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Fermions in optical lattices
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FermiFermi--HubbardHubbard modelmodel

D. Jaksch et al., PRL 81, 3108 (1998) .
W. Hofstetter et al., PRL 89, 220407 (2002).
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Quantum Quantum phasesphases in in thethe latticelattice
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Repulsive PhasesRepulsive Phases

Antiferromagnet

T/ TF

U / J

Mott isolator

Increasing repulsion →

Half filling

Antiferromagnetic order favorable because 
atoms can virtually hop to next site (paying U). 
This delocalisation minimises kinetic energy.

Normal

Take away a few particles Take away a few particles 
îî High THigh TccSuperconductivity ?Superconductivity ?
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Ideal Ideal FermiFermi gas in a 3D gas in a 3D latticelattice

Strong interactions in the lattice

Transport of interacting fermions

1D Fermi gas



FillingFilling thethe latticelattice

Brillouin zones
of a square lattice

(k=2π/λ)

quasi momentum



TheThe inhomogeneousinhomogeneous latticelattice

position

M. Rigol and A. Muramatsu PRA 70,043627 (2004)
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Adiabatic ExpansionAdiabatic Expansion

Deep lattice weak lattice free atoms

• no transitions to higher bands
• quasi-momentum conserved (nearly)
• not adiabatic for many-body wavefunction
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Atoms

Laser beam

UHV glass cell

lens

Absorption ImagingAbsorption Imaging



ObservedObserved FermiFermi surfacessurfaces

“conductive state“ “band insulator“characteristic
filling

ex
pe

rim
en

t
th

eo
ry

M. Köhl, H. M, T. Stöferle, K. Günter and T. Esslinger, PRL 94, 080403 (2005). 



Ideal Fermi gas in a 3D lattice

StrongStrong interactionsinteractions in the latticein the lattice

Transport of interacting fermions

1D Fermi gas



FeshbachFeshbach resonanceresonance

• Tune bound state of a “closed channel” into degeneracy with the continuum

ΔE = Δμ x B

closed 
channel

r

E

open channel

B0

magnetic field

EKin

• Convenient tuning by mag. field: the two states have different mag. moment

Interaction between spins of atoms
at close distance may couple states
mtot conserved



Free space: Feshbach resonanceFree space: Feshbach resonance

B

Composite Bosons Free Fermions



Interactions in the latticeInteractions in the lattice

deep lattice = array of harmonic oscillators



Interacting harmonic oscillatorInteracting harmonic oscillator

attractive
interactions

noninteracting

ћωrepulsive
interactions



Harmonic oscillator spectrumHarmonic oscillator spectrum

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

rψ



nRF

RF RF spectroscopyspectroscopy in in thethe latticelattice

bound state

noninteracting
ground state

EB

nRF



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!



ThermometryThermometry in in thethe latticelattice

M. Köhl, cond-mat/0510567.
see also: H. G. Katzgraber et al., cond-mat/0510194 and for bosons: G. Pupillo et al., cond-mat/0407075. 

Temperature determines the fraction of doubly occupied lattice sites n2.
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GoingGoing thethe otherother directiondirection ……

Two interacting particles
in a harmonic oscillator

sweep across
Feshbach resonance

noninteracting

observe atoms in 
higher bands

1st Brillouin zone

M. Köhl et al., Phys. Rev. Lett. 94, 080403 (2005).
Theory: Diener & Ho, PRL 96, 010402 (2006), H. G. Katzgraber et al., PRA 74, 043602 (2006).

Physics beyond the single
band Hubbard model.
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Connection to Hubbard modelConnection to Hubbard model

U

Attractive Hubbard model

Repulsive Hubbard model

Single band region



Ideal Fermi gas in a 3D lattice

Strong interactions in the lattice

Transport of Transport of interactinginteracting fermionsfermions

1D Fermi gas



ObservingObserving transporttransport

C. D. Fertig et. al, Phys. Rev, Lett, 92, 120403 (2005)
H. Ott, E. de Mirandes, F. Ferlaino, G. Roati, G. Modugno, and M. Inguscio, Phys. Rev, Lett, 92, 160601 (2004)

V0 = 5ER



ObservingObserving transporttransport

Lattice depth 5 ER, ~half filling in the center



InhibitedInhibited TransportTransport

No interaction

Strong attraction

pair tunneling
Jpair ∼ J

60

~ half filling in the center

y(t) = y0 + Ae
−Γ·t

effective tunneling
Jeff = 2J · JU



Drift RateDrift Rate

fast

slow

Increasing attraction

Jeff = 2J · JU

Normal tunneling J

No  tunneling



Pair formation increasesPair formation increases



Ideal Fermi gas in a 3D lattice

Strong interactions in the lattice

Transport of interacting fermions

1D Fermi gas1D Fermi gas



ScatteringScattering and and confinementconfinement

Bound state for a>0
(Wigner, 1933)

1D is different!
(Olshanii, 1998)



/ 270zω ω⊥ ∼

fermionic 40K • aspect ratio

•

•
red-detuned standing waves
V = 25 ER  ,  λ = 826 nm
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1D Fermi Gas1D Fermi Gas



Molecules in 1DMolecules in 1D

T. Bergemann, M.G. Moore, M. Olshanii

Phys. Rev. Lett.  91, 163201 (2003)
0a<

Free space1D



1D 1D versusversus 3D3D

H. M., T. Stöferle, K. Günter, M. Köhl, T. Esslinger, Phys. Rev. Lett. 94, 210401 (2005).

a>0 a<0



ConclusionsConclusions

FermiFermi surfacessurfaces

StrongStrong interactionsinteractions & & moleculesmolecules

1D Fermi Gas1D Fermi Gas

Transport of Transport of interactinginteracting fermionsfermions



OutlookOutlook

LowLow--dimensionaldimensional systemssystems
Exactly solvable BEC-BCS Crossover

J.N. Fuchs et al., PRL 93, 090408 (2004) 
I.V. Tokatly, Phys. PRL 93, 090405 (2004)

Mott Mott insulatinginsulating & & antiferromagneticantiferromagnetic phasephase
W. Hofstetter et al., PRL 89, 220407 (2002) 
F. Werner et al., PRL 95, 056401 (2005)
E. Altman et al., PRA 70, 013603 (2004)

SuperfluiditySuperfluidity in in thethe latticelattice
W. Hofstetter et al., PRL 89, 220407 (2002) 




