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Disorder and Anderson localization

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

Superfluids in Granular and thin- Light Graphene
porous media film superconductors propagation in
random media

Still much has to be understood:

» Single-particle localization and dimensionality
» interplay of disorder and interactions
» strongly correlated systems



speckle pattern bichromatic lattice
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Disorder and BEC
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An ultracold atomic Bose gas in an optical lattice is shown to provide an ideal system for the
controlled analysis of disordered Bose lattice gases. This goal may be easily achieved under the current
experimental conditions by introducing a pseudorandom potential created by a second additional lattice
or, alternatively, by placing a speckle pattern on the main lattice. We show that, for a noncommensurable
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Adding a weak incommensurate optical lattice...
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1D atomic systems + 1D disorder

Ay =830 nm s, =40

Ay =830 nm s, <20
A, =1076 nm s, <3



The bichromatic lattice
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Disordered interacting bosons

Subtle interplay between disorder and interactions
(granular superconductors, superfluid He in porous media, high-T, ...)

Phase diagram of disordered interacting bosons
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Adding disorder to a Mott Insulator
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Disordered interacting bosons

Experiments are in progress to investigate the whole
phase diagram of lattice bosons in presence of disorder

3D systems, exp. in progress 1D systems, exp. in progress
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r N / N
Anderson Superfluid Bpse-GIass _ Mott
insulator insulator insulator
A A
: | »
noninteracting weakly interacting (U<J) strongly intefracting (U>J) interactions
Roati et al, Nature 453, 895 (2008)
Billy et al, Nature 453, 891 (2008) Fallani et al, Phys. Rev. Lett. 98, 130404 (2007)

R.Hulet (Rice) White et al (Urbana) PRL 102, 055301 (2009)
Pasienski et al (Urbana) Nature Phys 6, 677 (2010)



Anderson localization

PHYSICAL REVIEW VOLUME 109, NUMBER 5§ MARCH 1, 1958

Absence of Diffusion in Certain Random Lattices

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received October 10, 1957)

This paper presents a simple model for such processes as spin diffusion or conduction in the “impurity
band.” These processes involve transport in a lattice which is in some sense random, and in them diffusion
is expected to take place via quantum jumps between localized sites. In this simple model the essential
randomness is introduced by requiring the energy to vary randomly from site to site. It is shown that at low
enough densities no diffusion at all can take place, and the criteria for transport to occur are given,

Single particle tight binding model with random
on-site energies (electrons in a crystal lattice)
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Adding a weak incommensurate optical lattice...




Localization depends on the kind of disorder and dimensionality!

1D Anderson model 1D Aubry-André model
€; = A Rand(1) €; = Acos (2mf35)




The bichromatic lattice

The physics of bi-periodic systems interpolates between periodic systems and
disordered systems, as the degree of incommensurability is changed.

* Quasi-crystals  Localization transition in 1D
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The physics of quasicrystals, ed. P. J. S. Aubry, G. André, Ann. Isr. Phys. Soc. 3, 133
Steinhardt and S. Ostlund (World Scientific, M 98@dugno, New J. Phys. 11, 033023 (2009).
1987)
« Energy bands  Fractal critical behavior

M. Modugno, New J. Phys. 11, 033023 (2009). D. R. Hofstadter, Phys. Rev. B 14, 2239 (1976).
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K BEC with G. Roati et al., PRL 99, 010403 (2007)
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Interferometry: Fattori et al., PRL 100, 080405 (2008) Dipolar effects: Fattori et al., PRL 101, 190405 (2008)



Experimental scheme G. Roati et al., Nature 453, 895 (2008)

Bichromatic lattice
A =1030 nm, . =862 nn
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The noninteracting BEC is initially confined in a harmonic trap and then left
free to expand in the bichromatic lattice




Absence of diffusion

G. Roati et al., Nature 453, 895 (2008)
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Expansion in the bichromatic lattice G. Roati et al., Nature 453, 895 (2008)

Size of the condensate after 750 ms expansion in the bichromatic lattice:

® J/h=325Hz
® Jh=153Hz
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Scaling law: onset of localization
only depends on A/J!




Exponentlal localization G. Roati et al., Nature 453, 895 (2008)
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Momentum distribution of the localized states
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Momentum distribution G. Roati et al., Nature 453, 895 (2008)

experiment

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

|
 Universal behavior with A/J!
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Anderson localization
of ultracold atoms

Alain Aspect and Massimo Inguscio

To study localized matter waves, two experimental Sr-:::-ups hold a
Bose—Einstein condensate in i'her?ri of a disordered but tunable
optical potential formed by intertering laser beams.

Fifty years of
Anderson localization

Ad Lagendijk, Bart van Tiggelen, and Diederik 5. Wiersma

What began as a prediction about electron diffusion has spawned a rich variety of theories and
experiments on the nature of the metal-insulator transition and the behavior of waves—from
eleciromagnetic to seismic—in complex materials.




P. W. Anderson, Nobel lecture (1977)

... about the role of interactions

A second reason why | felt discouraged in the early days was that
| couldn’t fathom how to reinsert interactions, and | was afraid
they, too, would delocalize.

The realization that, of course, the Mott insulator localizes without
randomness, because of interactions, was my liberation on this:
one can see easily that Mott and Anderson effects supplement,

not destroy, each other...

The present excitement of the field for me is that a theory of
localization with interactions is beginning to appear...
It is remarkable that in almost all cases interactions play a vital
role, yet many results are not changed too seriously by them.



39K BEC with tunable interactions G. Roati et al,, PRL 99, 010403 (2007)
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NoO interactions: an excited Anderson insulator

a one localized statg —

two states
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Reaching the Anderson-localized ground state is very difficult, since J .« — 0



What is the nature of the ground-state with interactions?
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Momentum distribution with interactions

0

Momentum distributions for A/J=15

Diessler et al

Nature Phys. 6, 354 (2010)
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Phase fluctuations
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related work at Rice
Chen et al PRA 77, 033632 (2008)



Diessler et al Nature Phys. 6, 354 (2010)
Interaction-induced delocalization

Momentum distribution: Width of the central peak:
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Repulsive interactions shift the
localization transition towards larger Al




P(x) (arb. units)

4 B B
position (lattice sites)

correlation g(4.2d), 9(8.4d)

exponent [3, correlation length L



The correlation function

P(x) (arb. units)

0 5 10 15 20
position (lattice sites)
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correlation length increases with
Eint

(limits from imaging resolution)
—>average size of fragments in
fragmented BEC increases

exponent increases, as expected
(expect B=1 to =2, discrepancy
from thermal component in
images)

Change of exponent: crossover from AG to BEC
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theory:

Fontanesi, Wouters & Savona: PRL 103, 030403 (2009)
Cetoli & Lundh: PRA 81, 063635 (2010)

experiment:
Deissler et al., arXiv:1010.0853



Conductivity







Levy glass

22 May 2008 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

nature

.'/

BIRTHOFA
SUPERNOVA
X rays mark
the spot

. IDENTITYCRISIS
Police line-ups
on trial

EMBRYONIC
STEMCELLS
The ground state
for self-renewal

 New optical material in which FLIGHTSOF =~
light performs a Lévy flight FANCY

‘Lévy glass' opens a window
on new optical materials
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 Anomalous transport

properties: optical superdiffuser o
Barthelemy, Bertolotti, Wiersma,

Nature 453, 498 (2008)



H'{r) = \I,'n‘]zl::f:] = {2 U — <_,'l>~l1| !I!Ij[r]lg 1/2
j A









Localization transition for 3 approximating

an irrational number through the
F,=1,1,2,3,5,8,...
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Size as a function of time
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Expansion mechanisms:
resonances between states
(interaction energy enables coupling
of states within localization volume)

Observe:
* subdiffusive expansion (o < 0.5)
* . increases with E; /J,
decreases with A/J
o, saturates at = 0.4
larger than predictions for random
potential, comparable to Larcher et
al. for quasiperiodic - effect of

correlated potential?



Transport properties
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PRL 102, 024101 (2009) PHYSICAL REVIEW LETTERS 16 JANUARY 2009

Universal Spreading of Wave Packets in Disordered Nonlinear Systems

S. Flach, D.O. Krimer, and Ch. Skokos

Max Planck Institute for the Physics of Complex Systems, Nothnitzer Strasse 38, D-01187 Dresden, Germany
(Received 30 May 2008; published 14 January 2009)

In the absence of nonlinearity all eigenmodes of a chain with disorder are spatially localized (Anderson
localization). The width of the eigenvalue spectrum and the average eigenvalue spacing inside the lo-
calization volume set two frequency scales. An initially localized wave packet spreads in the presence of
nonlinearity. Nonlinearity introduces frequency shifts, which define three different evolution outcomes:
(i) localization as a transient, with subsequent subdiffusion; (ii) the absence of the transient and immediate
subdiffusion; (iii) self-trapping of a part of the packet and subdiffusion of the remainder. The subdiffusive
spreading is due to a finite number of packet modes being resonant. This number does not change on aver-

PHYSICAL REVIEW A 80, 053606 (2009)

Effects of interaction on the diffusion of atomic matter waves
in one-dimensional quasiperiodic potentials

M. Larcher,' F. Dalfovo,' and M. I\/Icﬁdugn{)2
'CNR INFM-BEC and Dipartimento di Fisica, Universita di Trento, 38050 Pove, Italy
’LENS and Dipartimento di Fisica, Universita di Firenze, Via N. Carrara 1, 50019 Sesto Fiorentino, Italy

(Received 9 September 2009; published 9 November 2009)

We study the behavior of an ultracold atomic gas of bosons in a bichromatic lattice, where the weaker lattice
is used as a source of disorder. We numerically solve a discretized mean-field equation, which generalizes the
one-dimensional Aubry-André model for particles in a quasiperiodic potential by including the interaction
between atoms. We compare the results for commensurate and incommensurate lattices. We investigate the role
of the initial shape of the wave packet as well as the interplay between two competing effects of the interaction,






Transport properties

The interaction is larger at the center: flat-top profile
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Delocalization transition for increasing interaction strength

Bose-Einstein condensate




BEAUTIFULNESS OF DISODER (controlled by hands) ...

LECCE, Puglia
Santa Croce

for Martin’s new landascapes



ic xtals, polar mo
I T




	
	Experimental geometry         L.Fallani et al. Phys.Rev.Lett. 98, 130404 (2007) 
	The bichromatic lattice
	P. W. Anderson,  Nobel lecture (1977)
	Momentum distributions for D/J=15
	Anomalous diffusion
	Dynamics – Expansion in a lattice
	Expansion in a lattice�                              incoherent hopping between localized states
	Expansion in a lattice
	Expansion: theory and simulation

