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Abstract: We study interaction of counterpropagating beams in trigtta
two-dimensional photonic lattices induced optically inopirefractive
crystals, and demonstrate the existence of counterprtipggaurface
solitons localized in the lattice corners and at the edges. digplay
intriguing dynamical properties of such composite optimedms and reveal
that the lattice surface provides a strong stabilizatideotfon the beam
propagation. We also observe dynamical instabilities farger coupling
and longer propagation distances in the form of beam sgjittNo such
instabilities exist in the single beam surface propagation
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1. Introduction

Spatial surface solitons propagating in waveguide arragstao-dimensional (2D) photonic
lattices have attracted considerable attention receatlthiir potential in all-optical photonic
applications [1, 2]. Most of attention has been focused ensihgle propagating beams [3,
4], even though such periodic structures tend to spontateproduce backward propagating
components [5]. Nonetheless, mutual interaction of twaxeipropagating (CP) optical beams
in a nonlinear medium is one of the simplest, yet very imparteonlinear process in optics.
Such seemingly simple geometry can give rise to complicateblsometimes counterintuitive
beam dynamics, including both mutual and self trapping,taadormation of stationary states
and spatiotemporal instabilities [6].
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Fig. 1. (a) Problem geometry with the forward (F) and the baokl (B) beams. (b,c)
Sketches of the surface modes localized in the lattice camat the edge, respectively.

Interaction between solitons that propagate in the oppakitections enable mutual focus-
ing, resulting from the interaction between the beams. Bhitoss interfere and give rise to an
effective grating. Mutual trapping of two CP optical beamesvghown to lead to the formation
of a novel type of vector (or bimodal) solitons [7, 8], for hatoherent and incoherent inter-
actions. A more detailed analysis [9] revealed that thessdiFons may display a variety of
instabilities accompanied by nontrivial temporal and gpatynamics, and many subsequent
theoretical and experimental studies were devoted to tiigst [10].

The study of interaction of CP solitons in 1D [11] and 2D [1@hfinear photonic lattices
revealed the existence tiree different regimes. stable propagation of vector solitons at low
power, instability for intermediate powers, with a transeeshift of the solitons, and an irreg-
ular dynamical behavior of the two beams at high input powsewvertheless, both theoretical
and experimental results suggest that spatiotemporabsadlistabilities are suppressed with
the increasing strength of the optical lattice [11, 12].

In this paper we study the interaction of CP beams near tii@ciof a truncated 2D photonic
lattice optically induced in a photorefractive crystaldatescribe novel types of CP solitons,
the so-calledounter propagating surface solitons, localized in the lattice corners or at its edges
(see Fig. 1). We also study extensively the dynamical ptagseof such composite solitons
and demonstrate that the lattice surface produces a sttahijang effect on such vectorial
solitons.
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2. Model and basic equations

To study the CP surface solitons in optically-induced phmtdattices [3] in the geometry

shown in Fig. 1(a), we consider a time-dependent model [Bha8ed on the theory of photore-
fractive effect. The model consists of the wave equatioriiérparaxial approximation for the
propagation of mutually incoherent CP beams and a relaxatiuation for the generation of
the space charge field (SCF) in the photorefractive crystal,
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whereF andB are the forward and backward propagating beam enveldpsghe transverse
Laplacian[ is the dimensionless coupling constant, &id the homogenous part of SCF. The
relaxation time of the crystal also depends on the total intensity= 1o(1+1)~*. The total
intensity| = |F|? 4 |B|? is measured in units of the background intensity. A scakfug —
X, Y/Xo — Y, z/Lp — z, is utilized for the dimensionless equations, whrgds the typical
FWHM beam waist andlp is the diffraction length. We assume that mutually incohef@eP
components interact through the intensity-dependentaialiSCF.

When the propagation in photonic lattices is considered,(Egis modified to include the
transverse intensity distribution of the lattice artgyoptically induced in the crystal

JE (1+1g)

T0t+E_ (14+1+1g)" (22)
The form oflg depends on the type of photonic lattice. For the squaredatii is given by
lg = losin?[m(x+Y)/(dv/2)]sin?[r(x — y) /(dv/2)], whered is the lattice spacing. The propaga-
tion equations are solved numerically, concurrently with temporal equation, in the manner
described in Ref. [14]. The dynamics is such that the SCFibuip towards the steady state,
which depends on the light distribution, which in turn isvgld to the change in SCF. In general,
we found that the presence of photonic lattice exerts alitizlgj effect on the propagation of
CP beams, as compared to the propagation in bulk. In our atioak we utilize experimental
data from Ref. [3], and vary the coupling constBnthe propagation distande and the lattice
and beam intensities. However, we confine our attention toettee cases with fixed lattice and
input beam intensities. We choose the lattice intensitymamable but stronger than the beam
intensities, in accordance with the experiment [3]. To &eaer numerics, we also simulated
the cases of single beam propagation, to find steady sutites sery similar to the ones found
in experiment [3]. As compared to CP surface solitons, fentttal other parameters the single
beam surface solitons require slightly higlieto form, but display no instabilities.

3. Spatially localized surface states

First, we consider theorner states. Two mutually incoherent Gaussian beams of the same
intensity are launched head-on from the opposite faces tiotopefractive crystal, in which

an optically induced 2D photonic lattice is establishe@ [Bay. 1(a)]. The beams are launched

in the center of the corner unit cell. Some characteristicaues of the surface modes are
presented in Fig. 2, after steady state is reached. The upwen the figure displays intensity
distributions of the forward beam at the exit face of the @&ly$nsets depict the same situation

in the inverse space; added squares mark the first Brillaane ¢BZ) of the full lattice. Itis seen
that with the increasing coupling constant, the beams fottasvell defined CP solitons, close
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Fig. 2. Corner surface modes, for different coupling camistaTop row: Intensity distribu-
tions of the forward field at its output face in the direct spand in the inverse space
(insets). The layout of the lattice beams is only shown inléisefigure. Bottom row: The
same intensity distributions in 3D. The propagation dis¢aisL = 2.5Lp = 10mm. FWHM

= 14 um of the input Gaussian beams, lattice spaaing 23 um, |Fo|2 = |B_|?> = 1, the
maximum lattice intensityy = 3.

to the corner lattice site. As they focus in the direct sp#oe lfottom row), they spread in the
inverse space, spilling over the first BZ (insets). For lafgethe influence of the neighboring
sites on the beam distribution is lost.

An example of the surface mode structure that is not locdligehe diffraction mode for
small coupling constant (up o~ 5). Incident beams, in the form of narrow Gaussians, spread
upon propagation, and the part of each beam is captured metrest lattice sites in the direct
space. In the inverse space, the beams stay localized th&diest BZ. By increasing the cou-
pling constant, the beams tightly overlap and the trappempines clearly visible; stable corner
surface solitons form, and are observed between7.5 andl" ~ 15. By further increasing the
coupling constant, instabilities take place. Upon profiagahe incident beams mix and inter-
act, and start repelling each other. After an initial transithey form a long-lived quasi-stable
partly overlapping Gaussian-like mode; that is, a methlstaD spatial vector soliton. In our
earlier papers [9, 13, 14], even without the optical lattjage observed a similar ejection phe-
nomenon, and termed it theplitup transition. Here it appears in the localized modes in the
corner of photonic lattice, and represents the simplest fofrthe dynamical beam instability.
Such instabilities cannot occur in the single beam surfaates

The casd = 20 in Fig. 2 belongs to the unstable states; the splitup tfanccurs there
very fast during time evolution, and after that the steadtess reached. For this valuelobnly
the steady state is presented, in which the Gaussian bearsigyhtly displaced after the splitup
transition, but still strongly pinned to the lattice sitdelsplitup transition is easily identified in
the inverse space; when it occurs, the beam crosses the Etthgefiost BZ; afterwards most of
it focuses back inside and the steady state is reached. bnthehe beams loose their regular
Gaussian shape along the propagation direction. Both CRdeaecute the same behavior,
being mirror-images of each other. Some cases from Fig. grasented in Fig. 5 as movies.

Figure 3 summarize our results in the form of a phase diagrathé plane of control pa-
rameterd. andl". The input intensities are kept fixed, as in Fig. 2. Threeargjiare visible
in the diagram. For small coupling constants there existsreow region where no conversion
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Fig. 3. Typical behavior of corner surface solitons. Syrshinlthe inset present possible
outcomes. Blue dots denote the stable corner solitonstiegmjtes represent the diffracting
modes, and green lozenges stand for the unstable modes.

to trapped surface modes is observed. We term these statd#fthction modes. The beams
spread upon propagation, and overlap with the neighboaittigé sitesdf. Fig. 5). This regime
is similar to the single beam experimental results at love ffield [3]. For higher values df
andL the region of stable corner solitons is observed. For sghér values of the parameters,
the region of unstable modes is reached.

Similar results hold for the surface modes localized at ttgeeof photonic lattice. They are
presented in Fig. 4. Again, only the cases when the coupbingtant is varied are shown. For
small coupling constants no strong localization at the ésigbserved. Compared with the cor-
ner mode, the edge mode has different shape, because oédiffositions of the neighboring
lattice sites; however, it again appears similar to the erpental results [3].

[ 1=3 [ =5 |[ T=10 || =20 |

Fig. 4. Edge surface modes, as the coupling constant isasede The figure layout is as
in Fig. 2. The parameters are also as in Fig. 2.

For higher values of the coupling, highly localized stabépped edge surface solitons are
observed, for values of the coupling constant similar teséhof the corner surface solitons.
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Similarly, for still higher values of andL, we observe the development of instabilities, in the
form of one or two subsequent splitup transitions. After the splitup transitions, the intertwined
Gaussian-like beams are again strongly pinned to the lattice site. Characteristic cases from Fig.
4 are also presented as movies in the lower part of Fig. 5.

| I'=5 I =10 || =25 || =30 |

[ corner |

edge

Fig. 5. Dynamical behavior of surface modes in two-dimensional lattice. Upper row: cor-

ner beams. Lower row: edge beams. Movies of the intensity distributions of both forward

and backward fields are shown along the propagation direction, in timevigaidl), (b)

(Media2), (c) (Media3, (d) (Mediad, (e) Media, (f) (Media6) (g) (Media?),

(h)(Media8), for different coupling constanfs. The cases (a) and (e) are zoomed, to display more
clearly the diffraction of beams. Other parameters are as in Fig. 2.

4. Soliton instabilities

The most illustrative cases depicted in Figs. 2 and 4 are shown again in Fig. 5, but now as
3D movies along the photorefractive crystal. Both forward and backward beams are presented,
depicted in blue and red. We observe that the stable corner [see Fig. 5(a)] and the edge [see
Fig. 5(e)] surface states fér= 5 are not focused; they spread across the neighboring lattice
sites. The cases fdr = 10 form the stable surface solitons during time, but slightly change

the transverse profile along the crystal; they represent breathing surface solitons. The cases for
" = 25 are unstableMedia3andMedia®); splitup transitions are visible there. The examples

with rich dynamics folr = 30 and the corresponding moviddddia4andMedia8 represent
behavior with two consecutive splitup transitions. After those transitions the steady state is
reached, but the beams display regular intertwined spiraling shapes along the crystal.

5. Conclusion

We have studied the interaction of CP optical beams in truncated 2D photorefractive photonic
lattices and revealed the existence of novel types of CP optical surface solitons, localized in
the lattice corners or at the edges. Beside stable bimodal surface modes, we have observed
the development of transverse symmetry-breaking split-up instabilities of CP surface solitons.
We have identified threshold conditions for such dynamical instabilities, and demonstrated that
they occur for stronger couplings and longer propagation distances. Such instabilities are not
possible in the surface states of single propagating beams. In general, the lattice provides a
strong stabilization effect on the CP solitons, pinning them strongly to the lattice sites.
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