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We report on the observation of self-induced precession of an optical vortex as a result of the nonlinear
interaction between light and liquid crystals. The phenomenon corresponds to an instability for the spin-
orbit interaction of light that manifests as a spontaneous axial symmetry breaking, which leads to the
orbital motion of the optical vortex around the beam propagation. A nonlinear spin Hall effect of light is
experimentally identified, thereby unveiling an original demonstration of spin to extrinsic orbital light

angular momentum self-conversion.
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A property shared by all waves is the possible existence
of phase singularities [1], commonly known as vortices.
They are locations in space, points in two dimensions and
lines in three dimensions, where the wave amplitude is
zero whereas phase takes all values. Since a basic feature
of a vortex is the intrinsic circulation of a current, vortex
precession represents an intriguing combination of intrin-
sic and extrinsic degrees of freedom. Precessing vortices
can be obtained from appropriate mechanical rotation.
Examples can be mentioned in hydrodynamics [2], super-
fluids [3], matter waves [4] or optical waves [5]. Self-
induced manifestations of the phenomenon may also occur.
For instance, in optics, finite rotation of interacting optical
vortices has been demonstrated in linear or nonlinear
media [6,7] whereas stationary circling of optical vortices
has been shown in gain media [8—10]. Here, by using light
and liquid crystals, we report on a novel physical mecha-
nism leading to self-induced vortex precession. This
involves angular momentum exchanges, on the one hand,
between light and matter and, on the other hand, between
the spin and orbital degrees of freedom of the light
field itself.

More precisely, the optical vortex we observe is initially
generated by spin-orbit interaction of a diverging circularly
polarized laser field passing through a nematic liquid crys-
tal (NLC) film, similarly to the case of a c-cut slab uniaxial
solid crystal [11,12]. The film is indeed a uniaxial, opti-
cally anisotropic nonlinear medium, with homeotropic
boundary conditions that preferentially align the director
(a unit vector n that refers to the local averaged molecular
orientation) parallel to the beam propagation axis z. Light
is known to reorient liquid crystals [13], and here it gives
rise to a self-induced optical vortex precession phenome-
non at high enough intensity, which we identify as a non-
linear spin Hall effect of light. We have characterized the
dependence of this phenomenon on the power, transverse
cross section, and polarization of the incident light field.
The effect is found to be robust and the precession
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handedness is controlled by the sign of the input spin
angular momentum (SAM).

The experimental setup is shown in Fig. 1. A
continuous-wave circularly polarized Gaussian light
beam with wavelength A = 532 nm, divergence angle
inside the medium 6, (6, = 10°), and incident power P
is normally incident onto a L = 57 pm-thick homeotropic
NLC film (E7 material from Merck). The diameter of the
beam in the plane of the film, at a distance z from the focal
plane, is d. The output light is collimated into a beam
with radius w and passes through a polarization analyzer,
which consists of two electrically controlled birefringent
retarders R, and a polarizer P, before being visualized
with a video camera. Appropriate retardances for R,
give access to the intensity profiles I4(x, y) of various
polarized components of the output light field, where 8 =
(—45°,0°,45°,90°) refers to a linear polarization state
oriented at an angle B from the x axis and 8 = (L, R)
refers to left- and right-handed circular polarization states.

As said above, the NLC film at rest behaves as c-cut slab
of uniaxial solid crystal; hence, it partially converts the
incident SAM into orbital angular momentum (OAM)
carried by the contra-circularly polarized output light field
component [11,12]. This corresponds to the generation of
an on-axis optical vortex characterized by an azimuthal
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FIG. 1 (color online). Experimental setup. (a) A moderately
focused circularly polarized Gaussian beam is normally incident
onto a homeotropic NLC film. The output beam is collimated
and analyzed using two electrically controlled retarders R, , and
a polarizer P. (b) Orientation of the polarizer and of the slow
axes of the retarders.
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dependence of the electric field amplitude of the form
exp(i€¢), ¢ being the azimuthal angle, where € = 20 is
called the topological charge and o = %1 refers to left-
and right-handed circularly polarized incident beam. Since
any optical reorientation of the NLC is noninstantaneous,
this situation is observed just after the laser beam is turned
on, see Fig. 2(a) at r = 0 s, where I(x, y) is shown for left-
handed incident beam. With present parameters, we mea-
sure a 30% SAM to OAM conversion rate for the NLC at
rest, a value close to the 33% predicted from theory [12].

As the laser beam is turned on, the axially symmetric
incident intensity distribution associated with a circular
polarization state leads to an axially symmetric torque
density distribution exerted on the initial director field
that points along the z axis [14,15]. The resulting distorted
director field is axially symmetric and chiral, whereas
the vortex intensity distribution is invariant along z, see
Fig. 2(a) at + = 10 s. This represents a generalization of the
concept of “g plates” [16]—azimuthally patterned opti-
cally anisotropic media with uniform birefringent phase
retardation—to radially nonuniform birefringent plate,
here with ¢ = 1. In addition, we note that the vortex core
has significantly shrunk compared to the undistorted situ-
ation while the power of the vortex field has increased and
its topological charge is preserved. These observations are
the signature of a nonlinear spin-orbit interaction of light
associated with self-enhancement of the SAM to OAM
conversion [17].

However, above an incident power threshold, axial
symmetry spontaneously breaks after a transient and a
steady orbital motion of the optical vortex around the
z axis is observed. This is illustrated in the bottom panels
of Fig. 2(a), where the nonaxisymmetric distorted director
field is sketched at + = 110 s. The full vortex dynamics is
shown in Fig. 2(b), where the ellipse refers to the steady
state trajectory, whose stationarity is illustrated in Fig. 2(c).
Noteworthy, the precessing dark spot corresponds to an
optical vortex with topological charge 20, as shown for the
case o = +1 in Fig. 3 where the intensity and phase
(namely ®=arctan[(I, 450 —1I_45°)/ (Lo —Igg-)] following

FIG. 2 (color online).

the Stokes polarimetry procedure used in [18]) spatial
distribution of the contra-circularly polarized component
of the output light field are displayed in panels (a) and (b),
respectively. The observed local azimuthal dependence of
the phase around the singularity of the form ® = 2¢
indeed confirms a topological charge two [see Fig. 3(c)].
This supports a local winding by 27r of the projection of the
director on the (x, y) plane around an off-axis orientational
defect as depicted in Fig. 2(a) at t = 110 s; that is to say a
I-plate with nonuniform birefringent retardation profiles
along both the radial and azimuthal coordinates.

Noting that the initial rotational symmetry of the system
implies that the z component of the angular momentum of
the NLC is a conserved quantity that does not mix with the
angular momentum of light [19], the observed self-induced
optical vortex precession associated with broken rotational
symmetry is related with angular momentum transfer
between light and matter. The phenomenon therefore
appears as the spin-orbit generalization of the self-induced
stimulated light scattering, which originally involved
solely the action of SAM of light in a NLC film [20].
The connection with the optomechanical experiment of
radial nematic droplets in circularly polarized tweezers,
which rotate above a power threshold, should also be
mentioned [21].

The threshold character of the self-induced optical
vortex precession is demonstrated in Fig. 4(a) that shows
the power dependence of p = (D),/w, where (D), refers to
the time-averaged value of the off-axis distance in the
observation plane [see Fig. 3(a)]. In this figure, all data
points have been obtained by turning on the laser from an
initial situation where the NLC is at rest. The abrupt and
significant jump for p observed at P = Py,, namely the off-
axis distance increases typically by one order of magnitude
with respect to the noise level over 1% change of the input
beam power, unambiguously demonstrates a robust phe-
nomenon. The above threshold behavior indicates that the
radius of the orbiting vortex trajectory is roughly constant
with input power, see Fig. 4(a). In addition, the power
dependence of the precession period T and of the ratio e

(b) 0.2

Self-induced optical vortex precession for left-handed circularly polarized incident beam. (a) Transient vortex

dynamics observed by recording I(x, y), the input beam being turned on at ¢ = 0 s. Illustrative representations of the projection of the
director field on the (x, y) plane, |[n — (n - z)z||, are shown at t = 0, 10 and 110 s. Arrows on images indicate the motion of the optical
vortex. (b) Dynamics of the optical vortex trajectory over 500 s with time step df = 1 s. The stationary trajectory is fitted by an ellipse.
(c) Steady state three-dimensional trajectory of the precessing optical vortex core, T being the precession period. The experimental

conditions are z = 350 um, 6, = 8.5° and here P = 780 mW.
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FIG. 3 (color online). (a) Snapshot of the intensity profile of
optical vortex field during steady state precession under the
experimental conditions of Fig. 2. The circle marker refers to
the initial location of the vortex at t = 0 whereas the star marker
refers to the actual location of the optical vortex. (b) Local phase
spatial distribution nearby of the optical phase singularity.
(c) Azimuthal dependence of the phase along the dashed circle
shown in panel (b).

between the minor and the major axes of the elliptical
vortex trajectory are shown in Fig. 4(b).

Regarding the ellipticity of the optical vortex trajectory
characterized with e = 0.8, see Figs. 4(b) and 5(d), it might
be argued that it arises from the residual ellipticity of
incident Gaussian intensity profile, measured as e = 0.9.
However, we notice that (i) the azimuth of the elliptical
trajectory differs for slightly different settings, (ii) there is
no clear trend for the power dependence of the azimuth,
and (iii) there is no obvious influence of the handedness of
the incident circular polarization on 7, p, and e, though
right- and left-handed trajectories are not identically the
same. These observations indicate a sensitivity to residual
axial symmetry breaking. The anisotropy of the elastic
coefficients might also play a role. It is indeed known to
lead to anisotropic reorientation patterns in conventional
self-phase-modulation experiments [22]. More recently,
broken circular symmetry has also been reported in the
context of NLC reorientation under spin-orbit interaction
[23]. Further study would be necessary to clarify this issue.

The robustness of the phenomenon is emphasized in
Fig. 5, where the dependence of its threshold power, off-
axis distance, precession period, and trajectory aspect ratio
on the dimensionless aspect ratio § = d/L are shown.
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FIG. 4. Power dependence of (a) p and (b) 7 (diamond
markers) and e (square markers), see text for definitions. The
shadowed area refer to two distinct regimes, below and above the
threshold power P = Py,. The experimental conditions are those
of Fig. 2, for which Py = 705 mW.

We stress that optical vortex precession always takes place
above a well-defined threshold power that increases with
the input beam cross section d, L being kept constant
[see Fig. 5(a)]. Such a behavior is fairly well described
by the standard theory of optical reorientation of NLC
films under bounded light beams [24], which predicts
an orientational instability threshold power Popr =
7(8/2 + V2/mP?cKnt /[n, (n} — n?)] [25], where c is
the speed of light, K the Frank elastic constant under the
assumption of isotropic elasticity, n|| ; the refractive index
along and perpendicular to the director, and OFT refers
to the so-called optical Fréedericksz transition. Taking
n = 1756 and n; = 1.528 at 532 nm wavelength and
25 °C temperature [26], the best fit using K as the only
adjustable parameter gives K = 12.4 pN [see solid curve
in Fig. 5(a)]. The =~ 8% difference with the average value of
the experimentally measured splay, twist, and bend Frank
elastic constants of E7, K = 11.4 pN [27], leads us to
conclude that the observed self-induced optical vortex
precession regime is reminiscent of the homogeneous
bifurcation of a NLC film under a plane wave. A quanti-
tative theoretical description of the observations in their
entirety is beyond the aim of the present contribution and
appears highly challenging in view of the complexity of the
involved physical ingredients.

Moreover, although the handedness of the incident
circular polarization state has neither an influence on the
threshold power value nor on the above threshold behavior,
it controls the handedness of the orbiting dynamics of the
vortex (not shown here). This implies that the precession
phenomenon is driven by optical SAM deposition into the
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FIG. 5. Optical vortex precession characteristics at the onset of
the transition versus & = d/L. (a) Threshold power Py,.
(b) Reduced off-axis distance py,. (c) Precession period Ty,.
(d) Aspect ratio of the steady state elliptical trajectory eg,. The
experimental conditions correspond to 6, = 10.6°. The solid
curve in panel (a) is the optical Fréedericksz transition best fit,
see text for details.
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FIG. 6 (color online). Maps of the reduced third Stokes
parameter s3 for an incident power just below (a) and above
(b) the threshold power Py,. The ellipse in panel (b) is the steady
state vortex trajectory, the star marker being the location of the
charge two phase singularity at given time whereas up and down
triangle markers refer to the corresponding spin up and down
centers of gravity. (¢) Enlargement of panel (b) that shows the
steady state trajectories of S, G and G_. (d) Dynamics of the
angle Aa over of few precession periods. The experimental
conditions correspond to a left-handed circularly polarized inci-
dent beam with 8, = 9.5° and z = 310 um.

liquid crystal. An orbital phenomenon driven by SAM
echoes spin Hall effect of light [28,29]—the optical analog
of so-called spin Hall effect [30] for electrons. It refers to
the polarization dependent trajectory of a light beam, that
is to say the interdependence between the SAM and the
extrinsic OAM of light. In practice, it usually corresponds
to subtle spatial deviations from geometrical optics pre-
dictions that can nevertheless be retrieved experimentally
with great accuracy [31].

However, the macroscopic (i.e., on the spatial scale of
the beam transverse dimension) spatial redistribution of
spins—namely, the right- and left-handed circularly polar-
ized components of a light beam—can be readily observed
by placing a nanoscatterer slightly off-axis from a tightly
focused circularly polarized light beam, as demonstrated in
[32]. Noticeably, this has been identified as a giant spin
Hall effect of light [32]. In our experiment, the nonlinear
uniaxial optically anisotropic medium generate itself a
spin-orbit scatterer placed off-axis with respect to beam
propagation direction, as sketched in Fig. 2(a) at = 110 s,
from which the manifestation of a nonlinear spin-Hall
effect of light is therefore expected. For this purpose,
we measure the spatial distribution of the reduced third
Stokes parameter s; = (I, — Ip)/(I; + Ig), which exhib-
its a sudden macroseparation of right- and left-handed
circularly polarized components of the output light
beam at the onset of the self-induced optical vortex
precession transition. This is demonstrated in Fig. 6 where

PIR, PIR

FIG. 7 (color online). (a) Power dependence of the time-
averaged angle (Aa), in the steady state optical vortex preces-
sion regime. Error bars refer to the standard deviation of the
well-defined oscillation of Aa(r), as illustrated in Fig. 6(d).
(b) Power dependence of @) ;. The experimental conditions
are those of Fig. 6.

s3(x, ¥) is shown for an incident power just below [P =
0.99P,, Fig. 6(a)] and above [P = 1.01Py,, Fig. 6(b)] the
threshold power. Indeed the initially superimposed spin up
and down centers of gravity G, _, with coordinates
X6, = .’I_IXIL,R(X) y)dxdy/ff IL,R(x: y)dxdy and Y, =
[ yI z(x, y)dxdy/ [[ I, g(x, y)dxdy, are separated by
the reduced distance @ = {|G_G.|),/w = 0.3-0.5 for
P > Py,. To our knowledge, this constitutes the first
experimental observation of a nonlinear spin Hall effect
of light, which represents an original demonstration of self-
induced SAM to extrinsic OAM conversion.

Intriguingly, such nonlinear SAM to extrinsic OAM
conversion is associated to a “transverse” effect—a shift
of G, _ orthogonal to the vortex displacement. This shift is
characterized by the angle A« between lines OS and
G_G, O being the origin, as depicted in Fig. 6(c). This
angle exhibits an oscillating behavior with the same period
T as the vortex precession, see Fig. 6(d), with a nonzero
the time-averaged value whatever the input beam power
above the threshold as shown in Fig. 7(a). This allows
for the quantitative evaluation of the latter transverse
displacement defined as 0| = (|G_G, | sinAa),/w whose
power dependence is shown in Fig. 7(b), where g =
(|IG_G, | cosAa),/w is also given.

Summarizing, self-induced optical vortex precession has
been observed in a nonlinear optics experiment, using a
nematic liquid crystal film as the nonlinear medium. The
threshold character of the phenomenon has been unambig-
uously demonstrated, the input beam power being the con-
trol parameter. Self-induced vortex precession has been
shown to be associated with a nonlinear spin Hall effect
of light, thereby unveiling an original manifestation of spin
to extrinsic orbital light angular momentum self-conversion.

We thank K. Bliokh for fruitful discussion.
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