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Motivations

Ultracold atoms as quantum simulator ???

Superfluidity: atomic BEC <-> Helium (critical velocity, vortices, QT regime, ...)
Single order parameter: macroscopic coherence (interference, Josephson junctions..)
Quantum Statistics at demand: Fermi & Bose systems
Interactions at demand: weakly and strongly correlated regimes
BCS-BEC crossover: connecting superfluidity and superconductivity
Designing crystals with light: perfect lattices (Bloch oscillations, band insulators...)
Implementing quantum hamiltonians: quantum phase transitions (Mott, Tonks, BKT, quantum
magnetism)

YeS, atomic gases are a definitively nice tool for simulating nature...

But, so far, only a pretty perfect nature....

An example:
Real crystals are not standing waves, so full of vacancies and impurities and of course electrons like to
interact a lot

In fact, nature is not so perfect as we like to pretend...
Disorder is ubiquitous in nature, since nature is disordered !!!
And many phenomena depends critically by the presence of disorder.
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Anderson model: weakly interacting electrons hopping on a lattice with random on-site energies
Single particle tight binding model with random on-site energies
The eigenstates are spatially localized with exponentially decreasing tails.

- localization of waves in a random medium
- extended states become localized in the presence of disorder
- general phenomenon, from condensed matter (electrons)...
Kramer & MacKinnon, Localization: theory and experiment, Rep. Prog. Phys. 56,
1469–1564 (1993).
Lee & Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985)

...to:
- light waves
D.S. Wiersma et al, Localization of light in a disordered medium, Nature 390, 671-673 (1997).
F. Scheffold et al, Localization or classical diffusion of light?, Nature 398, 206-270 (1999).
M. Störzer et al, Observation of the critical regime near Anderson localization of light, Phys. Rev.
Lett. 96, 063904 (2006).
T. Schwartz et al, Transport and Anderson localization in disordered twodimensional photonic
lattices, Nature 446, 52-55 (2007).
Y. Lahini et al, Anderson Localization and Nonlinearity in One-Dimensional Disordered Photonic
Lattices, Phys. Rev. Lett. 100, 01390 (2008).
- microwaves
R. Dalichaouch et al, Microwave localization by 2-dimensional random scattering, Nature 354,
53-55 (1991).
A. A. Chabanov et al, Statistical signatures of photon localization, Nature 404, 850-853 (2000).
- sound waves
R.L Weaver, Anderson localization of ultrasound, Wave Motion 12, 129-142 (1990).
- matter waves (BECs)
J. Billy et al., Direct observation of Anderson localization of matter waves in a controlled
disorder, Nature 453, 891 (2008).
G. Roati el al., Anderson localization of a non-interacting Bose-Einstein condensate, Nature 453,
895 (2008).

Still, this is an “approximate” model: in fact electrons are highly interacting quantum objects!

..and many phenomena, as superfluidity and
superconductivity, rely on the interactions
between the particles.
-> interactions vs disorder

Despite many efforts, the interplay between
interactions and disorder remains a
challenging task (very difficult to control
interactions and disorder at will!!)

Quantum gases: quantum simulators ?

?
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J. Billy et al., Nature 453, 891 (2008)
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Yong P. Chen, J. Hitchcock, D. Dries, M.
Junker, C. Welford, and R. G. Hulet, Phys.
Rev. A 77, 033632 (2008)
M. White, M. Pasienski, D. McKay, S. Q.
Zhou, D. Ceperley, and B. DeMarco, Phys.
Rev. Lett. 102, 055301 (2009)

Our approach is to use a tunable BEC trapped into disordered potentials:

Disorder

BEC into an optical trap
Transfer into a fully controllable disordered quasi-periodic lattice
Manipulating the scattering length between the atoms (disorder vs interactions)
Mapping out the condensate wave-function with and w/o disorder

Bose glass

Anderson
glass

i. no phase
coherence
ii. broad F(k)

Superfluid

i. phase
coherence
ii. narrow F(k)

Mott

Interactions

A tunable 39 Potassium BEC
Our disordered potential: the
bichromatic lattice
One word on the non-interacting,
system: observing Anderson
localization.
From an uncorrelated glass to a
coherent state

Cooling potassium to BEC
Sympathetic cooling of 39K-87Rb:
rubidium

potassium

Tuning the interactions via a magnetic
Feshbach resonance in a potassium
condensate (39K)
BEC of 100000 atoms below 50 nK

Feshbach tuning of the interactions (mag.
field stability 50 mG -> 0.03 a0 !!)

U < 10-4 J
G. Modugno, et al. Science 294, 1320 (2001)
G. Roati, et al. PRL 89, 150403 (2002)
G. Roati et al. PRL 99, 010403 (2007)

Evaporative+sympathetic cooling in a magnetic trap
down to Τ∼1μΚ
Loading in a crossed beam dipole trap at λ=1030 nm,
P=10 W.

NRb ≅ 1.5× 106 and NK ≅ 6×105 atoms @1.8 μK
Selective evaporation in the dipole trap
Homogeneous magnetic field: B ~0-1000 G, dI/I <10-4

F=2, mF=2

F=2, mF=2

U

K
6.834 GHz

462 MHz

F=1, mF=1

Rb
F=1, mF=1

z

Potassium BEC

39K

Rb
T=1.8 μK
NK=6×105
akRb=28 a0
akK=-33 a0

K

Rb
T=0.25 μK
NK=3.4×105
akRb=150 a0
akK=-33 a0

BEC

K
Tc=0.10 μK
NK=1×105
akK=180 a0

G. Roati et al. PRL 99,010403 (2007)

Tuning the interactions

• B > 398.5 G -> 3-body losses due to Feshabach resonance: K3∝a4
• 350.2 G <B<398.5 G -> stable BEC with tunable positive interactions
• B < 350.2 G -> BEC with negative interactions
Stable BEC with negative interactions (N,a)
Collapse: ac =aho/ N

-2 a0

~0 a0

180 a0

Collapse: ac =aho/ N

*

aK=0 -> ground state of the harmonic oscillator, Erel pure kinetic energy aho =

h
= 1.84 µm
mϖ

Observation of the dipolar interactions in 39K
M. Fattori et al. Phys. Rev. Lett. 101, 190405 (2008)
M. Vengalattore, S. R. Leslie, J. Guzman, and D. M.
Stamper-Kurn Phys. Rev. Lett. 100, 170403 (2008)
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Quasi-periodic lattice(a=0)

S. Aubry and G. André, Ann. Israel
Phys. Soc. 3, 133 (1980).

Metal-insulator (exp. localized) transition even in with 1D
disorder for Δc = 2 J
The competition between J (main lattice) and Δ
(disorder) defines the physics

J

λ1 = 1064.42 nm
λ2 = 866.3 nm

4J
2Δ
4.4 lattice sites
G. Roati et al. Nature 453, 895, 898 (2008)

spatial distribution

Extended states

Localized states

momentum distribution

narrow peaks in p(k)

broad peaks in p(k)

G. Roati et al. Nature 453, 895, 898 (2008)

experiment

theory

Universal behavior
with Δ/J

Time

Δ/J = 0

Δ/J = 1.1

Δ/J = 2.6

Δ/J = 4.3

Adding the interactions: B. Deissler et al. arXiv:0910.5062, Nature physics online 04/11/2010
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measuring the fluctuations of the phase of the interference pattern in the momentum distribution, or by the relative height of the two stat
which can be related to the spatially averaged correlation function g(4.4d).
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system is a realization of the Aubry–André model29 , which shows an
Anderson-like localization transition for a finite value of the disorder ∆/J = 2. Above the transition, the non-interacting eigenstates of
the potential are exponentially localized owing to the quasiperiodic
perturbation of the lattice on-site energies and the energy spectrum
13,30
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seen that several low-lying eigenstates, separated on average by
d/(β − 1) ≈ 4.4d, where β = k2 /k1 , are typically populated in the
experiment. Adding weak interactions, the different regimes that
appear as a result of the interplay of disorder and interactions can
be explored. For very weak repulsive interactions, the occupation of
several eigenstates in the lowest miniband is favoured (Fig. 1a). This

Disorder

Figure 3 | Probing the interaction-induced delocalization. a, Root-mean-square width (in units of k1 ) of the central peak of the momentu
The white line gives Eint = 0.05∆ (standard deviation of the lowest-lying energies), where we expect the centre of the delocalization cros
exponent α of states occupying the potential wells. The line is the same as in a. The data taken at different values of ∆/J and Eint /J are line
the colour indicates the mean value of the measured quantity.
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Damski et al., PRL 91, 080403 (2003)
Lugan et al., PRL 98, 170403 (2007)

SIT transition
Superconductor

P.W. Anderson demonstrated that superconductivity is stable
against some disorder (no magnetic) (“Anderson theorem”).

Δ

but... 2D disordered superconductors show a transition from a
superconducting to an insulator phase (SIT).
The nature of this transition is still under debate.

ϕ

Δ1
Disorder “fragments” the order parameter:
-> Islands of superconductivity with defined Δ
-> The system behaves as a bulk superconductor
as long as Δ≠0, and the phases of Δ(r) on two
sides of the sample are correlated. The
correlations are guaranteed by coherent
tunnelling of Cooper pairs between the islands
Insulator

P. W. Anderson. Theory of dirty superconductors, J.
Phys. Chem. Solids, 11:26–30, 1959.
Y. Dubi, et al. Nature, 449:876–880, 2007

disorder

Δ2

Future plans
I. Strongly correlated bosons (1D) in presence of disorder:
a. Expected transition from a SF to Bose glass phase (U,Δ>>J)
b. Probing the excitation spectra (Bragg spectroscopy)
c. Compressibility measurements (Mott vs Bose glass)
II. Fermions in disordered potentials: closer connection to condensed matter problems
a. Competition between EF and disorder strength
b. Fermions in 2D disordered potential (superfluidity vs disorder, MIT)

1D highly correlated Bose systems (Rb)
PRL 102, 155301 (2009)
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41K-87Rb Bose-Bose mixture

Exploring Correlated 1D Bose Gases from the Superfluid to the Mott-Insulator State
by Inelastic Light Scattering
D. Clément,* N. Fabbri, L. Fallani, C. Fort, and M. Inguscio
LENS, Dipartimento di Fisica, Università di Firenze and INFM-CNR, via Nello Carrara 1, I-50019 Sesto Fiorentino (FI), Italy
(Received 23 December 2008; revised manuscript received 10 February 2009; published 13 April 2009)
We report the Bragg spectroscopy of interacting one-dimensional Bose gases loaded in an optical lattice
across the superfluid to the Mott-insulator phase transition. Elementary excitations are created with a
nonzero momentum and the response of the correlated 1D gases is in the linear regime. The complexity of
the strongly correlated quantum phases is directly displayed in the spectra which exhibit novel features.
This work paves the way for a precise characterization of the state of correlated gases in optical lattices.
DOI: 10.1103/PhysRevLett.102.155301
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We produce an array of independent 1D gases by adiaCold atomic gases loaded in optical lattices have been
batically loading a three-dimensional (3D) Bose-Einstein
routinely used during the past few years as a versatile and
condensate (BEC) of 87 Rb atoms (N ’ 1:5 ! 105 , chemipowerful experimental system to study many physical
cal potential !3D =h ’ 740 Hz) in two orthogonal optical
problems [1]. They have been used to realize and manipulattices ("L ¼ 2#=qL ¼ 830 nm) at a large amplitude
late strongly correlated quantum phases [2–4] and constiV? ¼ s? ER ¼ 35ER where ER ¼ h2 =2m"2L , h being the
tute a promising candidate for implementing quantum
Planck constant and m the atomic mass. The 1D gases can
information processing and quantum simulation schemes
be considered independent since the tunneling rate in the
[5]. The cornerstone to achieving those goals consists of a
transverse plane is 0.75 Hz and much smaller than the
precise characterization of the correlated gaseous phases.
inverse time scale of the experiment. A crucial quantity
As in similar problems of condensed matter, the presindicating the regime in which a 1D gas lies is the ratio of
ence of strong correlations makes it hard to draw a comthe mean-field interaction energy to the kinetic energy
plete picture, both from the experimental and theoretical
needed to correlate particles on a distance 1=n1D , n1D being
point of view. The implementation of spectroscopic
the atomic density [15]. This ratio is $ ¼ mg1D =@2 n1D , g1D
probes, such as angle-resolved photo-emission spectrosbeing the interatomic coupling in the 1D gas [16]. For $ #
copy for high-Tc superconductors where electron-electron
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1, the 1D gas is in the mean-field regime while for $ $ 1 it
correlations
play a major role [6], are crucial. For the Mottenters the Tonks-Girardeau regime [17]. In our experiment
insulator phase created with atomic gases, experiments
$ ’ 0:6 [18] so the correlations in the 1D gases are
have investigated the presence of a gap in the spectrum
stronger than in the mean-field regime. To drive the 1D
[2,7], the shell structure [8], the spatial order [9] and the
gases from a SF state to a MI state, a longitudinal optical
suppression of compressibility [4]. Yet an experimental
lattice ("L ¼ 830 nm) with an amplitude Vy ¼ sy ER is
probe giving direct access to important information, such
as the temperature or the elementary excitations on which
added along the axis of the 1D gases.
the dynamical properties of the many-body system depend,
The spectroscopic study of the 1D gases is performed
is still missing.
that inelastic
light 1,2 using a two-photon1 Bragg excitation
[19]. Once the 1D
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interactions, which in the limit of vanishing collision energies can and molecules3,8–10 , the peculiar Efimov spectrum has so far eluded
be described by a single parameter, namely the s-wave scattering observation. This is mainly due to the difficulty of realizing a system
0031-9007=09=102(15)=155301(4)
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Society
length, independently from the nature of the particles and of155301-1
the with resonant two-body
interaction
fulfillingPhysical
the requirement
microscopic shape of their interaction1,2 . If the two-body scattering |a| � r0 . Ultracold atomic gases have been demonstrated to be a very
length becomes resonantly large, the binding of few such particles appealing system in this respect, because of their ultralow collision
into larger aggregates is predicted to become universal, in the sense energies and because Feshbach resonances11 enable the scattering
that its properties depend only on the scattering length and few length to be tuned over several orders of magnitude, offering
other global parameters3 .
the unprecedented possibility to reproduce in a single system the
These expectations have been so far verified only for two-body whole Efimov scenario. However, only individual Efimov states
2
bound states , and even the seemingly simple case of three particles have been found so far through the study of atomic and molecular
is still under investigation. In this frame, a landmark theoretical collisions in a system of identical bosonic atoms9,10 and in mixtures
result was obtained in 1970 by Efimov4,5 . He extended previous of distinguishable particles12–14 , and doubts about the realistic
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We investigate experimentally the entropy transfer between two distinguishable atomic quantum gases
at ultralow temperatures. Exploiting a species-selective trapping potential, we are able to control the
entropy of one target gas in presence of a second auxiliary gas. With this method, we drive the target gas
into the degenerate regime in conditions of controlled temperature by transferring entropy to the auxiliary
gas. We envision that our method could be useful both to achieve the low entropies required to realize new
quantum phases and to measure the temperature of atoms in deep optical lattices. We verified the
thermalization of the two species in a 1D lattice.

Recent observations of confinement induced resonances
DOI: 10.1103/PhysRevLett.103.140401
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In recent years, an intense research of quantum phases
common to condensed matter systems and atomic quantum
gases has made remarkable progresses [1]. Some of these
phases can only be reached provided that the temperature is
suitably low. However, in strongly correlated quantum
systems, even the temperature measurement can be a challenging task. If so, to ascertain whether a given quantum
phase is accessible, it is convenient to focus on the critical
value of entropy, rather than temperature. The advantage is
especially clear when the strongly correlated regime is
reached by sufficiently slow, entropy-preserving, transformations of the trapping potential, as it is often the case for
atoms in deep optical lattices [2]. For these reasons, it is
important to determine and grasp control of the entropy of
degenerate quantum gases [3–5]. In this work, we demonstrate the reversible and controlled transfer of entropy
between the two ultracold, harmonically trapped Bose
gases, which is based on the use of a species-selective
dipole potential (SSDP), i.e., an optical potential experienced exclusively by one species (Fig. 1) [6,7]. In particular, we drive the target gas across the threshold for BoseEinstein condensation, by a reversible transfer of entropy
to the auxiliary gas.
The main idea can be understood from textbook thermodynamics. Let us consider two distinguishable gases
filling an isolated box, exchanging neither particles nor
energy with the outside, and imagine that only one gas
(target) is compressed, e.g., through a piston permeable to
the second gas (auxiliary). The temperature will increase
and, in thermal equilibrium, heat, hence entropy, will transfer from the target to the auxiliary uncompressed gas. In
the limit of the auxiliary gas containing a large number of
particles, it stands as a thermal bath. In a more formal way,
for an ideal gas of N particles, the entropy S is proportional
to N logð!=NÞ, where the number of accessible singleparticle states ! increases with the energy density of states
and with the average energy, i.e., the temperature. In an
0031-9007=09=103(14)=140401(4)

adiabatic compression of one single gas, the reduction of
the energy density of states is compensated by a temperature raising such that !, hence S, remains constant. If we
add the uncompressed auxiliary gas in thermal contact, the
temperature raising must be lower: ! decreases for the
target gas (and increases for the auxiliary component). In
our experiment, the gases are trapped by adjustable harmonic potentials, but the underlying physics is the same.
To make quantitative predictions, we start from the
entropy of an ideal gas at temperature T in a harmonic
potential with angular frequency ! [8]: S ¼
kB Nth ½4g4 ðzÞ=g3 ðzÞ % logðzÞ&, where Nth denotes the number of thermal atomsP
and the polylogarithmic functions are
defined as gn ðzÞ ¼ k'1 zk =kn . Above the BEC critical
temperature Tc , Nth equals the total atom number N, and
the fugacity z is implicitly given by the relation N ¼
g3 ðzÞðkB T=@!Þ3 . Below Tc , z ¼ 1 and only the thermal
atoms contribute to the entropy, each with a quantity equal
to 4kB !ð4Þ=!ð3Þ, !ðnÞ ¼ gn ð1Þ, so that

FIG. 1 (color online). Schematic of our experimental procedure. Left: the harmonic magnetic potential is common to both
gases, auxiliary (red, larger) and target (blue, smaller). Right: the
species-selective dipole beam compresses the target sample and
drives it into the degenerate regime. Trapping potentials for the
auxiliary Rb (dashed line) and the target K gas (solid line) are
sketched on the background panels together with the K density
distributions.
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