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Nonlinear periodic lattices occur in a large variety of systems,
such as biological molecules1, nonlinear optical waveguides2,
solid-state systems3 and Bose–Einstein condensates4. The under-
lying dynamics in these systems is dominated by the interplay
between tunnelling between adjacent potential wells and non-
linearity1–15. A balance between these two effects can result in
a self-localized state: a lattice or ‘discrete’ soliton1,2. Direct
observation of lattice solitons has so far been limited to one-
dimensional systems, namely in arrays of nonlinear optical
waveguides2,9–17. However, many fundamental features are
expected to occur in higher dimensions, such as vortex lattice
solitons18, bright lattice solitons that carry angular momentum,
and three-dimensional collisions between lattice solitons. Here,
we report the experimental observation of two-dimensional (2D)
lattice solitons. We use optical induction, the interference of two
or more plane waves in a photosensitive material, to create a 2D
photonic lattice in which the solitons form11,12. Our results pave
the way for the realization of a variety of nonlinear localization
phenomena in photonic lattices and crystals19–23. Finally, our
observation directly relates to the proposed lattice solitons in
Bose–Einstein condensates4, which can be observed in optically
induced periodic potentials24,25.

In general, wave propagation in periodic lattices (such as an
array of optical waveguides) is fundamentally different from that
occurring in a homogeneous medium. For example, when light is
focused into one waveguide, linear propagation along the wave-
guides results in tunnelling to adjacent sites, exhibiting a charac-
teristic diffraction pattern with the intensity mainly concentrated in
the outer lobes. For a sufficiently high nonlinearity, self-focusing

can balance this effect, leading to a lattice (discrete) soliton2,9,10. For
light propagating at an angle v¼ kx=k < kx=kz with respect to the
array, the periodicity of the lattice becomes important, as the
corresponding ‘Bloch momentum’ k x can satisfy Bragg reflection
conditions within the Brillouin zone (defined in the range jkxDj#
p; where D is the lattice spacing). Near the edge of this zone,
diffraction becomes anomalous (‘negative’), leading to such effects
as diffraction management13,14 and staggered (p out-of-phase)
solitons11,15,17. These are some of the fundamental aspects of solitons
in nonlinear periodic structures, which were originally discovered
through the theoretical paradigm of the discrete nonlinear Schrö-
dinger equation1–4,16, hence the term ‘discrete soliton’1,2. Exper-
imentally, self-localized ‘breathers’ have been observed in various
physical settings5–8, but lattice (discrete) solitons have thus far been
reported only in nonlinear optical systems and only in one-dimen-
sional (1D) configurations9–11,13,17. In what follows we demonstrate
bright 2D lattice solitons in their simplest realization: in-phase
solitons at the base of the first Brillouin zone. In addition, we
demonstrate bright self-trapped wave packets at the edge of the first
Brillouin zone.

The formation of the 2D nonlinear photonic lattice relies on an
optical induction technique11,12 in which a 2D array of waveguides is
induced in a nonlinear medium. We proposed this method theo-
retically12 and recently demonstrated experimentally11 1D lattice
solitons in a 1D waveguide array. The waveguide array is induced, in
real time, in a photosensitive material by interfering two or more
plane waves. A separate ‘probe’ beam is launched into the periodic
waveguide array, where it exhibits discrete diffraction and, at a
sufficiently high nonlinearity, forms a lattice soliton. For this system
to work, it is essential that the waveguides are as uniform as possible,
implying that the interference pattern (inducing the lattice) must
not change in the propagation direction. For this to happen in the
nonlinear medium, the interfering waves themselves should not be
affected by the nonlinearity. At the same time, the probe (soliton-
forming) beam must experience the highest possible nonlinearity. A
photorefractive material with a strong electro-optic anisotropy
allows this scenario; the interfering beams are polarized in a non-
electro-optic direction and the probe is polarized along the crystal-
line c axis. In this arrangement, the interfering beams will propagate
mostly linearly, while the signal beam will experience both a
periodic potential and a significant (screening) nonlinearity26,27.
In this way we have demonstrated both on-axis and staggered 1D
lattice solitons11. However, 1D systems, although quite instructive,
cannot host a variety of fascinating nonlinear phenomena that
require a higher lattice dimensionality. Our method of optical lattice
induction allows for dynamic, reconfigurable arrays of almost any
geometry.

This method of optical induction is quite general, allowing the

Figure 1 Experimental scheme and a typical photonic lattice. a, Diagram of our

experimental set-up. We use a photosensitive (photorefractive) crystal with electro-optic

anisotropy: two interfering pairs of ordinarily polarized plane waves induce the photonic

array, while the extraordinarily polarized probe (soliton-forming) beam is focused into a

single waveguide. b, Typical observation of a waveguide array at the exit face of the

crystal. Each waveguide is approximately 7 mm in diameter, with an 11 mm spacing

between nearest neighbours.

Figure 2 Numerical simulation results depicting the induced photonic lattice and the

structure of an on-axis lattice soliton. a, Calculated 2D structure of the induced index

change (photonic lattice) for the self-focusing nonlinearity. b, Simulated intensity structure

of the on-axis lattice soliton.
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simple creation of photonic lattices in any photosensitive medium
of sufficient anisotropy. Theoretically, the dynamical evolution of
the system along z is governed by two coupled equations that
describe the slowly-varying amplitudes of the lattice wave V
(periodic along x and y) and the (soliton-forming) probe U (ref. 12):
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Here, the subscripts indicate the orthogonal polarization directions,
n 1 and n 2 are the respective indices of refraction, k 1 ¼ k 0n 1,
k2 ¼ k 0n2, and Dn 1, Dn2 are the nonlinear index changes induced
by the total intensity I ¼ jUj
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: For our specific experiment,

Dn1 ¼ ½k0n3
e r33E0=2�½1þ I�21 and Dn2 ¼ ½k0n3

or13E0=2�½1þ I�21

are the index changes created by the photorefractive screening
nonlinearity26,27, where the intensity I is measured in units of the
background illumination. In these expressions, E 0 is the applied
field and {n1 ¼ ne, r33} and {n2 ¼ no, r13} are the indices of
refraction and electro-optic coefficient for the extraordinarily
polarized probe beam U and ordinarily polarized array wave V,
respectively. We chose a highly anisotropic SBN:75 crystal, in
which the nonlinear coefficient n3

or13 for V is more than 20 times
smaller than the nonlinear coefficient n3

e r33 for U, implying that Dn2

is negligible and the dynamics of the array wave is indeed linear.
(Note that under suitable conditions, this reduced system of
equations can further simplify12 into a discrete nonlinear Schrö-
dinger equation2.) An additional assumption in equation (1) is that
the photorefractive screening nonlinearity acts isotropically in x and
y. This is well justified for our parameters considering that photo-
refractive screening solitons are almost circular, as are their induced
waveguides28. The periodic structure of the waveguide array is
implicitly contained in the potential induced by jVðx;yÞj

2
: For

our representative case of a square lattice of side D formed by four
symmetrically interfering plane waves, the lattice intensity jV j

2
¼

V2
0½cos ðpx=DÞþ cos ðpy=DÞ�2 provides a periodic potential for the

probe field U. In this scenario, the probe (soliton) beam experiences
the familiar competition between nearest-neighbour coupling and
nonlinearity. We note that the sign of our nonlinearity (whether it is
self-focusing or self-defocusing) as well as its magnitude, can be
controlled through the polarity and strength of the bias field E0.

Our experimental set-up is sketched in Fig. 1a. We use a 6-mm-
long SBN:75 crystal, with electro-optic coefficients r13 < 67 pm V21

and r33 < 1;340 pm V21: As a representative geometry, we induce
a 2D square photonic lattice (2D array of 2D waveguides) by
interfering two pairs of ordinarily polarized plane waves. A typical
experimental result (extracted from a 6 mm £ 6 mm optically
induced photonic lattice) is shown in Fig. 1b, in which each
waveguide has a diameter of about 7 mm, with an 11 mm separation
between its nearest neighbours. The probe (soliton-forming) beam
is extraordinarily polarized and is focused into one of the wave-
guides, both to maximize the propagation effects through the
periodic potential and to yield the narrowest possible lattice
solitons. (We note that we are able to generate broader solitons by
launching the probe beam into more than one channel and using
lower applied fields.) Each array-forming plane wave has 15 mW of
power, while the intensity ratio between the entire optical lattice and
the probe beam is 5:1. Voltage applied against (along) the c axis sets
the focusing (or defocusing) photorefractive screening nonlinearity
and, in the proper parameter range, leads to localization of the
probe beam and to the formation of lattice solitons. The crystal is
also illuminated uniformly (from the top) with a background beam
of white light, facilitating fine-tuning of the saturation level of the
photorefractive screening nonlinearity.

We first consider on-axis propagation and in-phase lattice soli-
tons. In this regime, the probe beam U experiences normal diffrac-
tion, so bright solitons necessitate a self-focusing nonlinearity for
which E 0 must be positive. The calculated 2D structure of the
induced index change (photonic lattice) and the intensity of the
on-axis soliton are shown in Figs 2a and b, respectively. Our
experimental results are shown in Fig. 3. Shown is the intensity of
the probe beam as it exits the photonic lattice after propagating
6 mm along the 2D waveguide array. This probe beam is launched
into a single (the central) waveguide. At low voltages, the probe
propagates linearly, and as a result discrete diffraction concentrates
the signal intensity into the outer perimeter of a square (Fig. 3a). For
a stronger nonlinearity (at a higher voltage), self-focusing dom-
inates and a lattice soliton (a 2D discrete soliton) forms (Fig. 3b).
The soliton structure consists of a central intensity peak surrounded
by weaker side lobes. An interferogram of this soliton, obtained by
interfering the soliton output beam with a plane wave, shows
constructive interference of all the elements; that is, the central
peak is in-phase with its neighbours (Fig. 3c). As the signal intensity

Figure 3 Experimental results presenting the propagation of a probe beam launched into

a single waveguide at normal incidence (on-axis propagation). a, Intensity structure of the

probe beam at the exit face of the crystal, displaying discrete diffraction at low nonlinearity

(200 V). b, Intensity structure of the probe beam at the exit face of the crystal, displaying

an on-axis lattice soliton at high nonlinearity (800 V). c, Interferogram, showing

constructive interference of peak and lobes between the soliton and a plane wave.

d, Reduction of probe intensity by a factor of eight, at the same voltage as b and c, results

in recovery of discrete diffraction pattern.
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is lowered, at the same voltage, the soliton disappears: the beam
broadens and the discrete diffraction pattern reappears (Fig. 3d).
Because the voltage remains constant, these results imply that the
lowered intensity forces the probe beam off the soliton existence
curve, that is, the formation of a lattice soliton is an inherently
nonlinear effect, which critically depends on the intensity of the
soliton beam.

Next, we examine off-axis propagation for which the ‘Bloch
momentum’ of the probe beam lies in the vicinity of the edge of
the first Brillouin zone, so that waves propagating in neighbouring
waveguides are p out-of-phase with one another. To observe the
behaviour, we launch the probe (soliton-forming) beam into a
single waveguide of the same array at an angle of 0.558 with respect
to the lattice plane. Diffraction in this (angular) region is anomalous
(negative)13. Hence, self-trapping of a ‘bright’ wave packet in this
regime necessitates a self-defocusing nonlinearity11,15, that is, E0 has
to be negative. The calculated 2D structure of the induced index
change (photonic lattice) is shown in Fig. 4a. Notice that, in contrast
to the self-focusing case (of Fig. 2), here adjacent waveguides are not
fully isolated from one another but are connected through a grid of
narrow equipotential ‘backbones’, which can allow power to leak
slowly along this grid. However, this potential can still support

self-trapping of staggered wave packets for a considerable distance,
because the energy leakage is very slow. We simulate the propa-
gation of such a self-trapped wave packet, and find it remains a
self-trapped entity for very many tunnelling lengths. A typical
numerical result is shown in Fig. 4b, which displays the intensity
of a self-trapped staggered wave packet after 3 cm propagation in
our system. Lines of radiation can be seen along the axes of the array,
but their magnitude emphasizes that the power leakage is indeed
very small. Our experimental results are shown in Fig. 5. Shown is
the intensity of the probe beam as it exits the photonic lattice after
propagating 6 mm along the 2D waveguide array. At low voltages, a
diffuse diffraction pattern occurs (Fig. 5a), while a staggered (p
out-of-phase) self-trapped wave packet is observed (Fig. 5b) at a
higher nonlinearity. Indeed, an interferogram (Fig. 5c) confirms
this staggered interpretation: the central peak is lowered while the
surrounding lobes increase their intensity, indicating destructive
and constructive interference, respectively. When the intensity of
the probe is lowered, while keeping the voltage across the crystal
constant, the diffuse diffraction pattern is recovered (Fig. 5d).

We emphasize that under the same experimental conditions,
without the presence of the periodic lattice, no soliton formation is
observed. This effect is very pronounced in the staggered case
(Fig. 5), where removing the periodic lattice while keeping the
negative voltage (self-defocusing nonlinearity) leads to increased
expansion of the probe beam, much beyond its natural (linear)
diffraction. In the on-axis case (Fig. 3), removing the periodic lattice
while keeping the positive voltage shows some small self-focusing of
the probe beam, but the ratio between the probe and background
beam intensities is off the soliton existence curve and cannot
support a soliton26–28. Hence, the soliton formation results pre-
sented in Figs 3 and 5, under their experimental conditions,
correspond solely to lattice solitons.

The photonic lattice is optically induced by interfering pairs of
plane waves in a photosensitive (photorefractive) material, giving
our system the exciting capability of fully controlling and reversing
both diffraction and nonlinearity. This can be achieved only in
dynamical systems such as photorefractive crystals or possibly
nematic liquid crystals (for optical waves) or in Bose–Einstein
condensates (for matter waves). The technique of optical induction
allows for reconfigurable arrays of almost any geometry or Bravais
symmetry, including defect states and various three-dimensional

Figure 5 Experimental results presenting the propagation of a probe beam launched into

a single waveguide. The angle of the beam is 0.558 with respect to the lattice plane,

corresponding to the edge of the first Brillouin zone. a, Intensity structure of the probe

beam at the exit face of the crystal, displaying diffuse diffraction at low nonlinearity

(2200 V). b, Intensity structure of the probe beam at the exit face of the crystal,

displaying a self-trapped staggered wave packet at high nonlinearity (2800 V).

c, Interferogram, showing destructive interference of peak and constructive interference

of lobes, between the self-trapped wave packet and a plane wave. d, Reduction of

probe intensity by a factor of eight, at the same voltage as b and c, results in recovery of

diffuse diffraction pattern.

Figure 4 Numerical simulation results depicting the induced photonic lattice and the

propagation of a self-trapped staggered wave packet. a, Calculated 2D structure of the

induced index change (photonic lattice) for the self-defocusing nonlinearity.

b, Simulated intensity structure of the self-trapped staggered wave packet after 3 cm

propagation in our system. As shown here, the energy leakage along the backbone grid is

minimal.
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structures. Our results pave the way for the realization of a variety
of nonlinear localization phenomena in photonic lattices and
crystals19–23. Given the potential of photonic structures for min-
iaturized optical devices29, we anticipate that lattice solitons, being
highly nonlinear entities controlled by light alone30, will become of
increasing importance. Finally, our observation directly relates to
the proposed lattice solitons in Bose–Einstein condensates4, which
can be observed in optically induced periodic potentials24,25. A
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In aquatic systems, the concept of the ‘microbial loop’ is invoked
to describe the conversion of dissolved organic matter to par-
ticulate organic matter by bacteria1. This process mediates the
transfer of energy and matter from dissolved organic matter to
higher trophic levels, and therefore controls (together with
primary production) the productivity of aquatic systems. Here
we report experiments on laboratory incubations of sterile
filtered river water in which we find that up to 25% of the dissolved
organic carbon (DOC) aggregates abiotically to particles of diam-
eter 0.4–0.8 micrometres, at rates similar to bacterial growth.
Diffusion drives aggregation of low- to high-molecular-mass
DOC and further to larger micelle-like microparticles. The
chemical composition of these microparticles suggests their
potential use as food by planktonic bacterivores. This pathway
is apparent from differences in the stable carbon isotope com-
positions of picoplankton and the microparticles. A large frac-
tion of dissolved organic matter might therefore be channelled
through microparticles directly to higher trophic levels—bypass-
ing the microbial loop—suggesting that current concepts of
carbon conversion in aquatic systems require revision.

We studied the capacity for abiotic aggregation of dissolved
organic matter (DOM) less than 0.2 mm in diameter present in
sterile filtered Elbe water, sampled from the surface at the study site
at kilometre 627 (53.5433358 N, 9.9140188 E) during summer and
autumn (June and November 2000) and preserved with 0.02%
(w/v) NaN3, in 5-litre batch experiments under mild agitation in the
dark. These experimental procedures ensured diffusion (brownian
motion) providing the necessary energy2 for aggregation of exclu-
sively natural DOM in the absence of bacteria3 whose numbers
remained undetectable below 100 cells ml21 throughout the experi-
ments by transmission electron microscopy (TEM)4. Heterotrophic
processes were effectively suppressed, because total organic carbon
remained constant. Over the experimental period of ten days,
abiotic microparticle formation at 24 8C was found to consume
about 25% and 7% of the total initial dissolved organic carbon
present at similar concentrations in summer and autumn, respect-
ively (Fig. 1a, b). Production rates and abundances of microparticles
reached those of bacteria in the river Elbe and in many other rivers
and estuaries5 (Table 1). Significant amounts of DOC in these
environments might therefore be transformed into microparticu-
late matter by aggregation and not by heterotrophic processes, as is
currently assumed.

Flow cytometry revealed that the diameters of the microparticles
remain within a narrow range between 0.4 and 0.8 mm. Formation
within this restricted size range contrasts the assembly of polymer
gels of up to 5 mm described for ocean water under non-turbulent
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