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3-D Lattices with a Twist: Next 
Generation Photonic Structures
Patrick Rose, Julian Becker, Martin Boguslawski and Cornelia Denz

The investigation of artifi cial dielec-
tric structures in order to engineer, 

guide or store light is driven by the 
increasing requirements for digital 
information transmission and processing 
bandwidth.1 Materials that change their 
properties due to light (whereupon light 
itself reacts on the changed material) 
provide the missing link to controlling 
light with light itself. Photorefractive 
crystals are promising examples. � e il-
lumination of such a material with struc-
tured lattice-writing light waves yields 
fascinating reconfi gurable nonlinear 
photonic lattices.2

In recent years, this technique has led 
to photonic structures that are optically 
induced with the help of so-called dis-
crete non-diff racting beams. � ese nifty 
plane wave interference patterns possess 
an intensity distribution modulated in 
both transverse dimensions but invari-
ant in the direction of propagation. � is 
allows for the optical induction of cor-
responding photonic lattices, which pio-
neered the demonstration of fundamental 
eff ects such as discrete solitons, Zener 
tunneling and Bloch oscillations, as well 
as Anderson localization. However, we see 
that the full potential of this technique 
has not yet been explored. In particular, 
vortex fi elds and their three-dimensional 
counterparts—helical lattices—have been 
a closed book in singular optics, despite 
their enormous potential.

We presented several novel strategies 
for overcoming the rather simple lattice 
geometries studied so far and head 
towards a new structural variety of non-
diff racting wave fi elds including vortic-
ity.3 One of our ideas—to control the 
phase relation of diff erent components in 
the spatial spectrum of discrete non-dif-
fracting beams—led to the demonstration 
of non-diff racting kagome4 and graphene 
lattices.3 Extending this strategy, we 
developed an approach to constructing all 
three fundamental vortex lattices.5 � ese 

non-diff racting beams represent unique 
periodic patterns of triangular, square or 
hexagonal vortices and are particularly 
interesting due to the inherent connection 
between optical vortices and the orbital 
angular momentum of light.

In the same way, the creation of 
three-dimensional helical lattices was a 
big challenge for discrete photonics until 
we found an ingenious modifi cation to 
our approach and used the two-dimen-
sional vortex lattices as a basis for the 
fi rst construction of helix lattice waves. 

(a) Comparison between the intensity distributions of the two-dimensional square vortex 
lattice and the top view of the corresponding three-dimensional helix lattice. (b) Plot of the 
isointensity surfaces of the square helix lattice at 60 percent of the maximum intensity. (c) 
Comparison of experimental (top row) and numerical (bottom row) images for the planes 
A–D marked in (b). Three-dimensional data of all fundamental helix lattices can be accessed 
online as multimedia components to this article.

� e fi gure illustrates the square vortex 
and square helix lattice, and the analysis 
of diff erent planes in the direction of 
propagation clearly verifi es the helical 
structure of the three-dimensional inten-
sity distribution. 

� ese recent developments enable the 
optical preparation of an unequaled versa-
tility of novel two- and three-dimensional 
photonic structures, providing forward-
looking contributions to our vision of 
controlling light with light. Moreover, 
our approach can easily be transferred 
to other fi elds. An adaption to diff er-
ent photosensitive media allows for the 
realization of complex photonic bandgap 
materials or advanced artifi cial material 
structures such as photonic crystals or 
metamaterials. In addition, the creation 
of chiral optical traps in atom optics and 
the fi eld of cold gases is now feasible due 
to our technique. t
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Disorder-Enhanced Transport in 
Photonic Quasicrystals
Mikael Rechtsman, Liad Levi, Barak Freedman, Tal Schwartz, Ofer Manela and Mordechai Segev

Optics is at the forefront of research 
into one of the most beguiling 

problems of the day: What is the eff ect 
of disorder on materials properties? In 
1958, P.W. Anderson developed a theory 
of wave localization due to disorder in 
solids, for which he won the Nobel Prize 
in 1977. He showed that disorder acts to 
inhibit electron transport. � ree decades 
later, Sajeev John suggested that, since 
Anderson localization is a general wave 
phenomenon (not specifi c to electrons), 
localization eff ects could be observed 
with electromagnetic waves. 

Following this idea, Lagendijk’s 
group has proposed the “transverse 
localization scheme,” where the temporal 
evolution of a wavepacket in a disordered 
medium is mapped onto the paraxial 
propagation of an optical beam going 
through a transversely disordered dielec-
tric.1 � is concept culminated in a direct 
experimental observation of Anderson 
localization in any periodic system 
containing disorder.2 

Numerous experiments followed, 
including detailed studies of Anderson-
localized modes in photonic lattices,3 and 
localization experiments with cold atoms 
(in the groups of Alain Aspect and Mas-
simo Inguscio). With these experiments 
now becoming accessible, optics has be-
come perhaps the best context for delving 
into the fascinating surprises that disor-
dered systems can present, as manifested, 
for example, by the recent experimental 
demonstration of amorphous photonic 
lattices exhibiting a bandgap.4 

One of the most intriguing unan-
swered questions is how disorder aff ects 
the transport of waves in quasicrystals. 
In our recent paper,5 we demonstrated 
disorder-enhanced transport in quasi-
crystals. Discovered by Dan Schechtman 
in 1982 and explained by Levine and 
Steinhardt two years later, quasicrystals 
are structures that are ordered but not 
periodic. � ey contain long-range order 

with symmetries that are forbidden to 
periodic systems (e.g., fi vefold rotational 
symmetry). � e observed enhancement 
of transport by disorder5 is opposite to 
what happens in periodic crystals where 
transport is inhibited due to the presence 
of disorder.2 Disorder-enhanced transport 
is highly counterintuitive and has been 
debated for two decades. Our observation 
provides proof for what was argued in 
solid-state quasicrystals (which are found 
in certain metal alloys): When these ma-
terials are more disordered (more defects), 
their conductivity is actually higher. 

Our experiments employ a photo-
refractive crystal and fi ve interfering laser 
beams to induce a photonic lattice struc-
tured as a fi vefold rotationally symmetric 
quasicrystal. � e interference pattern 
in the crystal induces a refractive index 
change that acts on light in the same way 
that nuclei in solid-state quasicrystals 
act on electrons. We introduce control-
lable disorder by passing a beam through 
a diff user, thus introducing a random 
speckle pattern superimposed on the 
quasicrystal. By launching a probe beam 
into the lattice, we can track the diff rac-
tion of the beam as it propagates, thus 
giving a direct measure of the conductiv-
ity of light as it travels through. 

We fi nd that when the probe beam 
excites eigenstates associated with a 
region of low density-of-states (near the 
pseudogap), disorder actually increases 
the rate of diff raction, thus experimen-
tally proving the hypothesis of disorder-
enhanced transport. � is is because 
the eigenstates near the pseudogap in a 
pure quasicrystal are spaced out from 
one another and thus do not resonantly 
tunnel between one another to form 
broader states; they are highly local-
ized. When disorder is introduced, the 
probability of tunneling between these 
highly localized states increases, hence 
the states become broader, thereby 
enhancing transport. � is work makes 
many ideas experimentally accessible, 
ranging from the combined action of 
disorder and nonlinearity to quantum 
correlations of photons in photonic 
quasicrystals. t
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Lattice Boundaries and Dimensionality 
Crossover in Anderson Localization of Light
D. Jović, C. Denz and M. Belić

Anderson localization (AL) is one 
of the most fascinating universal 

phenomena in disordered systems phys-
ics.1 It still excites interest in a variety of 
systems, including light waves, despite 
its 50-year history. Anderson’s original 
work in 1958 demonstrated that AL 
strongly depends on the dimension 
of the medium. With respect to the 
localization of light, many facets of the 
phenomenon still remain in the dark. 

Transverse optical AL in 2-D 
photonic lattices, nonlinear eff ects and 
quasilattices were considered experi-
mentally in 2007.2,3 � e intricacies of 
the dimensional infl uence on localiza-
tion are still unexplored. � e question 
of how AL changes at the boundaries 
of discrete photonic media is also not 
yet understood. Another unexplored 
region in this fi eld is the localization of 
counterpropagating (CP) beams, which 
requires media of fi nite longitudinal ex-
tension. Since CP beams are inherently 
unstable in nonlinear media, this brings 
dynamical eff ects in AL to the forefront 
of disordered systems research.

We have recently achieved progress in 
each of the above-mentioned topics.4-6 
We extended the concept of transverse AL 
to mutually incoherent CP beams, where 
we observed the dynamical localization 
of time-changing beams.4 We elucidated 
the eff ect of boundaries on AL of light 
in truncated 2-D photonic lattices in a 
nonlinear medium.5 Suppression of AL at 
the edges and corners is demonstrated, so 
that—quite counterintuitively—stronger 
disorder is needed near the boundaries 
to obtain the same localization as in the 
bulk material. We found that the level of 
suppression depends on the location in 
the lattice (edge vs. corner) as well as on 
disorder strength. 

Most recently, we analyzed how sys-
tem dimensionality aff ects light localiza-
tion.6 A systematic study of the depen-
dence on both the disorder strength and 

the nonlinearity on AL strength of such a 
system was carried out. Strong nonlinear 
regimes exist in which 1-D localization is 
more pronounced than the 2-D counter-
part, opposite to the linear regime case. 

To investigate the transition from 2-D 
to 1-D in a disordered photonic lattice, 
we devised a system with dimensional-
ity crossover. An array of widely sepa-
rated 1-D lattices is reached by starting 
with a 2-D square photonic lattice, and 
increasing the lattice period along one 
transverse direction while keeping the 
period along the other direction fi xed. 
We are able to gradually switch from 
the 2-D to the 1-D case with this lattice 
stretching. By investigating intermediate 
cases, we can determine the transition of 
quantities of interest describing localiza-
tion (e.g., the eff ective beam width and 
the localization length from 2-D to 1-D 
values). For example, such a dimensional-
ity crossover is characterized by two dif-
ferent localization lengths along diff erent 

(a) Anderson localization of light near boundaries of disordered photonic lattices. The graph 
shows the effective beam width at the lattice output vs. the disorder level for corner, edge 
and bulk modes. The corresponding localized modes are shown on the top. (b) Localization 
of light in the dimensionality crossover system. Lattice stretching is displayed with two inter-
mediate cases (top row). Localization length in the transition regime is shown vs. the lattice 
period ratio in the linear (solid lines) and the nonlinear regime (dashed lines) along stretched 
and non-stretched transverse directions. Red triangles represent 2-D lattice localization 
lengths. Blue squares represent the corresponding 1-D lattice localization lengths. 

(a)

transverse directions. We are convinced 
that our lines of inquiry in the AL of 
light open new research avenues into this 
fascinating fi eld. t
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