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The Role of the Orbital Angular Momentum
of Light in the Optical Reorientation
of Liquid Crystals

ENRICO SANTAMATO, BRUNO PICCIRILLO
and ANGELA VELLA

Dipartimento di Scienze Fisiche and INFM, Sezione di Napoli, Universita di
Napoli “Federico I, Complesso di Monte S. Angelo, 80126 Napoli

In this work we studied experimentally the optical effects produced by
the orbital angular momentum of light on the Optical Fréedericksz Tran-
sition (OFT) in a nematic liquid crystal film. The measurements were
carried out using a linearly polarized astigmatic laser beam with elliptical
cross-section. The laser-induced reorientation was found to be strongly
dependent on the angle between the polarization and the major axis of
the beam prolile. A threshold increase, out-ol-polarization-plane reori-
entation and persistent oscillations were found to be the newest features
observed in our experimental conditions. We ascribed all these [eatures (o
the presence of an additional torque due to the orbital angular momentum
of light.

Keywords:  Angular Momentum, Liquid Crystals, Nonlinear Optics

INTRODUCTION

The giant optical nonlinearity due to the optical-field-induced molecu-
lar reorientation in the mesophases makes liquid crystals (LC) unique as
nonlinear optical materials, and it gives rise to some very unusual opti-
cal effects that do not exist in other media. The Optical Fréedericksz
Transition (OFT) was the first example reported in literature L2 hut
many other optical effects were discovered in the last two decades, such as

Self-Induced Stimulated Light Scattering (SISLS) 4 5l intrinsic optical
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bistability [, laser-induced nonlinear optical oscillations ' 'l deter-

ministic chaos 14, spontaneous patlern formation 1% light-driven molec-

ular motors [%+ 3

, etc. All these effects originated from the optical torque
T, acting on the unit volume in the liquid crystal, given by
€a ;
1'OZE(D><E>7 (1)
where €, = n? — ng, n. and n, are the extraordinary and ordinary refrac-
tive indexes of the material, respectively, and the brackets mean the time
average. The optical torque 7, acts also in crystals, as demonstrated long
time ago by Beth in a clever experiment where the torque exerted by a
circularly polarized light beam on a quartz plate was measured using a
torsion balance . In this experiment the optical torque on the quartz
plate originated from the transfer of the photon spin from the light beam
to the body. The photon spin transfer process was used also to put into ro-
tation liquid crystals ! and, more recently, microscopic calcite fragments
trapped in optical tweezers [%.
In isotropic materials the torque (1) vanishes, since D and E are parallel
to each other. Nevertheless, hoth theory 718 and experiment [ show
that also isotropic transparent bodics may be rotated by a light beam,
provided they are oplically inhomogeneous. The oplical lorque acting on
isotropic bodies cannot be ascribed to the torque given by Eq. (1) and
it was soon recognized as due to the transfer to the body of the photon
orbital angular momentum, rather than to the spin one. We then con-
clude that the torque associated to the photon orbital angular mamentum
transfer is a new source of optical torque, whose action on liquid crys-
tals has never been investigated before. We expect, in fact, that in proper
conditions liquid crystals could be sensitive to the orbital angular momen-
tum of light too, since, besides anisotropy, these materials may exhibit a
spatially refractive index changing from point to point. This was indeead
demonstrated in a recent experiment made in liquid crystals using unpo-
larized light (which is another way to make 7, = 0) ['),

The aim of the present work is presenting a preliminary experimental
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study on the effects produced by the transfer of the orbital angular mo-

mentum of light on the OI'T in nematic liquid crystals.

THE TRANSFER OF THE ORBITAL ANGULAR MOMEN-
TUM OF LIGHT TO LIQUID CRYSTALS

In the case of liquid crystals, the optical torque given by Eq. (1) is nonzero,
in general, so we expect to observe a combined effect of the photon spin
and the photon orbital angular momentum when liquid crystals are opti-
cally rcoriented. In order to make the cffects duc to the orbital angular
momentum of light apparent, we must first find out a situation where the
orbital angular momentum of light is transferred to liquid crystals and
then try to separate these effects from the ones due to the usual optical
torque T,. It is worth noting that laser beams which are eigenstates of
the orbital angular momentum, as for example Laguerre-Gauss beams, are
not uselul because they cannot transler their angular momentum content

1] The torque exerted on a transparent body by

17)

to transparent media

the orbital angular momentum of light is, in fact, [

M. =2 [ dedy I, y) Lo, y) =
[

1 ) . ; )
_Z edu A . 9
l"L)/daa!y Ayple,y)L.I(x,y) (2)
where
. ) 0 d

is the usual operator for the z-component of the orbital angular moemen-
tum in units of 71, w is the optical frequency, I(z,y) is the intensity profile
of the light beam across the transverse plane, and Aw(z,y) is the phase
change suffered by the optical field in traversing the medium. The last
equality in Eq. (2) was oblained upon a partial inlegration, which is cor-

rect in the present case, as I(z,y) and Ay (z,y) are both single-valued
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functions®™. From Eq. (2) we see that M, vanishes if either I(x,y) or
Ay (z,y) are cylindrically symmetric around the z-axis. All the eigen-
states of L, have a cylindrically symmetric intensity profile, so that their
orbital angular momentum produces a zcro torque on transparcnt bod-
ies. We must use, therelore, light beams which are in a superposition of
eigenstates of L, and regard to M, as the average torque exerted on the
body. Moreover, we stress that we could even use an incident light beam
carrying zero average angular momentum. In fact, Eq. (2) shows that
M, is given by the change in the average orbital angular momentum of
the beam produced by the medium. Our experiment, in fact, have been
carried oul with a laser beam having no average angular momentuin.

The simplest way to produce a light beam able to transfer its orbital an-
gular momentum to a transparent body is making its transverse intensity
profile elliptical by using cylindrical lenses. Too see this, let us assume, for
cxample, that the beam intensity profile at the sample position is given

by

RS

, P - \
[(:r,y) B (ru W )e i (4’)
W) W2

where P is the power carried by the beam and the two waists have been
chosen so that w; > wy. Then, let us assume that the phase change
produced by the body has an astigmatic parabolic profile elongated in a

direction forming an angle o with the z-axis:

(rcosa+ysina)?  (zsina —ycosa)?
+
Nt Ja

with effective focal lengths f; > fs. We may then calculate the integral

o

™
Al#(’(‘rul/) - _X |:

in Eq. (2) explicitly, obtaining

M, =— (;) [(wf — ufl);f] — fz)} sin 2a. (6)

Equatling M, to (minus) the viscous torque &, where 7 is an ellective

friction coefficient, we find that for a focusing medium the only stable

*We are assuming that the body refractive index has a continuous distribution and
that the body surface is disclination-free.
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solution is e = 0. In this case, the body suffers a torque which tends
to align the major axis of Aw(w,y) with the major axis of I(x,y). Iu
the casc of a dcfocusing medium, the two axes tend to be orthogonal.
We notice that M, # 0 even il the incidenl beamn carries no angular
momentum. The amount of orbital angular momentum subtracted to
the beam is determined by the process itsell and il changes in ltime as
long as the body is rotating. The whole process is intrinsically nonlinear,
irrespective of the value of the beam intensity /., which is a characteristic
of the Self-Tnduced Stimulated Light Scattering . We observe that both
the photon spin and the photon orbital angular momentum are transferred
by the Self-Induced Stimulated Light Scattering process.

Having found how to transfer the orbital angular momentum of light to a
body, the next problem, when liquid crystal are envisaged, is finding out an
experimental situation where the spin and the orbital angular momentum
contributions to the optical reorientation can be separated. We decided
to perform a series of measurements in a geometry which is the same as
in the standard OFT, apart from the fact that the beam cross-section at
the sample position was taken elliptical. In this way, deviations from the
well-known behaviour of the OI'T could be ascribed to transverse effects
connected to the elliptical shape and to the orbital angular momentum
of light. We tried also to obtain a model to describe the reorientational
effects due to the photon orbital angular momentum, but this is a very
difficult task, because the plane-wave approximation is inadequate and
one is faced, since the very beginning, with a full 3-D elastic and optical

problem.

THE EXPERIMENT

Our sample was a film 50 pm thick of E7 nematic liquid crystal enclosed
between glass walls coated with DMOAP for homeotropic alignment. A

Nd:YVOy, laser beam (A = 532 nm) was focused onto the sample at normal
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FIGURE 1  Square of the zenithal angle 0 of the molecular director as a
function of the incident power P. The parameter over the
curves is the beam polarization angle 3. The inset shows
the details in the near threshold region.

incidence by a set of cylindrical lenses so to produce at the sample position
an elliptical intensity profile with waists w; = 100 gm and we = 10
pm. The laser beam was linearly polarized and the polarization direction
was manually rotated by a A/2 plate. When the laser power exceeded
the threshold for the OFT, diffraction rings were formed in the far field
beyond the sample. We used a CCD camera and a rotating polarizer to
measure the angular diameter © and the average polarization direction @
of the outermost ring. These two quantities provide roughly independent
parameters to describe the average optical reorientation in the sample,
because O is roughly proportional to the square 62 of the zenithal angle 6
of the molecular director n, and ® provides a rough measure of its average
azimuthal angle . With this apparatus, we made several measurements
of © and ¢ by changing the power P and the angle 8 formed between
the beam polarization direction and the major axis of its intensity profile.

From these data and from the geometry of our experimental setup we
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FIGURK 2 The threshold power £y of the OF1 and the critical power
L. where the oscillating states start up are reported as func-
tions of the angle & belween the beam polarization direction
and the major axis of the intensity profile at the sample po-
sition.

deduced 6% and .

In Fig. (1) 6% al steady stale is reported as a [unction of the power P,
using 3 as parameter. We observe that the transition to the reoriented
state is second order in the same way as the standard OI'T [sec the inset in
Fig. (1)]. However, at a second critical power P. the steady state becomes
unstable and persistent nonlinear oscillations of # start up. The oscillating
states are indicated in the figure by black symbols corresponding to the
time averaged value of #. A similar behaviour has never been reported
in the standard OFT conliguration, so that we are led to ascribe the
occurrence of the oscillating states to the competition between the photon
spin and the photon orbital angular momentum in the optical reorientation
process. As the polarization direction angle 3 was increased from ) to 90°
the threshold power for the OFT increased while the critical power P,

for instability decreased until, at 3 = 90°, Py, and P. turn to be about
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FIGURE 3 The azimuthal angle ¢ of the molecular director as a func-
tion of the incident power I°. The parameter is the beam
polarization angle 3.

equal. This behaviour is shown in Fig. (2). Finally, in Fig. (3) we report
the measured azimuthal angle » as a [unction of the incident power P,
using the polarization angle 3 as a parameter. We notice that very close
to threshold, the molecular distortion starts up in the beam polarization
plane (¢ =~ /3) as in the standard OFT, but as the power is increased, the
reorientation plane moves towards the major axis of the intensity profile
I(z,y). This is also a clear manifestation of the competition between the
transfer of the orbital and spin angular momentum of light. At steady
state, in fact, the torques due to the transfer of the spin and of the orbital

angular momentum of light must exactly balance.

CONCLUSIONS

We presented a set of preliminary measurements on the laser-induced re-

orientation in nematic liquid crystals in a geometry where both the spin
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and the orbital angular momentum of light produce a torque on the sam-
ple. This was achieved by using a set ol cylindrical lenses to render the
cross-section of the laser beam elliptical at the sample position. We ob-
scrved significative differences between the optical reorientation with the
elliptically shaped beam and the standard OFT. In particular, the overall
features of the molecular reorientation turned to be strongly dependent on
the angle 3 between the beam polarization direction and the major axis
of the intensity profile. Moreover, above a second critical power of the
incident beam, we observed the onsel of persistent nonlinear oscillations
of the molecular director, an cffect never observed in the standard OFT.
Finally, our experiments indicate that the reorientation occurs in a plane
different from the light polarization plane, thus demonstrating that both
the spin and the orbital angular momentum of light are involved in the
reorientation process. Modelling these experimental results seems a very
difficult task beccause the plane wave approximation is inapplicable and
the usual formula for the optical torque given in Eq. (1) is insufficient.
Further experimental observation may also be of great help. The new ef-
[ects observed in the present work may be of some relevance in geometries
where the optical field is strongly confined in one dimension, as it is, for
example, in optical waveguides, where an extra-torque could arise due to

the strongly astigmatic shape of the propagating beam.
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