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Introduction

Disorder is ubiquitous in nature. Disorder, even if weak, tends to inhibit 
transport.

Superfluids
in porous
media

Superconducting
thin films

Light propagation
in random media

Still much has to be understood: 

 localization of non-interacting particles (Anderson)
 interplay of disorder and interactions
 strongly correlated, disordered system 



Anderson localization

No transport can occurr for Δ>J, due to the destructive interference of 
many possible paths
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Anderson localization

An essential feature is the absence of interactions between particles: 

Light in powders and disordered photonic crystals: Van Albada & Lagendijk, Phys. Rev. 
Lett. 55, 2692 (1985); Wiersma, et al. , Nature 390, 671 (1997); Lahini, et al., Phys. Rev. Lett. 100, 
013906 (2008).

Microwaves: Dalichaouch, et al, Nature 354, 53 (1991).

Disordered electronic systems: Akkermans & Montambaux Mesoscopic Physics of 
electrons and photons (Cambridge University Press,2006); Lee & Ramakrishnan, Rev. Mod. Phys. 
57, 287 (1985)

Ultrasounds: Weaver, Wave Motion 12, 129-142 (1990).

Our approach: use a Bose-Einstein condensate 
with a suitable Feshbach resonance and study
separately Anderson localization and the 
effects of interaction



Bose-Einstein condensates and disorder

Disorder

Difficult to distinguish localization effects due to disorder from those due to the 
repulsive interaction.

Since 2004, experiments in Hannover + Barcelona, Orsay, Firenze, Austin, Urbana
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Two incommensurate lattices: the Aubry-Andrè model
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G. Harper, Proc. Phys. Soc. A 68, 674 (1965); S. Aubry and G. André, Ann. Israel Phys. Soc. 3, 133 
(1980); D. R. Grempel, et al., Phys. Rev. Lett. 49, 833-836 (1982).
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localized states:

extended states:

The ground state of the A-A model

Solution of the A-A model for the 
experimental parameters: β  = 1030 nm / 860 nm = 1.1972..

Average separation of localized states 1.5
1

1
≈

−
=
β

d sites



340 350 360 370 380 390 400 410

0

400

 

sc
a
tt

e
ri
n
g
 le

n
g
th

 (a
0
)

magnetic field (G)

348 350 352

-1

0

1

 

 

Release energy: G. Roati, et al., Phys. Rev. Lett.  99, 010403 (2007)

Feshbach spectroscopy: C. D'Errico et al. New J. Phys. 9, (2007)
Interplay of contact and dipolar interaction at a~0:

M. Fattori et al. Phys. Rev. Lett. 100, 080405 (2008); 
M. Fattori et al. Phys. Rev. Lett. 101, 190405 (2008).

39K: a Bose gas with highly controllable interaction

U < 0.1 J



G. Roati et al, Nature 453, 896 (2008)

Experimental scheme

Fast tuning of the interaction:  τ ~ 300µs 



Probing the transport properties

condensation (a=200 a0) a ~ 0.05 a0
50 ms lattice loading100 ms

Δ/J=0 Δ/J=1.8 Δ/J=4.2 Δ/J=7

0 ms

750 ms

tim
e



Size of the condensate after 750 ms of expansion in the quasi-periodic lattice:

Probing the transport properties



Fit of the density distribution with a generalized exponential function:

exponential
gaussian

Probing the spatial distribution



Probing the momentum distribution

Extended state in the “superlattice” Localized states

Momentum distribution can be recostructed
after a long free expansion

Δ/J<2 Δ/J>2



experiment theory

Width of the central peak

Visibility

Density distribution after 
time-of-flight of the initial
stationary state

Probing the momentum distribution
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a one localized state

two states

three states

~10 states

Counting the localized states

aho = 1.2 µm

aho = 2.1 µm

aho= 5.4 µm



No interaction: several independent localized states. The relative phase is not
constant.

With interaction: localized states get more extended and lock in phase. The system 
eventually condenses back into a single extended state. 

Interaction and disorder: expectation

U

J

J

ΔΔΔΔ



Interaction and disorder: ground state
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Interaction energy:

JUaa 25.015.0 0 ==

JUaa 21 0 ==

JUaa 4220 0 ==

Δ/J=6
J/h=90 Hz

New wavelength ratio:  β = 1064.4 nm / 866.3 nm =1.228…



Interaction and disorder: experiment

condensation (a=200 a0) a ~ 1-100 a0
50 ms lattice loading100 ms

potentials off1 µs a ~ 0.05 a0
300 µs image36 ms

Momentum distribution of the interacting system



Experiment: momentum distribution

Δ/J=40
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Momentum distribution

Δ/J=5

005.0 a

01 a

05 a

020 a



Momentum distribution



Momentum distribution



FFT of momentum distribution
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Phase fluctuations
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B. Deissler, M. Zaccanti et al, in preparation.

Phase fluctuations measured in both momentum space and real space tend
to vanish for increasing interaction

Δ/J=12



Outlook

We observe a crossover from the Anderson “glass” to a an extended system with
phase coherence: is the latter superfluid?

Work in progress: transport properties of the interacting system (diffusion, 
dipolar oscillations, in collaboration with theorists Trento)

Can we further characterize the intermediate phase? (better resolution in 
momentum measurements, interferometry, transport…)

Does an attractive interaction enhance localization?

Future work: Extend the tuning of the interaction and the measurement of
momentum distribution to the strongly correlated regime. 
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