This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 19 February 2013, At: 13:47

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Collective Rotation of the
Molecules of a Nematic Liquid
Crystal Driven by the Angular
Momentum of Light

Enrico Santamato 2 , Benedetto Daino © , Marco
Romagnoli b Marina Settembre ° & Yuen-Ron Shen °
# Dipartimento di Fisca, NSMFA, Pad. 20
Mostrad'Oltremare, 80125, Napoli, Italy

® Fondazione “Ugo Bordoni”, Viale Europa 160,
Roma, Italy

¢ Department of Physics, University of California,
Berkeley, California, 94720, U.S.A.
Version of record first published: 28 Mar 2007.

To cite this article: Enrico Santamato , Benedetto Daino , Marco Romagnoli , Marina
Settembre & Yuen-Ron Shen (1987): Collective Rotation of the Molecules of a Nematic
Liquid Crystal Driven by the Angular Momentum of Light, Molecular Crystals and Liquid
Crystals, 143:1, 89-100

To link to this article: http://dx.doi.org/10.1080/15421408708084614

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/15421408708084614
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 13:47 19 February 2013

sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 13:47 19 February 2013

Mol. Cryst. Lig. Cryst., 1987, Vol. 143, pp. 89-100
Photocopying permitted by license only
© 1987 Gordon and Breach Science Publishers S.A.
Printed in the United States of America
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Berkeley, California 94720, U.S.A.

Abstarct The experimental evidence of laser-induced
collective rotation of the molecules of a nematic
liquid crystal is presented. The effect is shown

to have resulted by angular momentum transfer from
the light to the medium.

INTRODUCTION

Optical-field induced molecular reorientation in nematic
liquid crystals has received a great deal of attention

in recent yearsl. When a c.w. laser beam is focused

onto a homeotropically aligned nematic film at normal
incidence, it was proven experimentally that the molecular
reorientation can be effectively induced only if the

light intensity exceeds the threshold characteristic

89
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for the optical Freedericksz transitionz. The underlying
physical mechanism is the same, in essence, as in the
Freedericksz transition induced by d.c. static fields.

In fact, the light remains linearly polarized, during

the transition, so that the liquid crystal molecules

feel an average d.c. field proportional to the light
intensity and directed along the polarization direction.

A completely different mechanism arises if a c.w. elliptically
polarized laser beam is used in the experiment. In this
case, in fact, the optically induced molecular reorientation
ledds to a change in the beam polarization, as it traverses
the sample. Since the polarization ellipticity varies,

in general, angular momentum is transferred from the
radiation to the birefringent medium. This phenomenon

has no analogue in the case of d.c. external fields.

In this work, we proved experimentally that angular
momentum can be continuously transferred from a circularly
polarized laser beam to a homeotropically aligned nematic
liquid crystal film. The angular momentum transfer results
in a torque applied to the sample that, therefore, starts
to rotate. The angular velocity of the rotation is determined
by angular momentum conservation.

In our experiment, we measured the angular velocity
of the laser-induced rotation of the liquid crystal
molecules and compared it with the value predicted by
angular momentum conservation in a simple theoretical

model. The agreement between theory and experiment was
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found very good near the threshold, where the model ap-
plies. The transition to the rotating regime was found to be
first-order. the phenomenon is therefore intrinsically bi-
stable. To our knowledge, this is the first time that a
purely optically induced first-order transition is reported
in nematics. For higher laser power, other interesting phe-
nomena were observed, as nonlinear self-oscillations and al-
so "deterministic cahos". We are still working to find a
quantitative explaination for these effects. We believe, how-
ever, that angular momentum transfer should have an essential

role.

EXPERIMENT

The rigid rotation of the liquid crystal structure is mani-
fested, above the threshold, by a simultaneous rotation of
the polarization ellipse of the light transmitted through
the sample. We used a heterodyne polarimeter/interferometer
experimental scheme that permits a real-time visual display-
ing of the light polarization ellipse on the screen of an
oscilloscopeB. The experimental details will be presented
elsewhereA. As shown in Fig.l, a circularly polarized

argon laser beam (A = 514.5 nm) was focused by a 10cm. focal
lens onto a homeotropically aligned5-CB nematic liquid cry-
stal film 65 ym thick at normal incidence. A fraction of

the beam was splitted off and frequency-shifted by an acou-
sto-optic modulator driven at 10 MHz. A cube beam-splitter

and two crossed polarizers made the horizontal (H) and ver-
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tical (V) linear components of the signal beam (coming
from the sample) and the reference beam (coming from the
modulator) to interfere. The heterodyne beating signals
between the H- and V-components were detected by two photo-
diodes and sent to a sampling oscilloscope in XY mode for

the visual displaying of the polarization ellipse.

signal
processing

FIGURE 1 The experimental apparatus.

No effect was observed as long as the light intensity
was below a critical threshold and the polarization of the
light transmitted through the sample remained circularly
polarized. Above the threshold, however, the transmitted
light became elliptically polarized and the polarization

ellipse was seen continuously rotate on the oscilloscope
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screen. The period of the rotation ranged from 40 to 50

seconds. The experimental value of the threshold intensity
2

was I . = 2.1 kW/ecm ., in good agreement with thevalue 2.2

h
kW/cm™. calculated from the expression

2 2 2 2
Ith = (ck33/no)(2ne/(ne-no))(W/L) (1)

yielding the threshold for the optical Freedericksz transi-
tion for circularly polarized lights. In Eq.(1) n and n,
are the ordinary and extraordinary refractive indeces of

the liquid crystal and k33 is the elastic constant for

bend. In the calculation we used the values of the material
constants of 5-CB, as found in the literature (n0 = 1.53,

n=1.70, ko = 4.4 x 1077 dyne).

33
The transition from the undistorted state to the rotating
ellipse regime was found to be first-order. This is clearly
shown in Fig.2, where the ellipticity change A53 suffered
by the beam in traversing the medium is reported as a fun-
ction of the normalized light intensity I/Ith. A bistability
loop is clearly visible. This intrinsically bistable opti-
cal phenomenon does not require a resonant cavity or a sta-
tic external field. Provided the incident power is changed
very slowly, the hysteresis cycle cycle is well reproducible.
The occurrence of a hysteresis loop is due to the fact that
the threshold for the optical Freedericksz transition is
lower for elliptically polarized light than for circularly

polarized lights. Therefore, above the threshold, where the
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FIGURE 2 Ellipticity change of the beam vs. the norma-

lized light intensity I/Ith.

light becomes elliptically polarized, the Freedericksz
threshold is reduced. Then, once the rotation regime is rea-
ched, the incident power must be reduced substantially be-
low Ith before the elliptical polarization in the medium
becomes insufficient to sustain the molecular reorientation.
This explains the up transition BC and the down transition
DA shown in Fig.2. The BC and CE branches were available in
both directions; but, while the former was stable, the lat-
ter was metastable. After a certain time (from 10 to 60 mi-

nutes), in fact, a many ring diffraction pattern showed up
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in the far-field. During the formation of the pattern,

the evolution of the polarization was quite complicate, until
a stationary regime was reached where the the system started
again a constant rotation of the polarization ellipse, but

at the much lower rate of one turn in about 10 minutes. We
noted, however, that, if the same power level was reached
suddenly, the number and diameter of the far-field diffrac-
tion rings started to oscillate in time. This fact suggests
that in this regime the liquid crystal molecules undergo a
precession and a nutation motion simultaneously. We are still
in the process of finding a quantitative explaination for
these phenomena. We have compared, however, the angular ve-
locity of the rotation of the polarization ellipse as mea-

sured by our apparatus with the value predicted by angular

4
momentum conservation :

Q=+ (I/Ith)(k33/ Yl)(JU/L)z( As3/2arcsin( As3/2)).
2)

In Eq.(2) £ is the angular velocity of the rotation, L is
the sample thickness, 71 is the Leslie viscosity coeffi-
cient ( 71 = 0.38 poise for 5-CB) and As3 is the ellipti-
city change suffered by the laser beam in traversing the
sample. Expression (1) was obtained from a simple model
where the liquid crystal molecules are supposed to lie in

a plane rotating with angular velocity £ . This kind of mo-

tion is made possible by the homeotropic alignment of the
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molecules at the sample walls. It should be stressed that
Eq.(2) is a direct consequence of angular momentum conserva-
tion.

In Fig.3 the measured angular velocity {2 of the polariza-
tion ellipse rotation (normalized to the value I/Ith) is
plotted as a function of the ellipticity change 1453 as
measured by our apparatus. The continuous line is obtained

from Eq.(2).

18

a
1
o

(sec™)

. Q/(1lw)

A4S,
FIGURE 3 Measured angular velocity £ of the polariza-

tion rotation vs. the ellipticity change As3.

We see that the agreement is good for the points on the CD
branch in Fig.2, while it is poor for the points on the CE

branch. Although the angular momentum conservation in the
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process should be valid in general, the result (2) is based
on the assumption of a negligible twist in the rotating
structure. We conclude, therefore, that only the near-thre-
shold CD branch corresponds effectively to a negligible
twist, while for the CE branch the twist is large enough to
invalidate relation (2).

We used both right- and left-handed circular polarization
for a fixed power of the incident light. Equal angular ve-
locities were observed, in the ellipse rotation regime, but
the sense of the rotation was reversed, according to the +
sign in Eq.(2). From all these observations we conclude
that indeed angular momentum is continuously transferred,
in this experiment, from the circularly polarized laser
beam to the liquid crystal, above the threshold for the
optical Freedericksz transition.

We also realize that the induced molecular precession
requires a deposition of the beam energy in the medium.
This energy is dissipated by the viscous forces. Since the
medium is transparent, this can only happen if part of the
beam is down-shifted in frequency. The rotation of the po-
larization ellipse of the output light means that its right
and left circular components have a frequency difference
20 . Since the input light has frequency ¢ and right-handed
circular polarization, say, we conclude that left-handed
circularly polarized photons at the new frequency @' =@ -
28} are coherently generated in the process. With a slight

modification of our apparatus we were able to measure direc-
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tly the frequency shift of the ' component in the
transmitted light. A A/4 retardation plate beyond the
sample has been inserted in order to separate the right

and left circular components of the transmitted beam. The
beating signals detected by the photodiodes (see Fig.1)

were compared with the signal coming from the local oscilla-
tor. Since the heterodyne signal was near to the zero fre-
quency, the noise was comparatively large. For this reason,
we reported in Fig.4 a,b the power spectrum of the beating
signal coming from the left (a) and right (b) circular com-
ponents of the transmitted beam. The frequency shift (68mHz)

of the spectrum of the left circular component is evident.

a)

[] ll.h I Iu.n. — .
] S8 188 158 210 258 Y (aliz)

FIGURE 4a Power spectrum of the beating signal coming
from the left circular component of the beam trans-
mitted through the sample. The spectrum is centered

at 68 mHz.
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b)
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FIGURE 4b Power spectrum of the beating signal coming
from the right circular component of the beam trans-
mitted through the sample. The spectrum is centered

at the zero frequency.

In this respect, we can also regard the present nonlinear
optical effect as a stimulated scattering process where
right circular photons of frequency @ are changed into left
circular photons of frequency ®'. The details of the
theoretical description of this scattering process will be

presented elsewhere.
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