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Strong correlations
Still no explanation

Theorists are lazy !!!!Theorists are lazy !!!!



How to study ?How to study ?How to study ?How to study ?

Very difficult !! y
Bednorz Muller

Example of  High Tc superconductors (86) 



Find a simplified modelFind a simplified modelFind a simplified modelFind a simplified model

Simplest model containing:p g
- Bands (filling)

I t r ti- Interactions



Hubbard model (1963)Hubbard model (1963)Hubbard model (1963)Hubbard model (1963)



Analytic calculationsAnalytic calculationsAnalytic calculationsAnalytic calculations

• No good method (except 1d)No good method (except 1d)

V i i i i lif h• Various approximations to simplify the 
model

• Never sure whether the results are or

ode

Never sure whether the results are or 
are not an artefact of  the 
approximations used



Numerical calculationsNumerical calculationsNumerical calculationsNumerical calculations

• Extremely powerful for classical 
s stemssystems

Q• Quantum systems
Bosons ψ (x1,x2) = ψ (x2,x1)( , 2) ( , 1)
Fermions ψ (x1,x2) = - ψ (x2,x1)

• Sign problem !! 



Configurations: 
“probabilités” négatives siprobabilités  négatives si
on veut représenter par des 

mbrnombres

Exponential error with the system size



Properties (U>0)Properties (U>0)Properties (U>0)Properties (U>0)

T

??
δ= n-1

 Mott insulator (n=1)Mott insulator (n=1)

 T < T_N : T < T_N : AntiferromagneticAntiferromagnetic phasephase

 No numericalNo numerical problem (n=1)problem (n=1)



What to do ?What to do ?What to do ? What to do ? 

• A genius guess what the right solution isA genius guess what the right solution is

B f i l k• Brute force numerical attack

• Find a « computer » that does not 
suffer from sign problemsuffer from sign problem



Help Help fromfrompp
anotheranother fieldfield ofofanotheranother fieldfield of of 

physicsphysicsphysicsphysics



Atom coolingAtom coolingAtom coolingAtom cooling



Atom trappingAtom trappingAtom trappingAtom trapping

• Evaporative coolingEvaporative cooling



Group: T. Esslinger (ETH, Zurich) 



BEC in coldBEC in cold atomicatomic gasesgasesBEC in cold BEC in cold atomicatomic gasesgases

2001: Cornell, 
K l WiKetterle, Wieman

1924: predicted by 
Bose and EinsteinBose and Einstein



Atoms in a latticeAtoms in a latticeo s ceo s ce

TunnellingTunnelling

Short range 
i iinteraction

Proposal: D. Jaksch et al PRL81 3108 (98)
P. Zoller



Simulators for condensed matterSimulators for condensed matterSimulators for condensed matterSimulators for condensed matter

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, I. Bloch, Nature 415 39 (2002)



Control on the dimensionControl on the dimensionControl on the dimensionControl on the dimension

I. Bloch, Nat. Phys 1, 23 (2005)



QuantumQuantum simulatorssimulators !!Quantum Quantum simulatorssimulators ! ! 

InteractionsInteractions
(Lattice, Feschbach
resonnance)

Fermions
Statistics DimensionalityBosons

Fermions

ENS, ETH, LENS, Mainz, MIT, 
NIST, Penn State, 



DD ????DreamDream ????



Two dimensionalTwo dimensional superfluidssuperfluidsTwo dimensional Two dimensional superfluidssuperfluids



Anderson localization (1958)Anderson localization (1958)( )( )

Aubry-Andre Model  (Ann. Isr. Phys. Soc. 3, 133 1980)



Anderson localization (1958)Anderson localization (1958)( )( )

Aubry-Andre Model  (Ann. Isr. Phys. Soc. 3, 133 1980)



InteractionsInteractionsInteractionsInteractions



Stoner criterionStoner criterionStoner criterionStoner criterion



Hubbard modelHubbard modelHubbard modelHubbard model



Exotic physics, reduced Exotic physics, reduced 
di i lidi i lidimensionalitydimensionality



One dimension: One dimension: LuttingerLuttinger liquidsliquidsgg qq

T. Stoferle et al.
PRL 92 130403 (2004)PRL 92 130403 (2004)

1D Mott insulatorA.F. Ho, M. A.Cazalilla,TG 
PRL 92 130405 (2003); 
NJP 8 158 (2006)

1D physics (Luttinger Liquids)
NJP 8 158 (2006)



ExperimentsExperiments

T Stoferle et al

ExperimentsExperiments

T. Stoferle et al.
PRL 92 130403 (2004)



Tonks limitTonks limitTonks limitTonks limit

U = ∞ : spinless fermionsU = ∞ : spinless fermions

N t f r n(k)   Not for n(k) : F  B

B. Paredes et al Nature (2004)

T Kinoshita et al Science (2004)T. Kinoshita et al. Science (2004)

M. Kohl et al. PRL (2004)



C pl d 1DC pl d 1D F rmi niF rmi ni h in :h in :Coupled 1D Coupled 1D FermionicFermionic chains:chains:
DeconfinementDeconfinementDeconfinementDeconfinement



DeconfinementDeconfinementDeconfinementDeconfinement
400

600 TMTTF2PF6

a

c

y,
 T

* 
(K

)

60

80
100

200

T*

IC
SDW

C
SDWSpin-PeierlsA

ct
iv

at
io

n 
en

er
gy

0 5 10 15 20 25
Pressure (kbar)

TG Chemical 
Review 104 5037 

P Auban-Senzier D Jérome C Carcel and J M Fabre J de Physique IV (2004)

(2004)

D. Jaccard et al., J. Phys. C, 13 L89 (2001)

P. Auban-Senzier, D. Jérome, C. Carcel and J.M. Fabre J de Physique IV, (2004)



New possibilitiesNew possibilitiesNew possibilitiesNew possibilities



Out of equilibrium physicsOut of equilibrium physicsOut of equilibrium physicsOut of equilibrium physics

M. Greiner, O. Mandel, T. Esslinger, 
T. W. Hansch, I. Bloch, Nature 415 39 (2002)



Quantum dynamics of isolated Quantum dynamics of isolated 
systemssystems



Bosons with “spins”Bosons with “spins”pp

[L E S dl t l N t 443 164 (2006)][L.E. Sadler et. al., Nature 443, 164 (2006)]
[J.M. Higbie et. al., PRL 95, 050401 (2005)]

87Rb t F 1 t t

Spin 1 system

87Rb atoms, F=1 states

Spin 1 system
[J.M. McGuirk et. al., PRL 89, 090402 (2002)]

|F=1,mF=-1〉and |F=2, mF = 1〉 “spin” ½ system
[M.Erhard et. al., PRA 69, 032705 (2004)] [A. Widera et. al., PRL 92, 160406 (2004)]



DD ????DreamDream ????



The simulator The simulator isis
notnot perfectperfect ((yetyet))not not perfectperfect ((yetyet))



TempératureTempérature (Fermions)(Fermions)TempératureTempérature (Fermions)(Fermions)

T = 1 nK

i T/T F 1/6Mais T/T_F = 1/6          

T 2000 KTeff = 2000 K



ConfiningConfining potentialpotentialConfiningConfining potentialpotential
U/J=10U/J=10

H 2 ( )H = ∫r2 (r)

• No homogeneous phase !



Probes !Probes !Probes !Probes !

Atoms are neutral ! 

n(k) (time of  flight) useless for fermions !( ) ( g )

Need to probe correlations !



timetime--ofof--flight measurement flight measurement proposed: Raman spectroscopyproposed: Raman spectroscopy
>G ‘ f ti F i f>G ‘ f ti F i f--> momentum distribution> momentum distribution -->Green‘s function, Fermi surface>Green‘s function, Fermi surface

noise measurement: noise measurement: 
München

Paris

-->  density>  density--density correlationsdensity correlations

periodic lattice modulation 

Mainz

Zurich

microwave spin-changing
transitions
density spatially resolved

molecule formation
binding energy
doubly occupied sitesdensity spatially resolved doubly occupied sites

Main
z

Zurich



Shaking of the latticeShaking of the latticeShaking of the latticeShaking of the lattice

T S f l lT. Stoferle et al. PRL 92 130403 (2004)

3D superfluid

Not so simple !
Mott ins.

A. Iucci, M.A. Cazalilla, AF Ho, TG, PRA 73, 041608R (2006); 
C Kollath A Iucci TG W Hofstetter U Schollwock PRL 97 050402 (06)C. Kollath, A. Iucci,  TG, W. Hofstetter, U. Schollwock, PRL 97 050402 (06)
C. Kollath et al. PRA 74 041604(R) (2006):



“Photoemission”“Photoemission”PhotoemissionPhotoemission



Ob i i “ l i ” f hOb i i “ l i ” f hObservation in “real time” of the Observation in “real time” of the 
Hubbard modelHubbard modelHubbard modelHubbard model



M. Greiner et al.



NeedNeed local probes !local probes !NeedNeed local probes !local probes !

STM CATSTM CAT
C. Kollath, M. Koehl, TG PRA 76 063602 (2007)
Physics Web 
http://physicsweb.org/articles/news/11/4/13/1



Ions + cold atomsIons + cold atomsIons + cold atomsIons + cold atoms



ConclusionsConclusionsConclusionsConclusions

 Cold Cold atomsatoms//condensedcondensed mattermatter: : complementarycomplementary

C ldC ld i li l Cold Cold atomsatoms: quantum : quantum simulatorssimulators

 TunabilityTunability and local interactionsand local interactions IdealIdeal to exploreto explore TunabilityTunability and local interactions. and local interactions. IdealIdeal to explore to explore 
lowlow dimensionaldimensional physicsphysics..

 OfferOffer new new excitingexciting possibilitiespossibilities (out(out of of 
equilibriumequilibrium isolatedisolated quantumquantum systemssystems etc )etc )

 InhomogeneousInhomogeneous phases phases 

equilibriumequilibrium, , isolatedisolated quantum quantum systemssystems, etc.)., etc.).

 ProbesProbes



And I’m not happy with the analyses that go with just the classicalAnd I m not happy with the analyses that go with just the classical
theory, because Nature isn’t classical, dammit, and if you want to
make a simulation of Nature, you’d better do it quantum mechanical,make a simulation of Nature, you d better do it quantum mechanical,
and by golly it’s a wonderful problem because it does not look so
easy.

Richard P. Feynman, “Simulating Physics with Computers” 
I J f Th Ph (1981)Int. J. of  Theor. Phys. (1981)


