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Swimming in the Fermi sea
What is the fate of a single
impurity in a Fermi sea?

Crucial question for
• electron transport in lattices
• Kondo problem
(single magnetic impurity)
• mobility of 4He in 3He
…
• determines the properties of
many condensed matter 
systems at low temperature



Polarons
• Historically:

e- interacting with lattice distortions (phonons)
L. D. Landau, Phys. Z. Sowjetunion 3 664 (1933).

• Quasi-particle:
Electron and its polarization cloud

• “Dressed” energy
• Weight Z – probability of free propagation
• Effective mass m*

• Found “everywhere”, important for colossal 
magnetoresistance, affects spectral function of High-TC
materials, applied to fullerenes, polymers, etc…

Polarons: The “N+1”-body problem

Theory: Landau, Froehlich, Feynman, Anderson



Impurities interacting with a Fermi sea

Example: Kondo effect
A spin impurity interacting with Fermi sea of electrons
leads to increase in resistance at low temperatures
Our cold atom system:
Mobile impurity interacting with Fermi sea of atoms
Highly imbalanced mixture of two hyperfine states
• Highly controllable
• Tunable, resonant interactions
• All relevant parameters known:

Allows quantitative test of many-body theories
• Polaron properties determine phase diagram of 
imbalanced Fermi mixtures



Tunable Interactions

Vary interaction strength between spin up and spin down
Example: tunable square well (with           ):
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Optical trapping @ 1064 nm

νaxial = 10-20 Hz
νradial= 50–200 Hz
Etrap = 0.5 - 5 μK

Preparation of an interacting Fermi system in Lithium-6

At high fields, states |1> and |2> have
large and negative scattering length

a12 = −2100 a0

Electronic spin: S = ½, Nuclear Spin: I = 1
(2I+1)(2S+1) = 6 hyperfine states
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The BEC-BCS Crossover



Vortex lattices in the BEC-BCS crossover

M.W. Zwierlein, J.R. Abo-Shaeer, A. Schirotzek, C.H. Schunck, W. Ketterle,
Nature 435, 1047-1051 (2005)

Establishes superfluidity and phase coherence
in gases of fermionic atom pairs
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Fermionic Superfluidity with Imbalanced Spin Populations
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M.W. Zwierlein, A. Schirotzek, C.H. Schunck, W. Ketterle,
Science  311, 492 (2006)



Phase Diagram for Unequal Mixtures

Breakdown: Critical polarization Pc  ∝ Gap Δ

BCSBEC

P

M.W. Zwierlein, A. Schirotzek, C.H. Schunck, W. Ketterle,
Science  311, 492 (2006)



Molecule Mean FieldPolaron

strong attraction weak attraction

Swimming in the Fermi Sea
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Theory: Chevy, Lobo, Giorgini, Stringari, Prokof’ev, Svistunov, Sachdev, Sheehy,
Radzihovsky, Lamacraft, Combescot, Sa de Melo
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Swimming in the Fermi sea

A single        atom immersed in a        cloud
with unitarity limited interactions

Binding energy must be universal

F. Chevy PRA 74, 063628 (2006), Variational Cooper pair Ansatz
C. Lobo, A. Recati, S. Giorgini, S. Stringari, PRL 97, 200403 (2006), Monte-Carlo

↑〉⎜↓〉⎜

Ε↓ = γ EF↑ γ = − 0.6



Swimming in the Fermi sea

F. Chevy PRA 74, 063628 (2006), Variational Cooper pair Ansatz
C. Lobo, A. Recati, S. Giorgini, S. Stringari, PRL 97, 200403 (2006), Monte-Carlo
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‐1/kF a

Polaron Quasi‐particle weight = Probability of free propagation
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Can we measure the
binding energy?



Radiofrequency spectroscopy

↓〉⎜
↑〉⎜

S. Gupta, Z. Hadzibabic, M.W. Zwierlein, C.A. Stan, K. Dieckmann, C.H. 
Schunck, E.G.M. van Kempen, B.J. Verhaar, and W. Ketterle, Science 

300, 1723 (2003)



Radiofrequency spectroscopy
No interactions
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Photon energy = Zeeman + Binding + Kinetic energy



Radiofrequency spectroscopy
Molecular Pairing
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C.Chin et al. Science, 305, 
1128 (2004)
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Feshbach Resonance at 690G

Experimental Realization
6Li - Atom: 6 hyperfine states

| >

| >

|free>

• Spatially resolved
• 3D reconstructed

RF spectroscopy



Emergence of the Fermi Polaron

Molecular limit towards Unitarity

A. Schirotzek, C. Wu, A. Sommer, MWZ, PRL, to be published, arXiv/0902.3021
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RF Spectroscopy on Polarons
Polaron =      Free particle +           scattered statesZ 1 Z−
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Polaron weight: Ζ

Spectrum @ 690 G

Narrow peak
long lifetime

Narrow peak
long lifetime

 ( ) ) ( )( incoherentI Z Eω ω ωδ ↓− + Γ∝RF Spectrum:

Scattered states
(particle-hole excitations)

High energy
High momentum
Short range physics

Polaron =      Free particle +           scattered statesZ 1 Z−

RF Spectroscopy on Polarons



Quasiparticle residue vs interaction strength

Interaction Strength 1/kFa

Polaron weight 40% on resonance

• Polarons transition to molecules for a critical interaction strength: 0.76
• Transition between Spin ½-Polarons and Spin 0-Polarons
• Breakdown of a Fermi liquid
• Coincides with critical strength for always having a BEC

|1> majority
|3> majority

Molecular limit

Mean Field limit

S. Pilati, S. Giorgini, PRL 100, 030401



Diagrammatic Monte‐Carlo: N. Prokof'ev and B.V. Svistunov, PRL 99, 250201 (2007)
N. V. Prokof'ev and B. V. Svistunov, PRB 77, 125101 (2008)
Variational approach/T‐Matrix: F. Chevy PRA 74, 063628 (2006), R. Combescot et al.,
PRL 98, 180402 (2007), R. Combescot and S. Giraud, PRL 101, 050404 (2008)

Molecular limit Mean Field limit

No final state 
interactions

Including final state 
interactions

Polaron Energy vs Interaction Strength

Peak position
|1> majority
|3> majority

Interaction Strength 1/kFa

Bare
Molecule

Mean Field



Building a Fermi liquid from the bottom up
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Ideal Spectra for this Fermi Liquid

W. Schneider, V. B. Shenoy, M. Randeria, preprint cond-mat 0903:3006
also suppl. Info. in: A. Schirotzek, C. Wu, A. Sommer, MWZ, PRL, to be published, arXiv/0902.3021
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Conclusion & Outlook
• Observation of Fermi Polarons in a Fermi liquid with tunable interactions

• Benchmark test for many-body theories
The hydrogen atom of diagrammatic Monte-Carlo calculations – B. Svistunov

• Next: Measure m*, collisional properties, Bruun et al., PRL 100, 240406 (2008)

Outlines a new strategy to study strongly interacting systems:
Explore the limit of few impurities

Wavefunction, effective parameters, renormalized interactions
First understand the N+1 limit before addressing N+M-body physics

Related problems: impurity with mass               (40K in 6Li + optical lattice)
immobile impurity: Anderson’s orthogonality catastrophe

M m
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