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An ultracold gasAn ultracold gas

T ~ 10 �K



A quantum degenerate Fermi gasA quantum degenerate Fermi gas

T�20nK < TF �db~ d



Ultracold fermions in a crystal structureUltracold fermions in a crystal structure



TrappingTrapping atomsatoms in a in a standingstanding wavewave

1 – 10 �K



3D Optical Lattice3D Optical Lattice

•Potential = simple cubic lattice + confining potential =

Fermions: 40K (typically ~105)

Lattice period 532nm

No more than 100 000 sites 
occupied

0-2 atoms per site

Size of HO ground state 100nm

3D lattices with fermions:
ETH, Hamburg, MIT, Mainz



Strong correlationsStrong correlations

Sir Nevill MottM. Greiner et al., Nature 415, 39 (2002) .

With bosons



FermiFermi--HubbardHubbard modelmodel

D. Jaksch et al., PRL 81, 3108 (1998) .
W. Hofstetter et al., PRL 89, 220407 (2002).

Interaction U; U=const. • scattering length

Tunneling J

Dimensionality

Filling

J U
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IdealIdeal FermiFermi gas in a 3D gas in a 3D latticelattice

Strong interactions

A Mott insulating state of fermions



FillingFilling thethe latticelattice

Brillouin zones
of a square lattice

(k=2���)

quasi momentum
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Absorption ImagingAbsorption Imaging

toms



ObservedObserved FermiFermi surfacessurfaces

“conductive state“ “band insulator“characteristic
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M. Köhl, H. M, T. Stöferle, K. Günter and T. Esslinger, PRL 94, 080403 (2005). 
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Ideal Fermi gas in a 3D lattice

StrongStrong interactionsinteractions

A Mott insulating state of fermions



TuningTuning interactionsinteractions:: FeshbachFeshbach ResonanceResonance

interatomic
distance

en
er

gy

open channel

closed 
channel tuning by external

magnetic field

T. Busch et al.
Found. Phys. 28, 549 (1998)



Interactions in the latticeInteractions in the lattice

deep lattice = array of harmonic oscillators



Interacting harmonic oscillatorInteracting harmonic oscillator

attractive
interactions

noninteracting

��repulsive
interactions



TuningTuning interactionsinteractions:: FeshbachFeshbach ResonanceResonance

interatomic
distance

en
er

gy

open channel

closed 
channel tuning by external

magnetic field

T. Busch et al.
Found. Phys. 28, 549 (1998)

repulsive

attractive
single band Hubbard model



RadioRadio--frequencyfrequency spectroscopyspectroscopy

bound state
apply RF pulse 

noninteracting
ground state

EB bound-bound
spectroscopy

mF
� -9/2
� -7/2
� -5/2



MeasuringMeasuring thethe bindingbinding energyenergy

T. Busch et al., Found. Phys. 28, 549 (1998)

Exact theory
(no free parameters)

T Stöferle, H. M., K. Günter, M. Köhl, T. Esslinger, Phys. Rev. Lett. 96, 040301 (2006)

Fermionic atoms transform into bosonic molecules!



Measuring double occupancyMeasuring double occupancy

bound state
apply dissociation pulse 

Interacting
occupation

Blue atoms=
� of doubly occupied sites

mF
� -9/2
� -7/2
� -5/2



T=0 Phase diagramT=0 Phase diagram

band insulator
Mott insulator
„conducting“ state

Probe for Mott

insulator



OutlineOutline

Ideal Fermi gas in a 3D lattice

Strong interactions

A Mott insulating state of fermionsA Mott insulating state of fermions



Simplified energy spectrumSimplified energy spectrum

Double occupancy atoms on doubly occupied sitesD :
all atoms

�

D = 80% D = 0%



Noninteracting vs. Mott insulating regimeNoninteracting vs. Mott insulating regime

R. Jördens, N. Strohmaier, K. Günter, H.M., T. Esslinger, arXiv/0804.4009 and Nature in press (2008).



Occupation of upper Hubbard bandOccupation of upper Hubbard band

Theory: Hubbard model with J:=0, including confinement
�T � 0.2�0.1 TF�0.1 U

From entropy in dipole trap: T/TF~0.28 � 0.1U



Compressibility with respect to DCompressibility with respect to D

Theory: Atomic limit (J=0) at T/TF~0.28 



ModulationModulation spectroscopyspectroscopy

C. Kollath et.al, Phys.Rev.A., 74, 041604 (2006)
T. Stöferle et.al., Phys.Rev.Lett. 92, 130403 (2004)

U

Modulation of the lattice amplitude with frequency U/h: Particle-hole excitation



Modulation spectroscopyModulation spectroscopy

U/6J=1.2
6.5 ER

U/6J=3.9
6.5 ER

U/6J=13.6
10 ER

U/6J=7.2
8 ER



Spectral WeightSpectral Weight

The black line is a guide to the eye



ConclusionConclusion

Noninteracting Fermi gasNoninteracting Fermi gas

Evidence for Mott insulating stateEvidence for Mott insulating state

AntiferromagneticAntiferromagnetic orderingordering

Roadmap for simulation of the Hubbard modelRoadmap for simulation of the Hubbard model

Test for RVB superfluidity in 2DTest for RVB superfluidity in 2D
•Trebst et al., PRL 96, 250402 (2006)
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