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Abstract: We investigate both experimentaly and theoreticdly the interaction between
a light beam and a photonic lattice opticaly-induced with partidly coherent light. We
demondrate a clear trandtion from two-dimensiona discrete diffraction to discrete
solitons in such a partidly coherent lattice, and show that the nonlinear interaction
process is associated with a host of new phenomena including lattice didocetion, lattice

deformation, and creation of structures akin to optica polarons.
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Closdly spaced nonlinear waveguide arrays have recently been the focus of considerable
atention. Thisis due, in pat, to ther srong link with the emerging science and technology of nonlinear
photonic crysas and their ability to discretize light propagetion [1, 2]. In such array structures, the
collective behavior of wave propagation exhibits intriguing phenomenathat are aso encountered in many
other discrete nonlinear sysems, for example in biology, solid dstate physics and Bose-Eingtein
condensates [3-5]. In optics, the diffraction dynamics of a light beam is profoundly affected even in
linear waveguide lattices due to evanescent coupling between nearby waveguide dtes, leading to
discrete diffraction. If the waveguide array is embedded in a nonlinear medium, more interesting wave
behavior is expected to occur. For instance, a balance between discrete diffraction and nonlinear self-
focusing can lead to optica sdf-trapped states better known as discrete solitons (DS) [6, 7]. In
nonlinear optics, DS were predicted in 1988 [1], and were demondrated in one-dimensiona (1D)
AlGaAs semiconductor waveguide arrays ten years later [6]. Recently, a theoretical study suggested
that DS could adso form in opticaly-induced waveguide arrays [8]. This soon led to the experimenta
obsarvation of two-dimensonad (2D) DS in such waveguide arays induced via coherent beam
interference [9]. Meanwhile, pixd-like spatid solitons have also been successfully employed to establish
gtable 2D nonlinear photonic lattices in photorefractive crystals [10, 11]. In this latter configuration, the
lattice itself experiences a strong nonlinearity, and as a result, it becomes congderably more susceptible
to modulation ingability (MI) and soliton-induced deformation. This in turn brings about the interesting
posshility of dudying opticad soliton-lattice interactions that might exhibit many of the basc
characteristic features of other physicad processes such as those encountered in polaron
excitation/formation in solid sate physics[12].

In this Letter, we report on experimental demondration of 2D discrete solitons and soliton-
induced didocation/deformation in photonic lattices created by partidly incoherent light. By exploiting
the anisotropic properties of the photorefractive nonlinearity, the waveguide lattices can be conveniently
operated in ether the linear or nonlinear regime [8]. In the nonlinear regime, by launching a soliton
(probe) beam into such a lattice, we observe transverse velocity dow-down of the probe as well as
soliton-induced lattice didocation, and creetion of optical structures that are anadogous to polarons in
solid state physics. Conversdy, when the lattice is operated in the linear regime, so that itself does not



experience any strong nonlinearity during propageation, we observe that the probe beam evolves from
discrete diffraction to DS as the level of nonlinearity for the probe is increased. We emphasize that,
different from previous experiments in which the lattice was created by coherent multi-beam
interference [9], the DS reported here are hosted in a partidly incoherent photonic lattice. Thisin turn
enables, through coherence control, stable lattice formation due to suppression of incoherent M1 [13].
In fact, it is in such a Sable lattice that detailed festures of trangtion from 2D discrete diffraction to
formation of DS are clearly demonstrated. Our experimenta results are in good agreement with the
theoretical andysis of these effects.

The experimental setup for our study is Smilar to those used in Refs [10, 14]. A patidly
gpatialy incoherent beam (I =488 nm) is created with a rotating diffuser, and a biased photorefractive
crystd (SBN:60, 5 x 5 x 8 mm®, r33=280 pm/V and ri5= 24 pm/V) is employed to provide a sdif-
focusing noningantaneous nonlineerity, as in previous demondration of incoherent solitons [15]. To
generate a 2D-waveguide lattice, we use an amplitude mask to spatidly modulate the otherwise uniform
incoherent beam after the diffuser. The mask is then imaged onto the input face of the crydd, thus
cregting a pixd-like input intengty pattern [10]. A Gaussian beam split from the same laser is used as
the probe beam propagating along with the lattice. In addition, a uniform incoherent background beam is
used as "dark illumination” for fine-tuning the nonlinearity [15)].

In our experiment, the probe beam is extraordinarily polarized and "fully” coherent (i.e, it does not
pass through the diffuser), while the lattice beam is partidly coherent and its polarization can be ether
extraordinary (€) or ordinary (0) as needed. In generd, in an anisotropic photorefractive crysta, the
nonlinear index change experienced by an opticd beam depends on its polarization as wel as on its
intendty. Under gppreciable bias conditions, i.e, when the photorefractive screening nonlinearity is
dominant, this index change is approximady given by Dn, =[n’r,E,/2]Q+1)"* and
Dn, =[n’r,E, /2](@+1)* for e-polarized and o-polarized beams, respectively [8], different from
standard saturable Kerr nonlinearity. Here Ey is the gpplied dectric fidd adong the crysdline c-axis (x-
direction), and | is the intengty of the beam normdized to the background illumination. Due to the

difference between the nonlinear eectro-optic coefficient rs; and ris, Dn, is more than 10 times larger

than Dn, (in the SBN crystal we used) under the same experimental conditions. Thus, when it is e-



polarized, the lattice beam experiences a nonlinear index change comparable to the probe beam,
wheress it evolves dmost linearly when it is o-polarized.

Firgt, we present our experimentd results on 2D discrete solitons. In this case, the lattice spacing
has to be small enough to ensure that appreciable coupling between nearby lattice Sites exids. To create
a stable lattice with a smdl spacing, the laitice beam is chosen to be o-polarized and partidly
incoherent, thus it “sees’ only a weak nonlinearity as compared to that experienced by the e-polarized
probe beam. While the lattice remains nearly invariant as the bias field increases, it serves as a linear
waveguide array for the probe beam. Typica experimenta results are presented in Fig. 1, inwhicha2D
square lattice (gpacing 20 mm and FWHM of each lattice site 10 nm) was first generated. A probe
beam (whose intensty was 4 times wesker than that of the lattice) was then launched into one of the
waveguide channels, propagating collinearly with the lattice. Due to weak coupling between closdy
gpaced waveguides, the probe beam underwent discrete diffraction when the nonlinearity was low,
wheress it formed a 2D discrete soliton at an appropriate level of high nonlinearity. The lattice itsalf was
not consderably affected by the weak probe or the increased bias field. The first two photographs
show the Gaussan-like probe beam at the crystd input [Fig. 1(8)] and its linear diffraction at the crysta
output after 8 mm of propagation [Fig. 1(b)]. Discrete diffraction in the square lattice was observed at a
bias fidd of 900 V/cm [Fig. 1(c)], clearly showing that mogt of the energy flows from the center
towards the diagond directions of the lattice. Even more importantly, a DS was observed at a bias field
of 3000 V/cm [Fig. 1(d)], with most of energy concentrated in the center and the four neighboring Stes
aong the principa axes of the lattice. (Animations of the process can be viewed online [16]). These
experimenta results are truly in agreement with expected behavior from the theory of discrete systems
[8, 17].

We emphasize that, to form such a DS, a delicate balance has to be reached between waveguide
coupling offered by the lattice and the sdf-focusing nonlinearity experienced by the probe beam through
finetuning the experimental parameters (the lattice spacing, the intengity ratio, the bias fied, etc). A
series of experiments were performed showing that a deviation of about 10% in the beam intengties or
the applied fidd (both controlling the drength of the nonlinearity), or a devidion in input
position/direction of the probe beam would hinder the DS formation. In addition, different from previous
experiments [9], the DS reported here are hosted in a partidly incoherent lattice, where the partid



gpatid coherence (coherence length ~100 nm) provides enhanced lattice stability due to overdl
suppression of incoherent M1 of the lattice beam [13,14]. Should the lattice beam become e-polarized
and/or "fully" coherent, the lattice (at this smdl pacing) becomes strongly distorted at higher levels of
nonlineearity.

The above experimenta observations are corroborated by numerical smulations. The evolution of
the partially coherent lattice is described by the so-called coherent density approach [18], whereas that
of the coherent probe beam by a paraxia nonlinear wave equation:
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where the coherent densty function  f a the input is expressed as
f(x,¥,0,00,,2=0)=r"’Gy’(@, A, F o(x,y), and I =|u|" istheintensity of the probe beam co-
propageating with the lattice. In Egs. (1-3), 1, =1/1, isthe normalized totd intensty with respect to

the background illumination, and the integrad term in Eq. (3) represents the intengity of the partialy
coherent lattice. The intengty ratio r isdefinedas r =1, /1., with |, bang the initid maximum

|atticeintensity. g, and g, are the angles a which the coherent density propagates with respect to the
z-axis. The nonlinear congtant, b =k,En’r,, /2, is determined by the crystal parameters and the bias
fidd Eo, where k, =2p /1 is the wave number, n is the index of the crystd, and the effective
electrooptic coefficient for SBN:60 isr, =(r,;,6,;) depending on the polarization. The function G

represents the Gaussan distribution of the angular power spectrum:
GN(qX,qy):(pqg)'lexpg(qX +qy)/qOH where (o is related to the spatid coherence length
through |, =1 /\/znqo. F,(X,y)is the spatid modulation function for the incoherent beam as
imposed by the amplitude mask. Egs. (1-3) were solved using a fast Fourier transform multi-beam



propageation method. Figure 2 shows typica numerica results. The parameters chosen in smulation are
close to those from experiments: lattice spacing 18 nm, FWHM of each lattice ste 10.3 nm, and the
intengity retio between the lattice and the probe beam is 4.2. The lattice beam has a spatia coherence
length of 100 mm. At alow biasfied of 720 V/cm, discrete diffraction was observed (left), whereas at a
high bias field of 2160 V/cm, formation of 2D DS was redized (right), in agreement with above
experimental observations.

Next, we present results on the interaction of a soliton (probe) beam with a nonlinear latice
induced by 2D pixd-like spatial solitons. In this case, both the probe and the lattice beam are e
polarized and have the same wavdength. For such a configuration, stable solitonic lattices including
manipulation of individua soliton channds a rdatively large lattice spacing (70 nm or more) have been
edtablished previoudy ether by use of a partialy coherent lattice [10] or by phase engineering a
coherent lattice [11]. Here we focus on nove aspects of behavior concerning soliton-lattice interactions
when the input solitons are tilted or & smal lattice spacing. When the probe beam is launched into one
of the induced waveguides with a much wesker intendty compared to that of the lattice, it is Smply
guided by the waveguide channd without affecting the lattice. However, once the intendty of the probe
becomes comparable to that of the lattice, the probe beam forms a soliton itsalf and thus plays an active
role in the interaction process. Typicdly, when the probe beam is amed at one of the waveguides but
with a smdl angle relative to the propagetion direction of the lattice, we observe lattice didocation due
to soliton dragging. Figure 3 shows such an example. A partidly coherent lattice (lattice spacing ~ 65
mm; |, ~ 40 mm) was created at a bias fidd of 2400 V/ecm. When the probe beam (intensity equd to
that of the lattice) was launched at a shalow angle (~ 0.5°) either to the right [Fig. 3(8)] or to the left
[Fig. 3(b)], the lattice overdl remained uniform except for a didocation created by the probe beam.
Meanwhile, the probe itsdf retained its soliton identity, but its laterd shift a output was reduced
sgnificantly because of interaction with the lattice, indicating a dow-down in its transverse velocity. As
shown in Fig. 3(d) and 3(e), the probe beam traveled 68 nm in the x-direction without the lattice (the
goot far away from the center), whilst under the same conditions, it traveled only about 26 mm when
interacting with the lattice (the spot close to the center). These two photographs were taken separately
and then superimposed in the same figure. Such experimentally observed behavior is aso evident in our
numericad smulations. Figure 3(c) depicts the output pattern of the lattice when the probe beam was



launched at an angle of 0.5° towards +x-direction, and Fig. 3(f) shows the output intengty profile of the
probe beam in the presence (solid line) or absence (dashed ling) of the lattice under the same
conditions. Smilar numerica results were obtained when the probe is launched a the same angle
towards —x-direction.

At asmdler |attice spacing, nonlinear soliton-lattice interaction leads to other interesting phenomena
including strong lattice deformation and generation of polaron-like structures. When the probe beam
was launched draight into one of the waveguide channds, a polaron-like induced dructure was
observed at various lattice spacing (40 mm, 50 mm and 60 nm), in which the probe soliton dragged
towards it some of the neighboring stes while pushing away the other. Typicd experimenta results are
illugrated in Fig. 4, for which the lattice spacing is 40 nm. From Fig. 4(a) to 4(c), the intengty of the
probe soliton was increased while that of the lattice was kept unchanged. When the probe intengty was
much higher than that of the lattice, the lattice structure became strongly deformed such that the ste
didocations extended beyond the immediate neighborhood [Fig. 4(c)]. For comparison, Fig. 4(d)
shows the corresponding restored lattice after the probe beam was removed and the crystd has
reached a new Steady-state under the same conditions. This observed interaction processis quite Smilar
to that caused by a polaron in solid state physics during which an eectron drags and didocates heavy
ions as it propagates through an ionic crysa [12]. Since the closest four neighboring solitons are equally
gpaced initialy around the central one where the probe beam was launched, the observed behavior
cannot smply be attributed to the anomalous interaction between photorefractive solitons in which
attraction or repulson merely depends on soliton mutua separation [19]. Insteed, the observed
polaron-like structure suggests that the probe beam might have induced certain degree of coherence to
the neighboring lattice Stes with different phase correlation through interaction.

In summary, we have successfully observed 2D discrete solitons in opticaly-induced partialy-
coherent photonic lattices dong with a host of new phenomena arisng from soliton-lattice interaction.
Our results may pave the way towards the observation of smilar phenomena in other rdevant discrete
nonlinear systems.

This work was supported by AFOSR, Research Corp., ARO MURI, and the Pittsburgh
Supercomputing Center. We thank M. Segev, Y. Kivshar and J. Xu for discusson.
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Figure Captions:

Fg. 1. Experimentd demondration of a discrete soliton in a partidly coherent lattice. (a) Input, (b)
diffraction output without the lattice, (c) discrete diffraction a 900 VV/cm, and (d) discrete soliton a
3000 V/cm. Top: 3D intengity plots, Bottom: 2D transverse patterns.

Fig. 2 Numericd results corresponding to Fig. 1(c) and Fig. 1(d). Inserts are 2D transverse patterns.

Fig. 3: Soliton-induced |attice didocation when the probe beam was launched towards the right () and
the l€ft (b) at 0.5°. (d) and (€) show a dow-down in the transverse velocity of the probe beam. (c) and
(f) are numerica results corresponding to (a) and (d), respectively.

Fig. 4: Soliton-induced polaron-like structures (a-c) and the restored lattice after the probe beamis
turned off (d). From (@) to (¢), the intengity ratio between the probe soliton and the lattice is 0.6, 1.0,
and 1.5.
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