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Interference effects account for some of the 
more intriguing ways to modify a particle’s 
propagation through disorder, in cases 

where the wave coherence is preserved. 
Anderson localization of non-interacting 
particles in three-dimensional disorder rates 
highly on this list, and is expected to appear 
by means of a second-order phase transition, 
although direct attempts to probe it have so 
far fallen short of the mark. Now, writing 
in Nature Physics, Fred Jendrzejewski 
and colleagues1 report the localization of 
matter waves in a disordered potential, 
laying claim to observations consistent with 
the phenomenon.

At first sight, interference effects might be 
expected to vanish in a random potential. It 
turns out that, even in systems with a large 
amount of disorder, interference effects 
resist fluctuating phase changes enough to 
noticeably influence particle propagation. 
Indeed, weak localization or coherent 
backscattering enhances the probability of 
a particle returning to its origin, reducing 
the diffusion coefficient. For sufficiently 
large return probabilities, diffusion can be 
suppressed completely — inducing strong 
localization, as predicted by Anderson.

The dimension of the system is important, 
as the return probability is significantly 
reduced in higher dimensions — stumbling 
back and forth along a single road is likely 
to get you home quicker than blindly 
traversing a complex urban road network. 
In the absence of decoherence, return 
probabilities in one and two dimensions 
are so high that interference effects always 
lead to strong localization if the system 
is large enough. Conversely, in three 
dimensions, scaling theory predicts that a 
minimum amount of disorder is required to 
achieve complete suppression of diffusion 
or strong localization2. The transition is 
either described by a mobility edge, when 
the energy of the particles is tuned, or by a 
critical disorder, when the distance between 
the potential wells or their height is changed.

The role of disorder was initially 
investigated in the context of the metal–
insulator transition of electrons in 

condensed matter. It soon became clear 
that interactions between electrons play 
an important part in this transition, and 
that isolating the effect of disorder would 
necessitate switching off interactions 
between the propagating waves. Different 
waves have thus been considered, including 
optical3,4 and acoustic waves5, but the 
limitations of these approaches have 
brought to light the need for complementary 
investigations with another type of wave. 
Alternative explanations of localization 
deserve consideration as well. Dynamical 
localization6, Dicke subradiance7 or 
percolation thresholds8 in systems for which 
coherence is reduced in a controlled way 
similarly complement our understanding 
of the transport properties of waves in 
disordered systems.

The means by which Jendrzejewski et al.1 
demonstrate localization of non-interacting 
matter waves in three dimensions is 
elegant, and will no doubt motivate new 
ways of understanding the phenomenon. 
In contrast to certain fermionic systems9, 
in which quantum statistics disables 
interactions between low-temperature 
fermions, interactions in their system can 

be neglected owing to a reduction in the 
density of the atomic cloud. Preparation 
of the initial state of ultracold atoms is 
crucial (and herein lies the beauty of using 
Bose–Einstein condensates), because only 
waves with energies below the mobility 
edge are localized. The disorder is realized 
by a random potential created by a speckle 
field, and tuned by changing the intensity 
of the laser used to make the field. After 
initial expansion of the cloud in the random 
potential, the speckle laser can be rapidly 
switched off before the atoms have had 
the chance to move very far, affording 
the system unique temporal control: one 
can now measure the position of the 
particles after their random walk inside the 
disordered sample. This is akin to stripping 
back a piece of metal to look directly at what 
its electrons are doing.

The results of the experiment1 show 
that for part of the atomic cloud, spatial 
spreading is suppressed, while the rest of 
the cloud continues to expand diffusively. 
Because the initial size of the atomic cloud 
exceeds estimates for the localization 
length, the non-spreading, localized 
part shows up as a small replica of the 
initial cloud.

The protocol for switching the random 
potential on plays an essential role here. 
For a sudden application of the random 
potential, atoms sitting on top of the 
potential hill can roll down and convert 
potential into kinetic energy. This produces 
a wide distribution of kinetic energies, 
making a precise study of the mobility 
edge difficult. A slow application of the 
potential9 has its own drawbacks, as atoms 
might well remain in the ground state of 
the potential indefinitely. In both cases, 
the conductance envisioned by Anderson 
for the metal–insulator transition has not 
been directly probed. Although knowing 
the modes of a system often helps to 
understand its scattering or transport 
properties, one should bear in mind that 
not all eigenmodes of the system need 
to contribute to transport properties in 
mesoscopic physics.

ULTRACOLD MATTER

Disorderly arrest
An experimental demonstration that the expansion of ultracold atoms in three dimensions can be frozen by 
disorder provides fertile ground for studies of metal–insulator transitions in disordered systems — including those 
with interacting particles.

Robin Kaiser

Matter waves are localized in three dimensions 
by interferences after scattering off a random 
potential engineered by a laser. 
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Figure 1. Image taken from Ultracold matter: Disorderly arrest, R. Kaiser,
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Open quantum systems (i.e. systems that exchange matter and energy with an exter-

nal environment) are at the center of many research areas: quantum computing, transport
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in mesoscopic systems, energy transfer in photosynthetic light-harvesting system and basic

theoretical problems, such as the measurement problem in quantum mechanics.

The Ph.D. research projects we propose aim to investigate the interplay of openness and

internal interaction in determining emergent properties in cold atoms systems. Emergent

properties arise from cooperative e�ects, therefore they belong to the system as a whole and

not to its components. We experience the importance of emergent properties every day,

examples of emergent properties is for instance life itself and consciousness.

In particular in this line of research we intend to investigate photon propagation in cold

atoms systems. The interaction of cold atomic vapors with light is a very promising �eld

of research. We plan to study the interplay of disorder and superradiance in these systems

in collaboration with experimental groups (http://www.kaiserlux.de/coldatoms/). The main

experimental goal is to achieve photon trapping in the cold atoms system by di�erent means,

such as Anderson localization and Dicke subradiance [1]. On the theoretical side we plan

to analyze both static disorder, which leads to Anderson localization, and time dependent

disorder, which induces dephasing.

This research line will give the opportunity to the Ph.D. student to work within an inter-

national network of collaborations, both in Europe and in the USA:

Main International Collaborations:

- R. Kaiser, INLN (CNRS) Nice, France.

- N. Piovella, Dipartimento di Fisica, Universitá degli Studi di Milano, Italy.

- I. Rotter, Max Plank Institute on Complex Systems, Dresden, Germany.

- L. Kaplan, Tulane University, New Orleans, USA.

- V. Zelevinsky, Michigan State University, Lansing, USA.

- F. Izrailev, BUAP, Puebla, Mexico.

Our Group:

- F. Borgonovi (group leader), email: fausto.borgonovi@unicatt.it.

- G.L. Celardo (Researcher), email: nicedirac@gmail.com.

- G. Giusteri (Researcher)

- L. Lussardi (Researcher)

- A. Biella (Master Student)

- D. Ferrari (Master Student)
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