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We report on the observation of self-induced nonlinear spin—orbit interaction of light driven by Kerr orientational
optical nonlinearities in liquid crystals. It consists of the self-induced spin-to-orbital nonlinear conversion for the
angular momentum of light. The optical angular momentum conversion is driven by the creation of a topological
liquid crystal defect by the light itself. Moreover, we show that such a nonlinear process can be significantly

enhanced by using additional electric fields.
OCIS codes: 260.6042, 160.3710, 190.4720, 160.1245.

The coupling between the spin of a particle and its mo-
tion, the spin—orbit interaction, is the underlying mechan-
ism of many fundamental phenomena. For photons, it
can manifest as the spin Hall [1] or the orbital Hall [2]
effect. It may also lead to the conversion between the
spin and orbital parts of the photon angular momentum
[3]. Up to now, spin-to-orbital optical angular momentum
conversion (STOC) has been thoroughly studied, how-
ever, almost exclusively in the linear regime, where the
process is independent of the light intensity.

In the linear regime, the efficiency of the STOC pro-
cess, defined as the fraction of the incident power con-
verted into a vortex beam, is completely determined by
the material properties and the light-matter interaction
geometry. In contrast, in the nonlinear regime, the STOC
efficiency depends on the incident light beam power
too—a barely studied situation. Still, one can mention
a few recent works: thermally induced nonlinear STOC
in isotropic crystals [4] and spin-orbit optical cross-
phase-modulation in liquid crystals [5]. Nevertheless,
the observation of a self-induced nonlinear STOC via a
nonlinear optical process has not been reported so far,
to the best of our knowledge.

Here we report on the observation of a self-induced
nonlinear spin-orbit interaction of light in nematic liquid
crystals. The main idea relies on the fact that a liquid
crystal topological defect can behave as a spin—orbit con-
verter for the photon angular momentum, as previously
shown in nematic droplets [6] and films [7]. In the present
case, the light itself creates a topological defect via anon-
linear topological optical reorientation lossless process
[8]. In turn, the generated defect is responsible for an ad-
ditional conversion of part of the incoming light into an
optical vortex carrying orbital angular momentum. This
situation is illustrated in Fig. 1. Such a nonlinear STOC
process is also shown to be strongly enhanced using
low-voltage external electric fields.

In our experiments, the nematic film is prepared to
have its director n (a unit vector that represents the local
average orientation of the rodlike molecules of the ne-
matic liquid crystal), hence its optical axis, perpendicular
to the cell walls owing to strong anchoring boundary con-
ditions. In the linear regime, which corresponds to the
limit of low laser beam power, the nematic film thus be-
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haves as a c-cut uniaxial solid crystal slab; see Fig. 1(a).
Such an optical element is known to partially convert a
normally incident circularly polarized Gaussian beam
into a contracircularly polarized vortex beam endowed
with a topological charge two-phase singularity [9,10].
This is illustrated in Fig. 1(a), where e, = (e, +
ice,)/ /2 refers to the circular polarization basis with
(e;.€,,€,) as the Cartesian coordinate system (the light
propagates along the z axis) and ¢ = £1 for the left-
and right-handed circular polarization states. In Fig. 1(a),
the phase factor e?°? refers to the generated phase sin-
gularity with topological charge 20 reminiscent of the
conservation of the total angular momentum of light,
which results from the axial symmetry of the light-matter
system.

The linear STOC efficiency associated to a film of
thickness L expresses as ny = 1(L/L,)*/[1+ (L/L.)?]
(10], where L, = 4(2n{/[ztan® Gyn | (nf - n7))) is a char-
acteristic anisotropic diffraction length, A is the
wavelength, n, | are the refractive indices along and per-
pendicular to n, and 6, is the Gaussian beam divergence
angle inside the material. The previous expression holds
for moderate focusing, i.e., when the paraxial approxima-
tion is justified, which is the case in all our experiments,
as demonstrated in Fig. 2(a).

(a) Linear regime (b) Nonlinear regime
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Fig. 1. (Color online) Illustration of our experiment. A circu-

larly polarized Gaussian beam impinges at normal incidence
onto a nematic film with perpendicular alignment at rest; see
panel (a), where lines refer to the director field. (a) The linear
STOC is characterized by the conversion efficiency 5 = 7.
(b) When a topological defect is created by light, the vortex con-
tribution to the output field increases. This leads to a nonlinear
STOC efficiency of the form n = 5y + Az.
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Fig. 2. (Color online) (a) STOC efficiency in the linear regime,

1o, versus reduced thickness L/L, for MLC-2079 (L = 15 and
30 um) and E7 (L = 50, 57, and 92 ym) nematic films. The ex-
ternal beam divergence angle is either 5* = 3.8°, 6.2°, or 15.2°,
with 6y ~ 65 /n | . The solid curve refers to the universal beha-
vior 1y(L/L,), whose expression is given in the text. (b) Illustra-
tion of the self-induced nonlinear STOC as a result of the
creation of a liquid crystal defect by light for a 92-um-thick
ET7 film located at (z) = 400 xm and illumination condition such
as 19 = 0.29.

In practice, 7, is measured as the ratio between the
power carried by output light field component whose cir-
cular polarization state is orthogonal to the incident one
and the total input beam power P. This is achieved by
using a quarter-wave plate oriented at +45° from a polar-
izer, depending on the handedness of the input polariza-
tion state. In experiments, we used 1 = 532 nm and two
different commercial materials, E7 (n; = 1.52 and n| =
1.74 at 589 nm) and MLC-2079 (n); = 1.49 and n = 1.64
at 589 nm). We explored various cell thicknesses and ex-
ternal (i.e., in the air) divergence angle 65*, which pre-
scribes an internal divergence angle 6, ~65/n.
Experimental results are shown in Fig. 2(a), which gath-
ers all the data obtained with different materials, beam
divergences, and cell thicknesses.

Asillustrated in Fig. 2(b), the STOC efficiency increases
with P, 5 = n9 + Ag. Such abehavior is observed (i) what-
ever is the linear regime efficiency 7, and (ii) whatever is
the distance (z) between the incident beam waist location
and the middle of the film. Experimental results for a
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Fig. 3. (Color online) Nonlinear STOC for a 92-um-thick E7
nematic film. The measured 7 is plotted as a function of the in-
put beam power P for different values of 7, and various sample
locations (z) = 200 (triangles), 300 (squares), 400 (circles), 500
(diamonds) and 600 ym (inverted triangles); curves are guides
for the eyes. The shaded regions refer to the values explored by
n predicted by our topological optical reorientation model for
the range of parameters used in experiments.
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92-ym-thick cell of E7 are shown in Fig. 3 for 5y =
(0.13,0.2,0.29, 0.41), which correspond to beam diver-
gence angles 6, = (4.3°,5.1°,6°,8°), and various sample
locations from (z) = 200 to 600 ym by 50 ym steps (the
data shown in Fig. 3 are restricted to a 100 ym step for
better readability). Although all these data refer to input
beam power values for which the axial symmetry is pre-
served, the latter symmetry is spontaneously broken
above a critical power P = P,, found to depend on
no and (z). Above P,, a dynamical regime with a nonaxi-
symmetric distorted director field may take place but its
study is beyond the scope of the present work.

To understand these observations, let us recall that a
circularly polarized Gaussian beam impinging at normal
incidence onto a perpendicularly aligned nematic film
can generate axially symmetric topological defects with
topological charge one even under moderate focusing
conditions [8]. Namely, the director defines an inhomo-
geneous anisotropy that exhibits a defect around which
the director orientation winds by 2z. This extends the
concept of space-variant anisotropic plates with uniform
birefringence [11], which are known for their ability to
realize STOC. Indeed, here the birefringence varies along
the radial coordinate as a result of a doughnut-shaped
light-induced distorted director profile [8]. We therefore
expect any light-induced defect to modify the spin—orbit
interaction of light, hence the STOC efficiency.

Still, one could rightly argue that thermal effects repre-
sent another possible source of STOC efficiency changes
via the temperature dependence of the material param-
eters. To gauge the influence of thermal effects on STOC,
we shall restrict ourselves to the linear regime. This im-
plies a need to evaluate the dependence of L, on the tem-
perature 7. From [12], we calculate (dL./dT)/L, =
5x 1073 K-! at room temperature with 1 = 589 nm, the
sign of the latter quantity being positive, whatever is T'.
Considering solely thermal effects we, therefore, expect
An < 0, whereas we observe An > 0. This supports our
interpretation based on topological optical reorientation.

Also, we note that all data reported here correspond to
P < P, < Pp, where Py is the so-called optical Fréeder-
icksz transition threshold power above which an orienta-
tional instability is expected to take place for a
perpendicularly aligned nematic film illuminated at nor-
mal incidence [13]. This also agrees with our interpreta-
tion, since the light-induced generation of a liquid crystal
defect is a thresholdless phenomenon [8]. Indeed, we find
P./Pr = 0.48 + 0.2 over the 45 different sets of param-
eters {7y, ()} that have been used during the experi-
ments (not all of them are shown in Fig. 3). The latter
ratio is obtained from the measured value of P, and
the analytical expression in the case of circularly
polarized incident light field, Pp = z°((w) + L2/
m)*cKgni /[LPn | (nf - n?)] [14], where (w) is the beam
radius at exp(-2) of its maximum intensity in the middle
of the film, c is the speed of light, and K3 is the bend elas-
tic constant (taking K3 = 17 pN for E7, the latter expres-
sion gives the range of values Prp=0.2-1W for our
experiments).

A quantitative description of our observations is
achieved by exploiting the model of topological optical
reorientation developed in [15] in the case of a beam
waist located at the input facet of the film and neglecting
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Fig. 4. (Color online) Electric field enhancement of the non-

linear STOC efficiency. (a) Ay versus the reduced applied vol-
tage U/Up at fixed input beam power. (b) Az versus the
reduced power P /Py at fixed applied voltage. Curves are guides
for the eyes. The data correspond to a MLC-2079 nematic film
with thickness L = 30 ym under illumination conditions such
as (w) = 60 ym and 7y = 0.41.

the elastic anisotropy of the nematic. The model is here
extended to any value of (z), also accounting for elastic
anisotropy, but hereafter we skip the details of calcula-
tions. First, we determine the effective local polar reor-
ientation angle 66(r,z) = arcsin[|n(7, 2) X e,|] associated
to the light-induced defect. Then, it is possible to deduce
n in the nonlinear regime from its geometrical-optics
expression in the linear regime 7y = [ /2 S(O)sin®[y(0)/
21d6/ [7* £(0)d6, where f(0) = (tan /cos? 0) x exp
(-2tan®0/tan®0p) and o (0)=(zL/2)(n) /n})(nj-n?)
tan?d. Indeed the term sin®[y(#)/2] can be interpreted
as the STOC efficiency associated to the partial wave as-
sociated with the optical ray making an angle 0 with the 2
axis. Therefore, we evaluate 5 from the latter expression
of o by performing the change Ltan®§ — [Zn*L tan®[g +
50(r = 2 tan 0, 2)]dz into the expression of the phase fac-
tor yy(0), 2 = (2) — L/2 being the location of the film
input facet.

Results are shown in Fig. 3, where, for each value of
7o, the shaded area corresponds to the predicted values
explored by #n for 200 < (z) <600 ym, as used in ex-
periments. Moreover, in order to emphasize the self-
consistency of the model with respect to the small
reorientation amplitude approximation [15], we re-
stricted the simulations to 60 < 0.05. Noting that no ad-
justable parameter is used in the model, we conclude to a
satisfying agreement.

The observed STOC for the photon angular momentum
can be further enhanced using additional electric fields.
This is demonstrated by using a 30-um-thick nematic cell
provided with transparent electrodes and filled with
MLC-2079, whose anisotropy of the relative dielectric
permittivity is negative at low frequency, namely, ¢, =

—-6.1 at 1 kHz. Therefore, at P = 0, the director remains
at rest up to the electrical Fréedericksz transition thresh-
old characterized by an applied voltage U = U (in our
case, Up = 1.83 V). In contrast, when P = 0, the topo-
logical optical reorientation is present and is, in turn,
electrically assisted even if U < Up. Consequently, the
nonlinear STOC is electrically enhanced. This is shown
in Fig. 4(a), when U is varied at fixed P, and in Fig. 4(b),
when P is varied at fixed U.

Finally, to gauge how efficient is the observed self-
induced STOC, we define £ = Ay/P as the figure of merit
of the nonlinear process, where Ay is the typical varia-
tion of # under laser beam power P. Here we found & ~
1 W with Ay ~0.1 and P ~ 100 mW; see Fig. 3. This is
more than 5 orders of magnitude larger than previously
reported nonlinear STOC mediated by thermal effects in
isotropic crystals where £ ~5x 107® W-1 with Ay~ 5 x
104 and P~ 100 W [4].

To conclude, we reported on the possibility to signifi-
cantly modify the orbital angular momentum of a light
beam through a self-induced nonlinear optical lossless
process. The demonstration has been made using low
power cw laser sources, and we showed that the effect
can be significantly electrically enhanced using low-
frequency low-amplitude applied voltages.
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