changing thehis case two vibrations are emitted from the electron-hole
angle of the cell From (15 we have Mg, bubble via the electron-two-phonon interaction. On the other
«EZsin@)cos@®) and the threshold for SRS and self- hand, it is also possible to have inelastic scattering @ 2
focusing is expected to change from %.00° W/m? at  through the diagram on the left of Fig(J. In the latter, a
®=15° to ~1.5x10® W/m? if ®=5°. This is shown in Stokes photon created in a Raman process produces a first-
Fig. 6 where the normalized scattering cross sections for therder Raman scattering by itself. The second diagram is un-
modes labeled in Fig. 3 are measured for the two angleder normal circumstances negligible with respect to the first
mentioned. The shift in the SRS threshold is in excellentone and represents the overtone of the first-order Stokes scat-
accord with the prediction. tering. The situation is quite the contrary under stimulated
An additional proof can be made to verify that effectively conditions in which the population of Stokes photons in-
the exponential increase in the scattering cross section is dueeases sharply. In fact, the second diagram can be as impor-
to SRS. To this end, we can observe the second-order Raméant as the first onévhich is normally weak in any casand
scattering spectra of the modes under consideration. Then enhancement of the second-order spectra should be ob-
second-order spectra are expected to show a small but peserved. The same holds for higher-order Raman processes
ceptible enhancement above the SRS threshold due to tlathough the effect is obviously weaker the higher the order.
superposition of the overtones of the Stokes Raman scatter- In Fig. 8 we show the normalized second-order Raman
ing. We explain briefly the reason for this in Fig. 7 where wespectra of the modes in Figs. 4 and 5 for the conditions of
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first order L L L
(a) Raman Power density
m [1<<w1m21
0 -0 @ O _1.53
{ } { ; 143
e B e > ~1.33
= 1.22
b ) L P>Pc
o, - _1.12
o (]
o, 9 —1.02
Wy, 1 Op & @, O m O, E : 0.92
—f \ — + — \d' N \ 0-81 P<P
.~ '\_/ N ~ ~ o7 ~_
O, Oy O o 0.71 c
. 0.61
second order + stimulated second \
Raman order Raman \ 0.50
FIG. 7. (a) First-order Raman diagram. The thick horizontal N ,0'4|° L

lines represent the photon propagators while the continuous thin 3000 3200 3400
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-energ}yph of the photons with their inelastic Raman Shift cm'1
interactions. The Raman spectra is given by-Im(a,). (b) [ ]
Second-order Raman Feynman diagraright) and stimulated FIG. 8. Second-order Raman spectra for the conditions of Fig.

second-order Ramd(feft). The second diagram represents the over-g ) The presence of self-focusing is decided by the far-field pat-
tones of the first-order Raman and is normally negligible when theterns (not shown hereas in Fig. 5. The Fredericksz transition
number of photons in the laser beam greately outnumbers the occurs at a power density,~1.0-1¢ W/m?2 and is shown as a
Stokes photonsig, in other words, in normal Raman scattering horizontal line separating two regimé<P, and P>P,. The
conditions. In SRS, however, the two diagrams can be comparablg,,,q peak between 3150 and 3225 cm! is the second-order
in intensity and therefore an enhancement of the second-order Sigs;man of the modes in Fig. 4. A clear enhancement of the weak
nal is expected above threshold. second-order signal is observed abdein accordance with SRS.

A small change in the broadening of the spectra should also be
Fig. 5@a). We can again identify the presence or absence oéxpected due to the fact that each vibration creates three overtones.
self-focusing through the far-field images and determine thehis is scarcely seen in the experiment due to the intrinsic weakness
threshold of the Fredericksz transition, which occurs at of the signal. Integration times here dre 10 min to be compared
1.0x 10 W/m? as in Fig. %a) (shown with a horizontal line  with 30 sec for the first-order Raman in Figs. 3 and 4. See text for
in Fig. 8. The bump betweer 3150 and 3225 cmi’ is the  further details.

second-order Raman spectrum of the peaks shown in I:'gs'r‘éorients the molecules and, strictly speaking, changes the

and 5. There is a clear enhancement of the signal aboy, : L " .
threshold, as expected, giving further evidence for a SR%aman cross section by modifying the angle; i.e., by rotating

h In fact. the th d q tudv shoul e Raman tensor; an@i) there is sudden increase in the
phenomenon. In fact, the thre€ modes under study ShoulGy, e density produced by self-focusing, which, in turn, is
produce three overtones each, not only enhancing th

! 2lso a consequence of the molecular reorientation producing
second-order Raman spectrum but also producing an addhe guadratic term irf14). The former effect, however, can
tional broadening, which is barely seen in Fig. 8 because ofe neglected with respect to the latter. Optical reorientation
the intrinsic weakness of the signal. (without flow coupling[66]) can normally be solved in the

the context of thesmall angle approximatiof2,67]. The
reorienting anglé\ 6 follows a power law with respect to the
IV. DISCUSSION AND CONCLUSIONS pump beanp1] A9~ Ef and, consequently, the change in the
scattering cross section produced by a small rotation of the
aman tensor will also follow a power law to first order.
his bears, accordingly, a small correction to the exponential
ependencésee(12)] of the cross section for SRS, which
LA ominates the effect. We believe that the evidence produced
| ~|e;-R-e? is none of the ones used i@). The correct by the Raman data plus the far-field diffracted images and, in
value for the initial cross section at low-power densities mustddition, the angle dependence of the threstibld. 6) and
be obtained by rotating the Raman tengbrto a new system the stimulated overtones on top of the second-order Raman
of axes. When the intensity is increased and the@eeicksz  (Figs. 7 and Bgives a consistent picture of SRS in the nem-
transition threshold reached, two effects coexigtThe laser  atic phase of MBBA.

There are two differenfbut connectedeffects influenc-
ing the Raman signal when optical reorientation occurs. |
the incident and scattered polarizations are not along th8
main axes of the nematic domain the cross sectiora
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Finally, very interesting possibilities should exist in Ra- teryl oleyl carbonate, cholesteryl nonanoate, and cholesteryl
man scattering from cholesteri¢8] in the Bragg regime chloride, to produce variable pitches in thel-um regime
(optical wavelengthk pitch). Cholesteric liquid crystals are a according to the needs are in progress and will be reported
special kind of what we may call today ghotonic band elsewherd70].
material [68]. In fact, cholesterics have a sharp stop band
close to the Bragg condition for one of the two circular po-
larizationsa™ or o~, depending on the helicity of the pitch ACKNOWLEDGMENTS
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