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We report what is believed to be the first observation of self-trapping and charge-flipping of double-charged
optical vortices in two-dimensional photonic lattices. Both on- and off-site excitations lead to the formation
of rotating quasi-vortex solitons, reversing the topological charges and the direction of rotation through a
quadrupolelike transition state. Experimental results are corroborated with numerical simulations. © 2006

Optical Society of America
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Optical waveguide arrays and photonic lattices have
served as a test bench for studying many fascmatmg
light behaviors in periodic systems."? One of the in-
teresting phenomena is the propagation of optical
vortices in two-dimensional (2D) lattices. Both
theory®* and experiments®® have demonstrated the
existence of self-trapped single-charged vortices
(SCVs) as discrete vortex solitons. Unlike vortex soli-
tons in continuum media that typically need self-
defocusing nonlinearity,”® those discrete vortex soli-
tons in lattices were demonstrated with self-focusing
nonlinearity. Recently, vortex dynamics associated
with the angular momentum carrled by the vortex
beam, including charge- ﬂlppmg, topological trans-

mutation and transformation,’®" and angular mo-
mentum transfer'? in photonlc lattices, has also at-
tracted attention.

High-order vortices (with a phase accumulation of
2m around a singular point, where m is the topo-
logical charge) are of particular interest for creating
soliton clusters. Even during linear propagation a
high-order vortex tends to break up into multiple
SCVs (m=1). In isotropic continuous media with a
saturable self-focusing nonlinearity, the vortex beam
suffers from azimuthal modulational instabilities
and breaks up into multlple soliton filaments that fly
away from the vortex rlng % In nonlinear optical dis-
crete media, the existence and stability of high-order
vortex solitons has been a subject of mainly theoret-
ical interest, although necklacelike quasi-vortex
solitons (w1th0ut round- trlp phase accumulation)
have been demonstrated.'® In particular, it has been
suggested that, unlike stable lattice di 1Igole quadru-
pole, and cross-coupled dipole solitons, true dou-
bly charged vortices (DCVs) with a 477 helical phase
structure (m=2) around the singular point cannot
form stable solitons in 2D square lattices, and they
tend to break up into either SCVs or filaments in a
quadrupolelike style.

In this Letter, we present both experimental and
numerical results of self-trapped DCVs in 2D square
lattices that are optically induced with partially co-
herent light. We show that both on- and off-site exci-
tations lead to the formation of dynamic quasi-vortex
solitons, characterized by a rotating four-spot inten-
sity pattern with both the direction of rotation and
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the helical phase structure reversing during propaga-
tion. The switching between clockwise (m=+2) and
anticlockwise (m=-2) rotational modes of the vortex
occurs periodically through a transition state, in
which the vortex turns into a quadrupolelike struc-
ture with no phase variation across each intensity
spot. We discuss the possible mechanism for such ro-
tation and charge-flipping, in comparison with that of
SCVs.

The experimental setup for this work is similar to
that used in our earlier demonstrations of discrete
solitons in lattices.>'"? A biased photorefractive
crystal [SBN:61 5 mm (a axis) X 10 mm (b axis)
X5 mm (¢ axis) ] is employed to provide a saturable
self-focusing nonlinearity. To generate a 2D square
lattice, we use an amplitude mask to spatially modu-
late a partially spatially incoherent beam (488 nm)
generated by use of a rotating diffuser. The mask is
then imaged onto the input face of the crystal, creat-
ing a pixellike intensity pattern. The lattice beam is
ordinarily polarized, so it induces a nearly linear
waveguide array that remains invariant during
propagation.1 An extraordinarily polarized coherent
beam passing through a phase mask of the DCV is
used as a probe beam, propagating collinearly with
the lattice. When needed, the vortex beam after exit-
ing the crystal is sent into a Mach—Zehnder interfer-
ometer for phase measurement.

Typical experimental results are presented in Fig.
1, where both on- and off-site excitations with respect
to lattice orientation are illustrated [Fig. 1(b)]. The
intensity pattern of the input vortex beam and its in-
terferogram with a plane wave are shown in Fig. 1(a),
confirming the double topological charges (m=2).
Without a bias field, the vortex breaks up into two
SCVs during linear propagation. At a low bias field,
the vortex undergoes discrete diffraction with its en-
ergy coupled to several lattice sites away from the
vortex core, similar to that of a SCV (m=1).>5 Self-
trapping of the DCV is achieved as the bias field is
increased to above 2.0 kV/cm. As shown in [Fig. 1(c)],
the vortex breaks up primarily into four intensity
spots as for the discrete SCV soliton, but with a ma-
jor difference in the phase structure. For the SCV
soliton, it has been shown that the two diagonal spots
are always out of phase. In fact, the relative phases
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Fig. 1. (Color online) Experimental results of self-trapping
of an off-site (top row) and an on-site (bottom row) double-
charged vortex. (a) Input intensity pattern and interfero-
gram of the vortex. (b) Lattice pattern with the vortex in-
put position marked by the green circles. (¢) Self-trapping
of the vortex at bias field of 3.4 kV/cm. (d), (e) Interference
between (c¢) and a broad beam (quasi-plane wave) with two
different phase delays, showing two diagonal spots that are
always in phase.

Fig. 2. (Color online) Experimental results of reversing ro-
tation for off-site (top row) and on-site (bottom row) self-
trapped vortices. (a)—(c) Output vortex patterns as the non-
linearity is increased gradually.

among the four spots changes in steps of #/2, and
such a step-phase structure is frozen during propaga-
tion, confirming a true vortex soliton.’ For the self-
trapped DCV, a similar experiment shows that the
two diagonal spots are always in phase [Fig. 1(d) and
1(e)]. Furthermore, the interferograms show that the
two spots in one diagonal are out-of-phase with the
other two spots in the other diagonal for both on- and
off-site excitations. We note that, from Fig. 1(d) to
Fig. 1(e), the relative phase between the vortex beam
and the plane wave is changed by slightly moving a
piezoelectric transducer mirror installed in the
interferometer® while keeping all other experimental
conditions unchanged. (The background noise is
mainly from the plane wave.) From these measure-
ments, it appears that the vortex beam breaks up
into a quadrupole structure in lattices.

When the DCV breaks up into four spots in lat-
tices, experimentally it is a challenge to distinguish
between a true m =2 vortex and a quadrupole soliton:
The interferogram in Figs. 1(d) and 1(e) would show
similar results, while the interferogram in Fig. 1(a)
could not be obtained with good visibility because of
weak central intensity and background noise. Fortu-
nately, the vortex carries angular momentum while
the quadrupole does not. Based on that, we examine
the four-spot pattern resulting from the vortex
breakup at different levels of nonlinearity. By chang-
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ing the vortex-beam intensity or the bias field (both
controls the photorefractive nonlinearity), we observe
that the four-spot pattern rotates slightly clockwise
and then reverses the direction of rotation to counter-
clockwise as the strength of the nonlinearity is in-
creased. Typical experimental results are shown in
Fig. 2, where the on-site excitation was obtained by
increasing the bias field and the off-site excitation
was obtained by increasing the vortex intensity.
These observations suggest that the vortex beam
should undergo charge-flipping since the direction of
rotation is related to the sign of the net topological
charge.g_12 Such rotation and flipping are attributed
to the nonlinearity-induced momentum exchange be-
tween the vortex and the lattice, which would not oc-
cur for a quadrupole lattice soliton without
Vorticity.17

Our numerical modeling for propagation of DCVs
in partially coherent lattices under conditions close
to those from experiments presents a clear picture of
undergoing dynamics. The partially coherent lattice
is described by the so-called coherent density
approach,19 and the model is similar to that de-
scribed in Ref. 20, except that the coherent Gaussian
probe beam is replaced with a DCV beam. As in the
experiment, two types of interferogram are generated
at different propagation distances to obtain a picture
of the phase profile of the DCV. In the first type, the
vortex beam interferes with a tilted plane wave so as
to allow us to examine the phase singularity at the
vortex core [as in Fig. 1(a)]. Advantageously for nu-
merical simulation, we can obtain such interfero-
grams even when the vortex breaks up in lattices by
uniformly increasing the amplitude of the vortex field
so the vortex core has visible intensity. In the second
type, the phase of the plane wave has been adjusted
such that it is in phase with one of the four spots of
the vortex filaments at chosen propagation distances.
The latter type of interferogram enables the visual-
ization of relative phase among the vortex filaments
[as in Figs. 1(d) and 1(e)].

Typical numerical results using parameters from
the experiment are presented in Figs. 3 and 4. Both
on- and off-site excitations corresponding to Fig. 1
are illustrated in Fig. 3, where Fig. 3(a) shows the in-
put phase structure and interferogram of the vortex.
The ring-shaped DCV [Fig. 3(b)] breaks up and
settles down into a stable four-spot pattern after

Fig. 3.
an off-site (top row) and an on-site (bottom row) vortex us-
ing parameters corresponding to those in Fig. 1. (a) Input
phase diagram and interferogram of the vortex. (b), (c) Vor-
tices at z=0 and z=10 mm, respectively (white contour
lines indicate lattice structure). (d), (e) Interference output
as in Figs. 1(d) and 1(e).
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Flg. 4. (Color online) Snapshots of phase distribution (top)
and interferograms (bottom) of the off-site vortex at differ-
ent propagation distances. The circles in the phase dia-
grams correspond to vortex filaments. From (a) to (e), z
=7.75, 8.25, 10.25, 10.75, 12.25 mm. (¢) Quadrupolelike
state where the rotation starts to reverse.

about 5 mm of nonlinear propagation with the lattice
beam. One snapshot of such an intensity pattern at
10 mm propagation distance is shown in [Fig. 3(c)].
Clearly the locations of the four spots match those of
the four central lattice sites. Two interferograms cor-
responding to Figs. 1(d) and 1(e) are illustrated in
Figs. 3(d) and 3(e), which clearly show that the two
diagonal spots are in-phase with each other but out-
of-phase with the two spots along the other diagonal,
as observed in the experiment. Simulations to a
longer propagation distance (>30 mm) with fixed pa-
rameters confirm that this relative phase distribu-
tion among four spots remains unchanged during
propagation. However, the entire phase distribution
of the vortex field varies during propagation, as rep-
resented by the periodic appearance of a m=+2 vor-
tex, a quadrupole, and a m=-2 vortex. This is clearly
illustrated by the phase diagrams and the aforemen-
tioned first-type interferograms shown in Fig. 4,
where snapshots of the off-site DCV beam were taken
at different propagation distances. The phase distri-
bution shown in Figs. 4(a) and 4(b) indicates the ex-
istence of a vortex with a topological charge m=+2,
rotating clockwise. A quadrupole, with a step phase
rather than a graded phase around the center, is
shown in Fig. 4(c), followed by the reappearance of
the vortex with the opposite charge, m=-2, rotating
counterclockwise [Fig. 4(d) and 4(e)]. In all cases the
two spots in one diagonal remain in-phase with each
other but out-of-phase with the spots in the other di-
agonal, as seen from these phase diagrams as well as
from the interferograms of Figs. 3(d) and 3(e). Exci-
tation of on-site DCVs shows similar behavior, but
the rotation and flipping occur relatively slower.
Numerically, we have found that the small phase
gradient across each of the four spots, which results
from the initial vortex field, is responsible for the ro-
tation. Should we launch four individual spots with a
flat phase across each spot (as in a quadrupole) in-
stead of the DCV, no rotation will be observed. In
fact, simulations under different conditions to longer
distances show that the quadrupole, as shown in Fig.
4(c), always appears as a transition state before
charge-flipping, in which the degree of rotation has
reached a maximum. These novel vortex states with
the vorticity flipping periodically arise from the
nonlinearity-induced momentum exchange through

OPTICS LETTERS / Vol. 31, No. 16 / August 15, 2006

the lattice, as also predicted for SCVs where pertur-
bation and asymmetry are necessary to initiate such
dynamics in isotropic media.” Should we use a fully
anisotropic photorefractive model in our simulation,
the DCV might break up into multiple SCVs during
charge-flipping and topological transformation.™

In summary, we have demonstrated dynamic
double-charged quasi-vortex solitons that undergo ro-
tation and charge-flipping in optically induced par-
tially coherent photonic lattices.
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