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We experimentally demonstrate all-optical vortex switching in nonlinear coupled waveguide

arrays optically induced in photorefractive media. Our technique is based on multiplexing of

nondiffracting Bessel beams to induce various types of waveguide configurations. Using double- and

quadruple-well potentials, we demonstrate precise control over the coupling strength between

waveguides, the linear and nonlinear dynamics and symmetry-breaking bifurcations of guided light,

and a power-controlled optical vortex switch. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4886414]

Low dimensional photonic structures, such as wave-

guide couplers, form basic building blocks for integrated op-

tical devices and their nonlinear counterparts support the all-

optical switching and routing controlled by the signal

power.1 Periodic arrays of coupled waveguides represent

two-dimensional photonic crystals2 and many recent funda-

mental results were achieved in these so-called photonic lat-

tices.3,4 Existing fabrication techniques include etching of

ridge waveguides5,6 and direct femtosecond laser writing,7–11

also supporting three-dimensional architectures.12,13

However, such waveguides are written permanently and very

high peak powers up to 1000 kW are required to observe

nonlinear effects such as discrete soliton formation.6,8,9

The optical modulation of the refractive index in photo-

refractive materials is an alternative approach without the

above restrictions. It allows for comprehensive reconfigur-

ability, soliton formation with low power cw laser beams,

and additional electrical tunability.14,15 Optically induced

periodic lattices have provided a fruitful setting for exploring

nonlinear phenomena in one16,17 and two spatial dimen-

sions,18–20 including optical pattern formation21–23 and vari-

ous analogies to quantum24 and condensed matter

phenomena such as Bloch oscillations25 and Anderson local-

ization.26 The noise-free processing of optical signals

encoded in the quantized topological charges of optical vorti-

ces27,28 is of particular interest and has found numerous

applications in nonlinear optics,29 optical micromanipula-

tion,30 free-space data transfer,31 and quantum informatics.32

Thereby, photonic lattices well support discrete vortex33,34

and multivortex solitons,35,36 as well as power-controlled

switching of vorticity.37–40

On the other hand, studies of phenomena associated

with localized waveguiding structures so far have been lim-

ited to lattice defects41,42 or surfaces,43 because optical

induction requires nondiffracting beams, whereas spatially

localized writing beams inherently diffract during propaga-

tion in homogeneous media. We solve this problem by

taking advantage of a recently demonstrated experimental

method that allows for optical induction of arbitrary two-

dimensional waveguide arrays.44 This approach is based on

nondiffracting Bessel beams, which are well-suited beams to

cope with this unavoidable fundamental diffraction effect.

The zero-order Bessel beam, for example, exhibits a trans-

verse intensity distribution with a well confined region of

high intensity which propagates in longitudinal direction

without changing its shape. Therefore, the Bessel beam is

suitable to induce single isolated waveguides,45 but interfer-

ence limits the types of multi-waveguide systems accessible

via a coherent superposition. For example, higher order

Bessel beams can induce ring arrays of waveguides,46 but

they do not allow for individual control of coupling constants

or waveguide depths. A way around this restriction is to use

an incoherent superposition of multiple Bessel beams, e.g.,

using optical multiplexing techniques.44,47,48 The basic idea

is to subsequently illuminate the photorefractive material

with the individual Bessel beams at different transverse posi-

tions for a short time compared to the dielectric response

time of the material. Repeating this sequence multiple times

leads to a steady-state induced refractive index modulation

which replicates the predetermined pattern of all wave-

guides. With this innovative approach, a much wider variety

of potential landscapes becomes accessible to optical induc-

tion, with practically arbitrary number, positions, widths,

and depths of induced waveguides.

In this Letter, we experimentally demonstrate how the

multiplexing of nondiffracting Bessel beams can be har-

nessed to optically induce reconfigurable clusters of coupled

waveguides to study propagation dynamics in low-

dimensional nonlinear systems. Starting with the two-

waveguide directional coupler, replicating a fundamental

double-well potential, we first demonstrate selective control

over all system parameters, e.g., coupling strengths and well

depths, and nonlinear effects such as symmetry-breaking

bifurcations.49,50 We show that this approach readily gener-

alizes to different genuinely two-dimensional structures,

such as circular waveguide arrays,40 which support a much

richer variety of states and nonlinear dynamics.51–53 In this

a)Author to whom correspondence should be addressed. Electronic mail:

falko.diebel@uni-muenster.de

0003-6951/2014/104(26)/261111/5/$30.00 VC 2014 AIP Publishing LLC104, 261111-1

APPLIED PHYSICS LETTERS 104, 261111 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.176.203.134 On: Tue, 08 Jul 2014 08:26:24

http://dx.doi.org/10.1063/1.4886414
http://dx.doi.org/10.1063/1.4886414
mailto:falko.diebel@uni-muenster.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4886414&domain=pdf&date_stamp=2014-07-02


framework, we investigate the propagation dynamics of dis-

crete vortices, including power-controlled switching of their

vorticity, i.e., the sign of topological charge. We emphasize

that our observations can be explained by relatively simple

coupled mode theory and substantiate our experimental

results by numerical simulations in the anisotropic photore-

fractive model.54

Experimentally, we use the setup sketched in Fig. 1.

Light from a frequency-doubled Nd:YVO4 laser at a wave-

length k¼ 532 nm is divided into two beams, each illuminat-

ing a high-resolution programmable phase-only LCoS spatial

light modulator (SLM). Encoding a pre-calculated phase

map onto the modulator allows us to simultaneously shape

the intensity and phase distribution in order to produce the

desired complex light field. The first modulator (SLM1)

thereby generates a nondiffracting induction beam, while the

second (SLM2) structures the probe beam. The power of

each inducing Bessel beam is set to PBessel � 1:3 lW. In all

experiments, we use a 20 mm long photorefractive strontium

barium niobate (SBN) crystal which is externally biased with

a dc electric field Eext¼ 2 kV/cm applied along the optical c-

axis to generate focusing nonlinearity. To erase an inscribed

refractive index modulation, we can illuminate the crystal

with white light for few minutes. Thus, this setup provides a

highly flexible platform to reversibly realize various nonlin-

ear refractive index landscapes. We record the intensity and

phase distributions at the front and back face of the crystal

with a CCD camera mounted on a translation stage. For

phase measurements, we interfere the probe with an addi-

tional reference beam.

First, to demonstrate our technique, we consider the sim-

plest nonlinear two-waveguide configuration,1 generated by

incrementally multiplexing two zero-order nondiffracting

Bessel beams. In Figs. 1(a)–1(c), the experimentally

recorded intensities for each Bessel beam and the intensity

of the incoherent superposition are displayed. The numeri-

cally calculated refractive index modulation based on the

anisotropic photorefractive model for the corresponding

experimental parameters is shown in Fig. 1(d) (see supple-

mental material for details). There are two principal orienta-

tions of the structure: parallel or perpendicular to the c-axis,

which produce different refractive index profiles due to the

anisotropic material response.54 We use the former one

which generates a configuration of two well-defined wave-

guides. Their depths can be controlled independently through

the Bessel beam intensities or the relative exposure times.

To first approximation, each potential well hosts a single

bound mode w with an exponentially decaying tail,

wðrÞ � expð�
ffiffiffi

b
p

rÞ, where b is the mode’s propagation con-

stant and r is the distance from the well center. Within the

coupled mode approach, the coupling strength between the

wells scales with their separation d as CðdÞ / expð�d=d0Þ.
Thus, the coupling strength critically depends on the wave-

guide separation, which we can control by changing the dis-

tance between the two Bessel beams. The evanescent

coupling between the wells results in mode hybridization

into symmetric and antisymmetric linear combinations w6

with propagation constants b6 ¼ b6C. An excitation of a

single well always excites superposition of both modes w6,

resulting in oscillations of mode intensities in each wave-

guide I1 and I2. In the linear regime at low probe beam

power, this oscillation evolves as I1ðzÞ / cos2ðCzÞ and

I2ðzÞ / sin2ðCzÞ. Since, in our experiments, the total propa-

gation distance is fixed by the length of the crystal

L¼ 20 mm, the coupling strength C controls the relative out-

put intensities.

In Fig. 2, we demonstrate the control over the coupling

constant by observing the splitting of the output power

between the two waveguides at the back face of the crystal.

We select four particular values for d to experimentally pres-

ent the extreme points of the oscillation. For d¼ 36 lm in

Fig. 2(a), the coupling is too weak, so no oscillation is

observed. Decreasing the distance d, we increase the cou-

pling constant C and observe equal outputs in Fig. 2(b) with

d¼ 24 lm, full transfer of power from right to left wave-

guide in Fig. 2(c) with d¼ 20 lm, and full cycle of the

intensity oscillation at the given crystal length in Fig. 2(d)

with d¼ 14 lm which allows us to estimate C � p=L in this

case.

Repeating the experiment for a whole set of well separa-

tions d, we measure the output intensities in the two wells

I1,2 to extract the variation of the coupling strength C(d). The

results are plotted in Fig. 3. They reveal a good agreement

between our experiments and the predictions from the

coupled mode theory. Thus, observing intensity oscillations

allows us to precisely calibrate our setup in order to adjust

the coupling strength.

Increasing the probe beam power, we enter the nonlinear

regime. The coupled mode theory for a nonlinear dimer is an

integrable model,1 forming a simple setting for exploring

FIG. 1. Top panel: experimental setup. BS: beam splitter, FF: Fourier filter,

L: lens, SLM: spatial light modulator. Bottom panels: Incremental multi-

plexing of multi-well structures with Bessel beams. (a)–(d) Horizontal two-

well structure: (a) and (b) experimentally measured intensity of induction

beams, (c) effective induction beam intensity as digital superposition of

these beams, and (d) the simulated refractive index profile for this configura-

tion. (e)–(h) Four-well structure: (e) and (f) total effective intensity of the

induction beam at the front and back crystal faces, and (g) and (h) simulated

intensity and refractive index.
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interplay between linear oscillations and nonlinear self-

trapping. The nonlinear modes of the dimer are shown in

Fig. 3(b). A symmetry-breaking pitchfork bifurcation occurs

at a critical power Pc¼ 2.50 Above this power, the symmetric

excitation of both waveguides becomes unstable, resulting in

a localization of the output in one single waveguide (asym-

metric mode). In this case, the output intensity is highly sen-

sitive to small perturbations. The nonlinear antisymmetric

mode, in contrast, remains stable against perturbations, with

both wells remaining strongly excited at the output.

In Fig. 4, the experimental results for the symmetry-

breaking bifurcation are shown for a waveguide distance of

d¼ 20 lm, confirming that we are in the nonlinear regime,

P>Pc. If any small asymmetry is introduced to the wave-

guides, for example, by changing the relative power of the

two Bessel beams, or simply due to experimental noise, the

intensity of the symmetric mode is easily directed to the

stronger waveguide at the output, see Fig. 4(d2). The inten-

sity profile is slightly shifted towards the center. This could

be explained by the relatively low probe beam intensity in

the vicinity of the bifurcation point where the nonlinearity is

not sufficiently strong to completely trap all intensity in one

well. We conclude that the coupled mode approximation

remains valid also when the probe beam is strong enough to

observe nonlinear effects.

The optical induction technique is not limited to such

simple systems like the directional coupler introduced above

and readily generalizes to larger arrays of coupled wave-

guides. With more than two waveguides, the coupled mode

equations are no longer integrable, allowing for a much

richer variety of nonlinear dynamics, including chaos.53

Ring-like configurations of waveguides are particularly inter-

esting because they support modes with energy circulation,

e.g., discrete vortices,33,34 which have no one-dimensional

counterparts.40 We here specifically aim for the implementa-

tion of a stable switching, but extensions towards complex

nonlinear dynamics are possible since our system provides a

lot of flexibility with controlling the photonic structure and

shaping the probe beam to exciting different types of

oscillations.

To explore the dynamics of a discrete optical vortex, we

employ a basic configuration of four waveguides shown in

Figs. 1(e)–1(h). For simplicity, we consider four identical

Bessel beams for the optical induction. Due to the aniso-

tropic response of the photorefractive SBN, this does not

produce four identical waveguides. Instead, there already is a

detuning dL between the depths of the horizontally and

FIG. 2. Oscillations of normalized output intensities in a linear two-well

photonic potential for different well separations ((a)–(d)). (Left) Digital

superpositions of the individually measured intensity distributions of the

Bessel beams at the front face, (middle) probe beam intensity at the front

face, and (right) probe beam at the back face.

FIG. 3. Coupled mode theory and symmetry breaking bifurcation.

(a) Measurements of the normalized intensities I1 and I2 as a function of

well separation d, the shaded areas correspond to the measurements shown

in Fig. 2. The solid lines represent the predictions from coupled mode

theory. (b) Modes of the nonlinear dimer and their linear stability: solid lines

indicate stable modes and dashed line shows the unstable mode.

FIG. 4. Nonlinear symmetry breaking in two-well potential. (Top row)

Probe beam at the front face, (bottom row) output at the back face. (a) and

(b) Linear (anti)symmetric modes, (c) and (d) nonlinear (anti)symmetric

modes.

261111-3 Diebel et al. Appl. Phys. Lett. 104, 261111 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.176.203.134 On: Tue, 08 Jul 2014 08:26:24



vertically aligned waveguide pairs. However, the symmetry

of the induction beam ensures that opposite waveguides are

identical. This system hosts a pair of double-well antisym-

metric eigenmodes, fjHi; jVig, aligned either horizontally

(H) or vertically (V) and consisting of a p-out-of-phase exci-

tations of opposite waveguides in each pair. These modes

persist even when nonlinearity is included and they are split

by a detuning d ¼ dL þ dNL, which incorporates linear split-

ting of the waveguide depths dL and nonlinear shift of their

propagation constants dNL, proportional to the strength of the

mode excitation.

A discrete vortex is an excitation with the intensity

localized at the positions of the waveguides and a phase

winding around the origin.40 For a discrete vortex in a four-

well system, the phase reads as /n ¼ m2pn=4, where m is

the topological charge and n¼ 1, ..., 4 specifies the wave-

guide. The trivial case with m¼ 0 shows no phase circula-

tion, while m¼61 corresponds to vortices with (anti-)

clockwise circulation of energy. In this case, opposite vortex

lobes are p out of phase and thus the discrete vortex can

be written as superposition of the two antisymmetric eigenm-

odes, jHi6igjVi, where g is a relative strength of excitation.

For the case of zero detuning, d¼ 0, the two eigenmodes jHi
and jVi are degenerate, following that vortices as their super-

positions also are eigenmodes of the system. In contrast, if

d 6¼ 0, the modes jHi and jVi accumulate a phase difference

during propagation, which turns the vortex first into a multi-

pole state and then into an oppositely charged vortex. This

periodic oscillation of the topological charge of discrete vor-

tices was originally predicted theoretically for discrete vorti-

ces in square periodic lattices.37 Corresponding experiments

revealed complex dynamics with multiple phase dislocations

and charge-dependent deformations of the intensity of self-

trapped states.38,39

Here, we demonstrate that charge flipping of discrete

optical vortices can also be observed in finite systems of few

coupled waveguides. In contrast to spatially extended latti-

ces, our system does not show discrete diffraction and thus

the discrete vortex does not suffer spreading into the lattice

at low power levels. The probe beam completely stays local-

ized only due to the presence of the coupled waveguide

structure. Therefore, we can implement a power-controlled

vortex switch where the output state purely depends on the

probe beam power. We have tuned the well depths of our

system, shown in Figs. 1(e)–1(h), such that the linear split-

ting is dLL � p. Hence, a linear, left-handed vortex input has

its topological charge inverted after propagating through the

crystal, as experimentally shown in Figs. 5(a) and 5(b).

Entering the nonlinear regime, the relative strength g
now determines the nonlinear detuning dNL, which can be

adjusted to compensate the linear detuning. When g 6¼ 1, the

two eigenmodes will experience different nonlinear shifts to

their propagation constants. By making the shallower pair of

wells host the brighter lobes of the probe beam, increasing

the probe beam power will decrease the effective detuning d.

By increasing the probe beam power, we can continuously

tune the output phase profile, while simultaneously preserv-

ing the intensity pattern, as shown in Fig. 5 and more

detailed here.55 At a critical vortex beam power of

Pvortex � 102 nW, the nonlinear phase shift dNL exactly

balances the effect of the well detuning, such that d¼ 0 and

the input vortex is completely preserved (Fig. 5(d)) and the

nonlinear eigenmodes fjHi; jVig are stable up to small mod-

ulation due to experimental noise. Therefore, just by chang-

ing the input power, we can control the charge of the vortex

at the output, or even select an intermediate vortex-

antivortex pair. This demonstrates an all-optical switch of

the vortex topological charge.40

In summary, we have demonstrated the experimental

realization of an all-optical vortex switch which allows us to

control the vorticity by simply changing the beam power.

The two-dimensional array of coupled nonlinear waveguides

was optically induced with an innovative approach based on

multiplexing of Bessel beams. Both one- and two-

dimensional geometries with individually positioned and

controlled waveguides are now accessible to optical induc-

tion. Moreover, we have demonstrated precise control over

the coupling strength between the waveguides and nonlinear

symmetry-breaking bifurcations, which, as we showed, is

well described by the coupled mode theory. The presented

approach may be further generalized to other types of

propagation-invariant or self-similar beams, such as self-

accelerating Bessel-like beams,56 thus providing a versatile

tool to explore nonlinear dynamics in low-dimensional

systems.

This work was supported by the German-Australian

DAAD-Go8 travel grant and the Australian Research

Council.

1S. M. Jensen, IEEE J. Quantum Electron. 18, 1580 (1982).
2J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic
Crystals: Molding the Flow of Light, 2nd ed. (Princeton University Press,

2008).
3D. N. Christodoulides, F. Lederer, and Y. Silberberg, Nature 424, 817

(2003).
4F. Lederer, G. I. Stegeman, D. N. Christodoulides, G. Assanto, M. Segev,

and Y. Silberberg, Phys. Rep. 463, 1 (2008).
5P. Millar, J. S. Aitchison, J. U. Kang, G. I. Stegeman, A. Villeneuve, G. T.

Kennedy, and W. Sibbett, J. Opt. Soc. Am. B 14, 3224 (1997).

FIG. 5. Nonlinear vortex switch in four coupled waveguides. (a) Intensity

and phase profile of the input beam at the front face. Intensity and phase at

the back face for (b) linear propagation, (c) for an intermediate power level,

(d) for the certain power level at which the input vortex is exactly preserved.

261111-4 Diebel et al. Appl. Phys. Lett. 104, 261111 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.176.203.134 On: Tue, 08 Jul 2014 08:26:24

http://dx.doi.org/10.1109/JQE.1982.1071438
http://dx.doi.org/10.1038/nature01936
http://dx.doi.org/10.1016/j.physrep.2008.04.004
http://dx.doi.org/10.1364/JOSAB.14.003224


6H. S. Eisenberg, Y. Silberberg, R. Morandotti, A. R. Boyd, and J. S.

Aitchison, Phys. Rev. Lett. 81, 3383 (1998).
7K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, Opt. Lett. 21, 1729

(1996).
8A. Szameit, D. Bl€omer, J. Burghoff, T. Schreiber, T. Pertsch, S. Nolte, A.

T€unnermann, and F. Lederer, Opt. Express 13, 10552 (2005).
9A. Szameit, J. Burghoff, T. Pertsch, S. Nolte, A. T€unnermann, and F.

Lederer, Opt. Express 14, 6055 (2006).
10A. Szameit and S. Nolte, J. Phys. B: At. Mol. Opt. Phys 43, 163001

(2010).
11R. Osellame, G. Cerullo, and R. Ramponi, “Femtosecond laser micro-

machining,” Topics in Applied Physics, Vol. 123 (Springer, Berlin, 2012).
12R. Keil, M. Heinrich, F. Dreisow, T. Pertsch, A. T€unnermann, S. Nolte, D.

N. Christodoulides, and A. Szameit, Sci. Rep. 1, 94 (2011).
13M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D. Podolsky,

F. Dreisow, S. Nolte, M. Segev, and A. Szameit, Nature 496, 196

(2013).
14N. K. Efremidis, S. Sears, D. N. Christodoulides, J. W. Fleischer, and M.

Segev, Phys. Rev. E 66, 046602 (2002).
15J. W. Fleischer, G. Bartal, O. Cohen, T. Schwartz, O. Manela, B.

Freedman, M. Segev, H. Buljan, and N. K. Efremidis, Opt. Express 13,

1780 (2005).
16J. W. Fleischer, T. Carmon, M. Segev, N. K. Efremidis, and D. N.

Christodoulides, Phys. Rev. Lett. 90, 023902 (2003).
17D. N. Neshev, E. Ostrovskaya, Y. S. Kivshar, and W. Krolikowski, Opt.

Lett. 28, 710 (2003).
18J. W. Fleischer, M. Segev, N. K. Efremidis, and D. N. Christodoulides,

Nature 422, 147 (2003).
19B. Terhalle, A. S. Desyatnikov, C. Bersch, D. Tr€ager, L. Tang, J. Imbrock,

Y. S. Kivshar, and C. Denz, Appl. Phys. B 86, 399 (2007).
20P. Rose, T. Richter, B. Terhalle, J. Imbrock, F. Kaiser, and C. Denz, Appl.

Phys. B 89, 521 (2007).
21D. Gomila, R. Zambrini, and G.-L. Oppo, Phys. Rev. Lett. 92, 253904

(2004).
22N. Marsal, D. Wolfersberger, M. Sciamanna, G. Montemezzani, and D. N.

Neshev, Opt. Lett. 33, 2509 (2008).
23A. A. Sukhorukov, N. Marsal, A. Minovich, D. Wolfersberger, M.

Sciamanna, G. Montemezzani, and D. N. Neshev, Opt. Lett. 35, 3568

(2010).
24S. Longhi, Laser Photonics Rev. 3, 243 (2009).
25H. Trompeter, W. Krolikowski, D. Neshev, A. S. Desyatnikov, A. A.

Sukhorukov, Y. S. Kivshar, T. Pertsch, U. Peschel, and F. Lederer, Phys.

Rev. Lett. 96, 053903 (2006).
26T. Schwartz, G. Bartal, S. Fishman, and M. Segev, Nature 446, 52 (2007).
27M. S. Soskin and M. V. Vasnetsov, Prog. Opt. 42, 219 (2001).
28M. R. Dennis, K. O’Holleran, and M. J. Padgett, Prog. Opt. 53, 293

(2009).
29A. S. Desyatnikov, Y. S. Kivshar, and L. Torner, Prog. Opt. 47, 291

(2005).
30M. Padgett and R. Bowman, Nat. Photonics 5, 343 (2011).

31J. Wang, J.-Y. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y.

Yue, S. Dolinar, M. Tur, and A. E. Willner, Nat. Photonics 6, 488 (2012).
32A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Nature 412, 313 (2001).
33D. N. Neshev, T. J. Alexander, E. A. Ostrovskaya, Y. S. Kivshar, H.

Martin, I. Makasyuk, and Z. Chen, Phys. Rev. Lett. 92, 123903 (2004).
34J. W. Fleischer, G. Bartal, O. Cohen, O. Manela, M. Segev, J. Hudock, and

D. N. Christodoulides, Phys. Rev. Lett. 92, 123904 (2004).
35B. Terhalle, T. Richter, A. S. Desyatnikov, D. N. Neshev, W. Krolikowski,

F. Kaiser, C. Denz, and Y. S. Kivshar, Phys. Rev. Lett. 101, 013903 (2008).
36B. Terhalle, T. Richter, K. J. H. Law, D. G€ories, P. Rose, T. J. Alexander,

P. G. Kevrekidis, A. S. Desyatnikov, W. Krolikowski, F. Kaiser, C. Denz,

and Y. S. Kivshar, Phys. Rev. A 79, 043821 (2009).
37T. J. Alexander, A. A. Sukhorukov, and Y. S. Kivshar, Phys. Rev. Lett. 93,

063901 (2004).
38A. Bezryadina, D. N. Neshev, A. S. Desyatnikov, J. Young, Z. Chen, and

Y. S. Kivshar, Opt. Express 14, 8317 (2006).
39A. Bezryadina, E. Eugenieva, and Z. Chen, Opt. Lett. 31, 2456 (2006).
40A. S. Desyatnikov, M. R. Dennis, and A. Ferrando, Phys. Rev. A 83,

063822 (2011).
41I. Makasyuk, Z. Chen, and J. Yang, Phys. Rev. Lett. 96, 223903 (2006).
42B. Freedman, G. Bartal, M. Segev, R. Lifshitz, D. N. Christodoulides, and

J. W. Fleischer, Nature 440, 1166 (2006).
43X. Wang, A. Bezryadina, Z. Chen, K. G. Makris, D. N. Christodoulides,

and G. I. Stegeman, Phys. Rev. Lett. 98, 123903 (2007).
44F. Diebel, P. Rose, M. Boguslawski, and C. Denz, Appl. Phys. Lett. 104,

191101 (2014).
45X. Wang, Z. Chen, and P. G. Kevrekidis, Phys. Rev. Lett. 96, 083904

(2006).
46R. Fischer, D. N. Neshev, S. L�opez-Aguayo, A. S. Desyatnikov, A. A.

Sukhorukov, W. Krolikowski, and Y. S. Kivshar, J. Mater. Sci. Mater.

Electron. 18, 277 (2007).
47P. Rose, B. Terhalle, J. Imbrock, and C. Denz, J. Phys. D: Appl. Phys. 41,

224004 (2008).
48M. Boguslawski, A. Kelberer, P. Rose, and C. Denz, Opt. Express 20,

27331 (2012).
49P. G. Kevrekidis, Z. Chen, B. A. Malomed, D. J. Frantzeskakis, and M. I.

Weinstein, Phys. Lett. A 340, 275 (2005).
50G. Theocharis, P. G. Kevrekidis, D. J. Frantzeskakis, and P. Schmelcher,

Phys. Rev. E 74, 056608 (2006).
51T. Kapitula, P. G. Kevrekidis, and Z. Chen, SIAM J. Appl. Dyn. Syst. 5,

598 (2006).
52C. Wang, G. Theocharis, P. G. Kevrekidis, N. Whitaker, K. J. H. Law, D.

J. Frantzeskakis, and B. A. Malomed, Phys. Rev. E 80, 046611 (2009).
53T. J. Alexander, D. Yan, and P. G. Kevrekidis, Phys. Rev. E 88, 062908

(2013).
54A. A. Zozulya and D. Z. Anderson, Phys. Rev. A 51, 1520 (1995).
55See supplemental material at http://dx.doi.org/10.1063/1.4886414 for

more experimental and numerical details.
56J. Zhao, P. Zhang, D. Deng, J. Liu, Y. Gao, I. D. Chremmos, N. K.

Efremidis, D. N. Christodoulides, and Z. Chen, Opt. Lett. 38, 498 (2013).

261111-5 Diebel et al. Appl. Phys. Lett. 104, 261111 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.176.203.134 On: Tue, 08 Jul 2014 08:26:24

http://dx.doi.org/10.1103/PhysRevLett.81.3383
http://dx.doi.org/10.1364/OL.21.001729
http://dx.doi.org/10.1364/OPEX.13.010552
http://dx.doi.org/10.1364/OE.14.006055
http://dx.doi.org/10.1088/0953-4075/43/16/163001
http://dx.doi.org/10.1038/srep00094
http://dx.doi.org/10.1038/nature12066
http://dx.doi.org/10.1103/PhysRevE.66.046602
http://dx.doi.org/10.1364/OPEX.13.001780
http://dx.doi.org/10.1103/PhysRevLett.90.023902
http://dx.doi.org/10.1364/OL.28.000710
http://dx.doi.org/10.1364/OL.28.000710
http://dx.doi.org/10.1038/nature01452
http://dx.doi.org/10.1007/s00340-006-2508-3
http://dx.doi.org/10.1007/s00340-007-2871-8
http://dx.doi.org/10.1007/s00340-007-2871-8
http://dx.doi.org/10.1103/PhysRevLett.92.253904
http://dx.doi.org/10.1364/OL.33.002509
http://dx.doi.org/10.1364/OL.35.003568
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1103/PhysRevLett.96.053903
http://dx.doi.org/10.1103/PhysRevLett.96.053903
http://dx.doi.org/10.1038/nature05623
http://dx.doi.org/10.1016/S0079-6638(01)80018-4
http://dx.doi.org/10.1016/S0079-6638(08)00205-9
http://dx.doi.org/10.1016/S0079-6638(05)47006-7
http://dx.doi.org/10.1038/nphoton.2011.81
http://dx.doi.org/10.1038/nphoton.2012.138
http://dx.doi.org/10.1038/35085529
http://dx.doi.org/10.1103/PhysRevLett.92.123903
http://dx.doi.org/10.1103/PhysRevLett.92.123904
http://dx.doi.org/10.1103/PhysRevLett.101.013903
http://dx.doi.org/10.1103/PhysRevA.79.043821
http://dx.doi.org/10.1103/PhysRevLett.93.063901
http://dx.doi.org/10.1364/OE.14.008317
http://dx.doi.org/10.1364/OL.31.002456
http://dx.doi.org/10.1103/PhysRevA.83.063822
http://dx.doi.org/10.1103/PhysRevLett.96.223903
http://dx.doi.org/10.1038/nature04722
http://dx.doi.org/10.1103/PhysRevLett.98.123903
http://dx.doi.org/10.1063/1.487523
http://dx.doi.org/10.1103/PhysRevLett.96.083904
http://dx.doi.org/10.1007/s10854-007-9217-5
http://dx.doi.org/10.1007/s10854-007-9217-5
http://dx.doi.org/10.1088/0022-3727/41/22/224004
http://dx.doi.org/10.1364/OE.20.027331
http://dx.doi.org/10.1016/j.physleta.2005.03.038
http://dx.doi.org/10.1103/PhysRevE.74.056608
http://dx.doi.org/10.1137/05064076X
http://dx.doi.org/10.1103/PhysRevE.80.046611
http://dx.doi.org/10.1103/PhysRevE.88.062908
http://dx.doi.org/10.1103/PhysRevA.51.1520
http://dx.doi.org/10.1063/1.4886414
http://dx.doi.org/10.1364/OL.38.000498

