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ABSTRACT

We review our experimental development in the field of optical lattices, emphasizing their unique properties for
control of linear and nonlinear propagation of light. We draw some important links between optical lattices and
photonic crystals, pointing towards practical applications in the fields of optical communications and computing,
beam shaping, and bio-sensing.
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1. INTRODUCTION

Nonlinear propagation of light in periodic structures has become an attractive topic of research in recent years,1

holding strong promises for novel photonic applications. The underlying physical effects are analogous to those
occurring in a number of different systems, including biological molecular structures, solid-state systems, and
Bose-Einstein condensate on optical lattices. A special class of periodic structures are the co-called photonic
crystals, materials with optical bandgaps, which offer the possibility to control the propagation of light in a
way similar to the way semiconductors are used for manipulation of the flow of electrons. Photonic crystals
represent a broad class of structures with periodicity of the refractive index on the wavelength scale in one, two,
or three dimensions. They were first suggested in the pioneering works of Eli Yablonovitch2 and Sajeev John,3

and nowadays this terminology is applied to many different materials (see Fig. 1), some of which commonly
used in almost any optical laboratory. Examples of one-dimensional photonic crystals include dielectric mirrors,
Bragg gratings, and arrays of optical waveguides.4 The class of two-dimensional photonic crystals is commonly
represented by photonic crystal fibers5 and planar photonic crystals.6 In three dimensions photonic crystals
cover structures such as opal, wood-pile, or inverse opal geometries.7 The common between all the different
structures is that they allow for manipulation of the flow of light in the direction of periodicity. Therefore,
photonic crystals offer the possibility to achieve ultimate control over the linear and nonlinear properties of
light propagation, as well as enchanced control over light emission and amplification. Herewith we concentrate
primarily on the abilities of periodic structures to control the linear and nonlinear propagation of light.

Several approaches for control of light propagation by engineered periodic structures have been predicted and
demonstrated experimentally in recent years. These include manipulation of linear light propagation (refraction,
diffraction, and dispersion) as well as various nonlinear effect (harmonic generation, stimulated scattering, and
nonlinear self-action). Important examples for control of refraction and diffraction of light constitute the effects of
negative refraction8 and self-collimation,9 respectively. Furthermore, designing of the structural dispersion allows
one to manipulate the group velocity of light, resulting in slow light propagation,10 or enhancement of the spectral
response with the fascinating example of the superprism effect.11 The nonlinear response of the material offers
opportunities for dynamic tunability of the structures sensitive to the light intensity.12 The interplay between
nonlinearity and periodicity represents a unique way to efficiently manipulate light by light for optical switching
and signal processing applications. Furthermore, light control can be scaled down to micron-scale structures
suitable for integration of multiple functionality on a photonic chip.
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Figure 1. Examples of one-, two-, and three-dimensional photonic crystals.

The goal of our studies is two-fold: (i) to describe the fundamentals of nonlinear wave physics in periodic media
and (ii) to exploit these effects for practical applications. Currently, the major research on photonic structures is
concentrated on the demonstration of fundamental physical phenomena. However, novel photonic applications
are showing on the horizon, promising a significant impact on various technologies in optical communications
and computing, beam steering and shaping, bio-sensing and medical diagnostics.

To achieve our goals we need to employ periodic structures of different geometries, easy to fabricate, and
with strong nonlinearities at moderate laser powers. Currently there exist a number of different approaches for
fabrication of photonic crystals, including focused ion beam milling, e-beam lithography combined with reactive
ion etching, two-photon and UV polymerization. All these techniques, however, are resource demanding and
cost ineffective, imposing great constrains on fundamental research, where flexible and quick modification of the
structural parameters is required. A simpler fabrication and characterisation of the periodic photonic structures
can be achieved when the scale of periodicity is larger than the wavelength of light. Covered by the general term
optical lattices such large period photonic structures include optical waveguide arrays,13 photonic crystal fibers,5

and optically-induced lattices.14 The scale of periodicity in such structures is of the order of a few micrometers,
therefore their fabrication is facilitated by standard lithographic techniques, fiber drawing, or multiple beam
interference. The challenge is to achieve strong nonlinear response of the material at moderate laser powers.
The nonlinear response can be enhanced through extended propagation length (as in the case of fibers), stronger
light confinement (as in nanowires and photonic crystals), or through slow and resonant nonlinearities (as in
the case of optically-induced lattices). In our current studies we chose materials with slow nonlinear response,
but with the access to nonlinear effects at micro-Watt laser powers. The periodic photonic structures with
strong nonlinear response and various geometries allow us to study the basics of nonlinear physics in periodic
structures. The obtained knowledge can be then applied to fabricated photonic structures, and photonic crystals
in particular, thus bringing the advantages of miniaturization and integration on a photonic chip. We believe
that the process of basic knowledge accumulation and its further application is the successful path towards future
photonic technologies.

In this paper we review some recent advances and fundamental concepts of nonlinear light propagation in
periodic photonic structures, emphasising their abilities to control the spatial dynamics of light propagation.
The paper is organised as follows: In Section 2 we present the concept of optically-induced lattices and discuss
how their tunability can be used to engineer the linear light propagation such as refraction and diffraction.
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Figure 2. Optical induction of (a) one- and (b) two-dimensional photonic lattice in a biased photorefractive SBN crystal.

In Section 3 we review the results of nonlinear localisation of light in periodic structures and present some
novel ideas for nonlinear control of the wave transport in periodic structures. Section 4 is focused on novel
physical phenomena, when light propagating in such periodic structures interacts with interfaces, and Section 5
presents some fundamental ideas for simultaneous spatial and spectral nonlinear control of polychromatic light
propagation in periodic photonic structures.

2. LIGHT PROPAGATION IN OPTICAL LATTICES

The propagation of light in periodic optical lattices is determined by three major effects: (i) the coupling
between neighboring sites of the lattice (inter-site coupling), (ii) Bragg scattering arising from the periodicity
of the lattice, and (iii) the specific lattice geometry, being one- (1D), two- (2D), or three-dimensional (3D).
The geometry is of particular importance in 2D and 3D, where the lattice symmetry (e.g. square, hexagonal)
significantly affects both the inter-site coupling and wave scattering in different directions. Being able to engineer
all those characteristics, one can fully control the propagation of light. Additionally, dynamic tunability of the
lattice depth and periodicity in real time, will provide an ideal system for fundamental experiments.

2.1. Optically-induced lattices

A great opportunity for controlling the lattice parameters was offered by the idea of optically-induced lattices in a
biased photorefractive crystal proposed by Efremidis and coworkers.14 With this theoretical proposal the optical
lattice is induced by the interference of two or more broad laser beams propagating inside the photorefractive
crystal. The authors took advantage of the strong electro-optic anisotropy of the crystal, such that the ordinarily
polarised lattice-forming beams are not affected by the applied electric field. The strong but anisotropic electro-
optic effect of the crystal leads to index changes predominantly for the extraordinarily polarised light. Thus,
the periodic light pattern resulting from the multiple beam interference will induce a periodic optical potential
for any extraordinarily polarised probe beams. At the same time, probe beams will experience strong nonlinear
self-action at moderate (µW) laser powers. The propagation of light in such system can be described (in isotropic
approximation) by the nonlinear Schrödinger equation for the slowly varying amplitude of the electric field14–16
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where (x, y) and z are the transverse and propagation coordinates normalized to the characteristic values xs =
ys = 1 µm and zs = 1 mm, respectively, D = zsλ/(4πn0x

2
s) is the diffraction coefficient, λ is the wavelength in

vacuum, n0 is the average refractive index of the medium, and V0 is the bias voltage applied across the crystal.
The term γV0(Ib + Ip(x, y) + |E|2)−1 characterises the total refractive index modulation induced by the optical
lattice and the probe beam, linearly proportional to the applied electric field. Here Ib = 1 is the normalised
constant dark irradiance, and the lattice intensity Ip depends on the specific lattice geometry controlled by the
number and position of the lattice forming beams. For example, Ip(x, y) = Ig| exp(ikx) + exp(−ikx)|2, for 1D
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