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1. Introduction

Many novel possibilities to control light propagation, aslvas steering and trapping of optical
beams, become accessible in nonlinear periodic photonictetes [1]. Periodic modulation
of the refractive index changes dramatically the wave bgeqalspectrum and diffraction. The
interplay between diffraction and periodicity conseqliestrongly affects the propagation and
localization of light, leading to the formation of novel &% of self-trapped optical beams,
discrete and gap spatial solitons [2].

Photonic lattices can be induced optically in photorefvactcrystals employing their
anisotropic electro-optic properties [3, 4, 5]. In this sggzh, an ordinary-polarized periodic
light pattern created by several interfering plane wavdsdes a change of the refractive index
via the strong electro-optic effect, while propagatingeéiny along the crystal. The induced
periodic refractive index follows the light intensity digtution and it forms a two-dimensional
(2D) photonic lattice, being uniform in the direction of pegation. On the other hand an
extraordinary polarized signal beam propagates in thegeally modulated medium and si-
multaneously is affected by the strong photorefractiveeing nonlinearity.

Another important possibility to create stationary twoadinsional light patterns for all-
optical induction is offered by the self-trapped periodaves. Indeed, the diffractionless light
patterns in the form of stationary nonlinear periodic wavas propagate without change in
their profile, becoming the eigenmodes of the self-induceribgic potentials. This behavior
is generic, since nonlinear periodic waves can exist in gpg bf nonlinear media, not re-
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stricted to photorefractive crystals. Such nonlinearqaiicd waves can be considered as flexible
structures because the lattice is modified and shaped byotileear medium. Such flexible
nonlinear photonic lattices offer many novel possibifitier the study of nonlinear effects in
periodic systems, because they can interact with local&gaal beams via the cross-phase
modulation and can form composite bound states [6, 7, 8].

Nonlinear photonic lattices created by two-dimensionehys of pixel-like spatial solitons
have been demonstrated experimentally in parametricragdi@], and in photorefractive crys-
tals [10, 11]. For the latter case of two-dimensional arm@fyis-phasespatial solitons created
by the amplitude modulation, every pixel of the lattice inds a waveguide which can be ma-
nipulated by an external steering beam [11, 12]. Howeversthatial periodicity of these two-
dimensional soliton lattices is limited by attractive irgetion of the neighboring solitons that
generates their strong instability. In contrast, the rdgesuggested two-dimensional square
lattices created bgut-of-phasespatial solitons were demonstrated to be robust in thedpitr
saturable model [13]. The phase profile of such self-trappades resembles a chessboard
pattern with the lines oft-phase jumps between the neighboring sites.

Recently, we demonstrated experimentally the generafitattaes with the four-fold sym-
metry in an anisotropic photorefractive crystal [14]. Chiag the orientation of the lattice with
respect to the c-axis of the photorefractive crystal, wéirdisiish two types of nonlinear pe-
riodic waves: the square pattern, with one high symmetrg axiented parallel to the c-axis,
and diamond pattern, tilted by 4%vith respect to the c-axis. Anisotropy of the photorefraeti
media was shown to affect significantly the diffraction o ffropagating waves [15], but even
more importantly, it changes the symmetry properties ofitldeiced refractive index pattern
because of the combined effect of saturation and nonlgdaky.

In this paper, we perform a generic study on the differentragtny-types of two-dimensional
nonlinear periodic waves and reveal their rich variety eheyetries and nontrivial phase struc-
tures. We demonstrate, that such periodic waves can beajeden anisotropic photorefrac-
tive materials, possessing orientational-dependenttsite. First, we study theoretically the
phase-modulated two-dimensional structurea gfjuare geometrysingan anisotropic non-
local modelof photorefractive nonlinearity, in both self-focusingisself-defocusing nonlinear
media. We then expand our analysis and introduce novel syrytypes of two-dimensional
nonlinear modes with edge-type phase dislocations ane-flotd symmetrytriangular lat-
tices Similar to the two distinct orientations for square lascwe distinguish the triangular
patterns with one of the three dislocation lines orientewlpel or perpendicular to the crystal
axis. Again the differences appear in the distribution ef tefractive index, and they became
more pronounced for larger intensities of the lattice wawee, in the regime of higher satura-
tion. We demonstrate experimentally how this orientatiatependence changes the guiding
properties of the photonic lattice.

Second, we explore two-dimensional nonlinear lattices wit internal energy flow, which
is expected to strongly influence the interaction of thedativith additional signal beams due
to the exchange of momenta between the interacting wavésiié net energy flow within the
stationary wave structure should be balanced out, thudlitemtain closed loops of currents,
or optical vortices [17]Vortex latticesvere studied in linear [18] and self-defocusing nonlinear
optical media [19, 20]. Recently, we predicted the existanfcself-trapped vortex lattices of a
square symmetry in isotropic saturable nonlinear medih [is approach can be generalized
to composite lattices created by the counter-propagatenge®/[22] and it is closely related to
the extensively studied vortex lattices in matter waveg.[R8this work, we study the square
and hexagonal nonlinear periodic waves with phase distotatThe square vortex lattice has
a four-fold symmetry of the intensity and phase distribagiowhile the hexagonal intensity
pattern is built with the honeycomb structure of vortices.
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The paper is organized as follows. In the next Section, werdesour theoretical model ap-
plied to the lattices with the four-fold symmetry, i.e. tlipiare and diamond patterns, including
the media with self-focusing and self-defocusing phota@fve nonlinearities. In Section 3 we
describe our experimental technique of the phase impgratitd demonstrate a good correspon-
dence between theoretical and experimental results. ltiioBetwe expand our analysis to the
three-fold symmetry structures and find triangular lattiottwo different orientations with re-
spect to thes-axis of the crystal. In Section 5 we describe theoretically experimentally the
formation and nonlinear propagation of lattices with niwi vortex-like phase patterns.

2. Phase-modulated lattices: theoretical background

Spatially periodic nonlinear modes appear naturally due ¢combined action of self-focusing
and modulational instability [1]. When the self-focusindeet compensates for diffraction of
the optical beams, it may support both isolated spatiat@@iand periodic soliton-type lat-
tices. The latter can be identified stationary periodic nonlinear waveand they include well
studiedcnoidal wavesdescribed by then and dn Jacobi elliptic functions as the stationary
solutions of the generalized nonlinear Sadinger (NLS) equation [1],

0E 0%E 0°%E

—+—=-+n(l)E=0 1
Idz+0x2+dy2+() ’ @)
where| = |E|? is the light intensity. Similar nonlinear waves appear asgoéc solutions
of different nonlinear models, including quadratic, Kgype saturable, and photorefractive
anisotropic nonlocal models.

In the case of photorefractive, anisotropic and nonlocal@hdhe nonlinear contribution to
the refractive index in Eq. (1) is given by [24]

¢
n(l)=ol — 2

where the parametér = x%xzn%reﬁéa is defined through the effective electro-optic coefficient
reff and externally applied bias electrostatic figldThe dimensionless paramet@r= +1 in-
dicates the polarity of the applied voltage that changesctiacter of the photorefractive
screening nonlinearity: self-focusing, for= +1, or self-defocusing otherwise. The electro-
static potentiatp of the optically-induced space-charge field pattern satigfie equation:

(2 ¢+ 0,00, In(1+1) = dIn(1+1), ()

where we use the standard notatidn for the two-dimensional gradient operator such that
02 = 92+ 92, and the intensity is measured in units of the background (dark) illumination
intensity, required for the formation of spatial solitonstlhis medium. The physical variables
X, ¥, andZ correspond to their dimensionless counterpart§kap = xo(x,y) andZ= 2Kx(2Jz,
herexg is the transverse scale factor ake- 2rmg/A is the carrier wave vector with the linear
refractive indexng. Stationary solutions to the system (1)-(3) are soughténstandard form,
E(xy,z) = U(x,y) exp(ikz), where the field envelogéd satisfies the equation
0’U  JU ¢
kU + o2 + a2 +ru Ix =0. (4)

Following Ref. [14], first we look for periodic solutions ofsguare symmetry) (X,Y) =
U (X +2m,Y + 2m), and solve Egs. (3), (4) using the relaxation technique {@#j the initial
ansatz in the form of a linear periodic mode,

Uiin (X,Y) = A sinX sinY. (5)
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Fig. 1. Comparison between the nonlinear square lattices in self-foc{isiog= +1), and
self-defocusing (cg = —1) media. The field) (x,y) in (a) and refractive indedx¢ in (b,c)
are shown for three distinct values of the mode amplitude thxxy), or the propagation
constank, from low (k= —1.9 andk = —2.1) to high k= —1.2 andk = —2.8) saturation.
Colors are scaled, and the information about the absolute values of the anaplitude,
power density, and the refractive index modulation is summarized in (d).

We find that at least two distinct families of such solutionfudzate from the linear wave
Uiin(X,Y), depending on its spatial orientatiansquare latticeparallel to thec-axis withX = x
andY =y, anda diamond latticeoriented diagonally, in the latter ca¥e= (x+Y)/v/2 and

Y = (x—y)/v/2. Fig. 1 and Fig. 2 show the field and refractive index for thee values of
the lattice intensity, corresponding to the low, moderate] high saturation regimes for both
families of periodic modes, respectively. In a general ¢dagel, the existence region of these
two families occupy a bankl € [-2,I" — 2] with the amplitudeA(k) and power density(k)
vanishing in the linear limik — —2, see Fig. 1(d) and Fig. 2(d). Here the power density is de-
fined as the power of a unit ceR,= 4 | [;"U2dXdY. The main difference between the solutions
with different orientations comes from the structure of tefactive index, as is clearly seen
comparing Fig. 1(b) and Fig. 2(b). In the regime of high sation of nonlinearity the regions
with the effective focusing lenses are well separated ferdiamond lattice [see Fig. 2(a-d)],
and fuse effectively to vertical lines for the square latfisee Fig. 1(a-d)]; this happens due to
larger nonlocality in the limit of strong nonlinearity sation. In Fig. 1(d) and Fig. 2(d), we
plot the maximum and minimum values (extrema) of the refvadhdex, Ext{d¢ /dx).

The model (2) includes the self-defocusing nonlinearityolittan be realized with reversing
the polarity of the bias external field applied to a photaetive crystal. In this case = —1
and we also find numerically the stationary periodic squaiteckes, a two-dimensional analog
of the sntype one-dimensional cnoidal waves. The correspondinglifss of such periodic
solutions [Fig. 1(c) and Fig. 2(c)] are compared to the fimd- symmetry lattices in a self-
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Fig. 2. Same as in Fig. 1 but for the diamond lattices.

focusing medium. We notice that, while the field distribatie almost identical in both cases,
the refractive index is opposite: the positive maxima ingbk-focusing case (focusing lenses)
is inverted foro = —1, and it represents defocusing lenses (induced poterdigina). Param-
eters of two families foo = +1 in Fig. 1(d) and Fig. 2(d) are almost symmetric with respect
to the linear solution gt = —2, however, these two families correspond to differentterise
domains.

3. Experimental approach

To demonstrate experimentally both the existence andisyaidfithe nonlinear periodic lattices
generated in anisotropic and nonlocal photorefractiveim&e use an experimental setup sim-
ilar to that employed earlier [14], shown in Fig. 3. We use afquency-doubled Nd:YAG
laser at a wavelength of 532nm. The laser beam is originaibaeded in a beam expander
combined with a spatial filter and is subsequently sent gjin@combination of a quarter wave
plate, a programmable spatial light modulator and a paariz order to induce the desired
phase structure onto the beam. In the inset of Fig. 3 two noatienprinted onto the modula-
tor are depicted, with bright fields representing zero plthsege and dark fields representing
phase change af. The output of the modulator is then imaged by a high numkaparture
telescope onto the front face of our 20mm long StrontiumBariNiobate (SBN) photorefrac-
tive crystal. The polarization of the beam is orientatedappalr to the crystallinec-axis, thus
the beam will experience a strong photorefractive nonlitedthe electro-optic coefficient
raz =~ 200pm/V). The crystal is biased by an externally appliedtele field and uniformly
illuminated with a white-light source to control the darkaidiance. Either the front face or the
back face of the crystal can be imaged with a lens onto the €&bera. The periodic pattern
generated by the modulator is filtered in its Fourier planaiyris diaphragm. The input then
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Fig. 3. Experimental setup, QWP — quarter wave plate, SLM — spatial ligiduhator,
P — polarizer, L — lens, ID — iris diaphragm, BGI — background illuminatié¥,— High
voltage, CCD — CCD camera. The insets show the chessboard-likepditsesms for square
(left) and diamond (right) lattices, phase valuesmilack) and 0 (white).

Square

Diamond

Fig. 4. Experimentally generated light intensity patterns with chessboagtiise: square
(upper row) and diamond (lower row). (a) linear output without appdikettric field, (b)
nonlinear output with applied electric field, (d) guiding of a plane wave irtqtio lattice.
(c) and (e) demonstrate the far field structure of the lattice and guidegbvirayb) and (d)
respectively.

represents a non-diffracting wave, and it experiencesstdimear propagation inside the crystal
(at zero bias voltage). When bias voltage is applied ontorystal, the output intensity pattern

changes and nonlinear index change is induced in the crystaider to probe this refractive

index change and establish correspondence to the num&riahtions of the refractive index,

the modulator can be switched off so that a broad plane waweiiates the crystal. Due to

the slow response of the photorefractive nonlinearity, am gquickly monitor the output of the

plane wave without modifying the induced refractive indéaicge. The plane wave is guided
by the periodic array of waveguides induced in the mediumthadbutput intensity pattern of

the guided beam qualitatively maps the induced refractidex modulation.

In Fig. 4, we summarize our experimental results for the-fold symmetry self-trapped
lattices: square (top) and diamond (bottom) patterns. Bathe measured at a bias field of
1kV/cm and a total power.4uW. The lattices have the period of itn and their linear out-
put, i.e. output intensity distribution at zero appliedtagk, is shown in Fig. 4(a). The intensity
distribution for square and diamond patterns is nearly &mesand only differs in spatial ori-
entation. When bias voltage is applied on the crystal, theéatransforms into an eigenmode
of its self-induced waveguiding structure and the nonliredputs are shown in Fig. 4(b).
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We also monitor the far field (Fourier image) of the latticevegsee Fig. 4(c)]. In the case
of a four-fold lattice symmetry, the far field is represenibgdour beams, which also determine
the boundaries of the first Brillouin zone [25]. The intensif the plane wave guided by the
photonic lattice is shown in Fig. 4(d) and its Fourier imageFig. 4(e). Accordingly to the
theory of the excitation of Bloch waves in periodic struetf26], the plane wave with zero
transverse wave-vector corresponds to the central higiwstry point of the first Brillouin
zone [central dominating peak in Fig. 4(e)] and, due to pkcity, it also excites the central
points inhigher-orderbands of the transmission spectrum. Thus, the four side §edsible
in Fig. 4(e), indicate the central points of thecond band from the extended Brillouin zone

At the same time, the output intensity of the guided wave hesche induced nonlinear
refractive index change and can be compared to the profiléseafiumerically calculated re-
fractive index in Fig. 1 and Fig. 2. One can clearly see thieddfice in the refractive indices for
two orientations caused by the anisotropy of the photoc&fracrystal. Figs. 4(d) demonstrate
this difference in the guiding properties of both latticksleed, for square intensity pattern
in Fig. 4(d,top), neighboring spots fuse into vertical neecause of nonlocality and do so
preferably in one direction because of anisotropy. Coordng Fourier image demonstrates
two dominant side beams generated by the resonant refledtiacghe guiding structure, corre-
sponding to the one-dimensional periodic pattern oriemgztically. This experimental result
supports the numerical predictions, compare with Fig. idbk = —1.5. In contrast, the dia-
mond pattern shows well-pronounced 2D array of waveguidimannels, see Fig. 4(d,bottom)
and Fig. 2(b), and its Fourier image contains all four sidenhe

4. Triangular lattices

If we expand our theoretical analysis to the studies of thdinear stationary structures with
the real envelop® (x,y), then the only type of the phase modulations allowed is tlye-d@gpe
rtphase jumps that produce the lines of zero intensity in titieda The simplest pattern of this
kind with the three-fold symmetry is a triangular latticdw€Tcorresponding linear mode can be
constructed by interference of six plane waves, and it cgorésented in the following form:

Us(X,Y) :Asin(zv/\@) sin(Y/\/§+X) sin(Y/\foX), )

where we assume that one of the dislocation lines is patallble X-axis, so that two orienta-
tions of this pattern with respect to the crystadxis in Eq. (4) will correspond toX,Y) = (X,Y)

for the parallel orientation, and, e.gX,Y) = (y,x), for the perpendicular orientation. For the
linear wave, the value dfis given byDiU3 /Us = —16/3 ~= —5.3. The periodicity of the re-
fractive index pattern is defined by the intensity distribat not by the field, and in our notation
this distance between the closest neighboring peaks ohtbedity isrt/2.

We find two distinct families of triangular stationary wavegshe self-focusing photorefrac-
tive media from low to high saturation regimés; —5.(3). We summarize our numerical and
experimental data in Fig. 5, where we compare numericalteasith experimental images, for
both parallel and perpendicular orientations, and for low high saturations. Experimentally,
for switching from low to high saturation, the total powertioé lattice-governing beam as well
as the intensity of the background illumination are changjethe nonlinear output, the lattice
period is about 4@m.

Lattices with parallel orientation display distinct feas in their refractive index profile,
namely two out-of-phase lobes of the field distribution, ethare the closest neighbors in the
vertical direction, induce joined humps or focusing “islah These structures resemble bound
dipole pairs studied earlier in Ref. [24]. In the high satioraregime [see Fig. 5(top)], these
dipole-islands form a pattern with essentially square sgtmnsimilar to the diamond pattern
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Fig. 5. Theoretical (color) and experimental (grayscale) resultsritmmgular lattices cre-
ated by interference of six plane waves, see far field images in the tep. faro distinct
orientations of the triangular lattices are compared (top and middle panebleaas low
(left) and high (right) saturation regimes. LW, figldx, y) (color) and intensity (grayscale)
of the lattice wave. GW, calculated profiles of the refractive index (caag measured
intensity of the guided wave (grayscale).
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discussed above. Experimentally measured intensity aftited waves confirms this predic-
tion. Therefore, the triangular lattice with the parallgkatation can be seen as a higher-order
generalization of the diamond lattice. Furthermore, caingafar field images of the lattice
and guided waves allow us to conclude that the actual réfeaictdex pattern has threduced
symmetryith respect to the lattice. Indeed, instead of six sidesiorming the lattice wave,
there is only four side-beams in the guided wave meaningthigainduced potential is unable
to trap two side beams (top and bottom), and the guided-mydengtry is reduced.

In contrast, the triangular lattices oriented perpendictb the crystal axis display more
complex transition from low to high saturation regimes, Ba&g 5(middle). Now we find that
the “dipoles” are oriented parallel to tleaxis, and the guided wave has an essentially two-
dimensional modulation. Even in the high-saturation regimien the refractive index profile
resembles vertical stripes [cf. the square pattern in High# guided wave still has a visible
modulation in the vertical direction. This is in contrastt® square pattern shown in Fig. 4
where the guided wave modulation also has the reduced symmet

Summarizing our theoretical and experimental results fibferént patterns with the edge-
type phase dislocations induced in anisotropic photocéf@ crystals, we would like to stress
that the combined effect of anisotropy, saturation, andauatity can reduce significantly the
symmetry of the optically-induced refractive index patterThat is the case for the square and
triangular lattices oriented parallel to the crystal akisvertheless, as is found for the diamond
and perpendicular triangular lattices, essentially twoethsional modulation can be achieved,
so that the isotropic saturable model can be employed ty $hisltype of lattices.

5. Vortex lattices

Expanding the concept of the phase-modulated self-trappatinear lattices, we follow the

recent theoretical work [21] and introduce the so-calledex lattices Theoretically, these

nonlinear waves bifurcate from the corresponding lineadesothat can be easily found from
the linear paraxial equation 1 without nonlinear term, m@) = 0. A linear superposition of

two azimuthal modes sih and co® with azimuthal coordinate is known to give rise to a

vortex beam with a phase dislocationx+iy = rexp(i¢ ). Similarly, superimposing two linear
modedJji, from Eq. (5), we obtain a vortex lattice of a square geometry,

Uys(X,Y) = A(sinxsiny -+ i cosxcosy). (7)

Numerical procedure to find the families of stationary noadir periodic waves with the vortex
structure is similar to that described above. In Fig. 6 we@netwo examples of such lattices
and compare low (a) and high (b) saturation regimes for thiexdattice with a diamond-type
intensity pattern. The parameters chosen are close to eriexental situation, in particular
the relatively large periodicity of the lattice results tromg localization of separate lattice sites
for large intensity, see Fig. 6(b,left).

Experimentally, we generate a square-type vortex lattiented diagonally to the prin-
cipal axis of the crystal with a period of %if. Applying an external DC electric field
(& = 1300V/cm) across the crystal provides the conditions ferftrmation of spatial soli-
tons of ~ 15um size and also influences the propagation of the periodicesidéiven at this
high voltage and nonlinearity strength the output of thédatdoes not deviate significantly
from the shape of a linear wave [see Fig. 6(c, left)] and th&tjpm of the vortices is generally
preserved, as shown in Fig. 6(c, middle). This is due to tbetFat the profile of the nonlinear
periodic lattice is fairly close to the corresponding naffralcting linear wave.

In order to verify that the lattice indeed propagates in &tnonlinear fashion, we probe
the induced changes to the crystal refractive index. To & e send a broad plane-wave
trough the crystal, by switching-off the SLM, and observe thodulation of the plane-wave
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Fig. 6. Diagonally-oriented square vortex lattices in photorefractivefseifsing me-
dia. Numerically calculated stationary solutions are shownlfes 11.8 close to linear
diffraction-free wave wittk = —0.1 andlmax~ 0.42 in (a), and in higher saturation regime
with k = 1.2 andImax~ 1.24 in (b). (c) Experimentally observed vortex lattice with the
period 57um: left - nonlinear output for bias.2kV, middle - magnified top right part of
the lattice interfering with a reference broad beam to monitor the position ofdtiex
dislocations (marked by arrows), right - intensity of the guided planeeMawnched from
the edge of the first Brillouin zone.

at the output. In the case of four-fold symmetry vortex tattthe generated plane wave is
propagating exactly along the induced waveguides, e.geimtiddle of the first Brillouin zone.
Output intensity distribution of the guided wave is showirig. 6(c,right). As clearly seen, the
plane wave is indeed modulated by the induced periodic pateand we observe guiding of
the probe beam at the maxima of the refractive index. Thiexmgntal observation is in a
good agreement with the corresponding numerical simuatisee Fig. 6(a,b)].

The idea of generating vortex lattices as non-diffractingdr waves can be extended further
to include more complex geometries such as hexagonaldatsbown in Fig. 7. Remarkably,
despite the complex internal energy flows, these latticasbeaseen as probably the simplest
patterns with the three-fold symmetry created by the ieterice of only three plane waves [18]
[cf. triangular patterns with six waves Eq. (7)],

Un(X,y) = A [exp(ix) +exp(—ix/2+ i\/§y/2) +exp(—ix/2— i\fsy/z)] )

In this type of patterns, the lattice sites create hexagdnatly packed lattice while the vortex-
type dislocations form a honeycomb lattice with smallercépg Even though the vortices in
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Fig. 7. Self-trapped hexagonal pattern with nested honeycomb vottiee|stationary so-
lutions in isotropic saturable medium. The soliton constant —0.8 and peak intensity
Imax >~ 0.42 in (a), andk = —0.4 andlmax ~ 3.58 in high saturation regime in (b). (c) Ex-
perimentally observed hexagonal vortex lattice of a periodr22left - nonlinear output
for bias 1.3kV, middle - magnified bottom right part of the lattice interferiith a refer-
ence beam to identify the position of the vortices (marked by arrows), rigline wave
launched at the edge of the Brillouin zone and modulated by the induced|attiee.

the lattice are very closely packed, we demonstrate thdt Ritices can be experimentally
generated and observed for rather small lattice periodshasn in Fig. 7(c, left) for the pe-

riod of 22um. The positions of the vortices in the lattice are also wedlsprved, as seen by
the interferogramm in Fig. 7(c, middle). In order to probe tefractive index modulation in

experiment, we send a plane wave trough the photorefraatygtal. By fast reprogramming of
the modulator, we sent a plane wave propagating at the edge 8fillouin zone, thus probing

the bang-gap structure of the induced periodic refractidex modulation. In this way, we test
not only the periodic modulations but also the inhomogée®idf the periodic pattern, since
the gap in the transmission spectrum depends strongly astriletural defects and disorder. In
our experiments, we observe a strong periodic modulatigheobutput wave with the maxima
of the pattern located in between the lattice sites. Thigcatds an efficient excitation of the
Bloch waves corresponding to the second band of the trasgmispectrum. In addition, this
observation proves that the induced nonlinear vortexckis homogeneous and stable.

Our theoretical analysis reveals that the vortex lattiasspss distinct phase profiles, namely,
instead of a smooth phase twist around each dislocation, @sone would expect for isolated
optical vortices [17], the phase in the lattice experierglesp jumps, and these phase steps
can be identified as “soft” edge dislocations (with phastedéhce less tham). The number
of such steps depends on the symmetry of the lattice [se®Rigd Fig. 7], so that each lattice
site has a fairly well defined phase, as shown by differerdrsolindeed, the phase steps for
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the square vortex lattice are equat/2 = 17/2, thus there are four colors in the phase profiles
of Fig. 6, dark blue (0), light bluer{/2), yellow (r1), and red (3t/2). In contrast, the phase
step for the hexagonal lattice 9123 (each vortex is “built” with three lattice sites), so there
is almost no yellow. This phase behavior resembles thetsteiof soliton clusters [27] with
different azimuthal numbers [28], as well as the structddiscrete vortex solitons in periodic
lattices [29, 30]. Furthermore, as we discussed earlierin [21], the intensity profiles of the
vortex lattices do not differ significantly in the cases ofree&r medium, and self-focusing or
self-defocusing nonlinear media, in contrast to the bragid dark vortex solitons. Therefore,
the vortex lattices presented above provide a link betwhersingular beams in linear and
nonlinear bulk media, as well as discrete vortices in extgoariodic potentials [17].

6. Conclusions

We have studied theoretically and generated experimgniala biased photorefractive crys-
tal, two-dimensional nonlinear photonic lattices of sevelifferent symmetries. Employing a

nonlocal anisotropic nonlinear model, we have describedsthucture and properties of the
self-trapped spatially-periodic nonlinear photonicitas with out-of-phase neighboring sites,
as well as chesshoard-like and triangular nonlinear pettéior the triangular lattices, we have
found two distinct classes of optically-induced refragtimdex patterns with one of the edge
dislocation lines oriented parallel or perpendicular @dtaxis of the crystal. We have demon-
strated that the highly anisotropic periodic refractivédr induced by the lattices differs sig-
nificantly from its isotropic counterpart, and it dependssgly on the lattice orientation. We

have expanded our theoretical approach to the periodicdattvith nested arrays of vortex-
type phase dislocations, or vortex lattices, and have géggtrexperimentally vortex lattices
with two different symmetries. The square vortex latticguares a diamond-like intensity pat-

tern, while for the six-fold symmetry we have demonstratet & hexagonal intensity pattern
can be generated with the vortices arranged in a honeycdtidela
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