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• dipolar spin systems (e.g. polar molecules) naturally admit 
  topological flat bands and 
  fractional Chern insulator (~FQHE) ground states!
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• exotic physics beyond fractional quantum Hall effect? 

• Rydberg atoms, magnetic atoms, spins in solid state

• preparation and detection

• first realistic implementation of fractional Chern insulators
[see also Cooper & Dalibard, arXiv:1212.3552]
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(informal)
Overview and discussion

of
many-body physics with polar molecules

M. A. Baranov, M. Dalmonte, G. Pupillo, and P. Zoller, 
Condensed Matter Theory of Dipolar Quantum Gases, 
Chem. Rev. 112, 5012 (2012); arXiv:1207.1914 [cond-mat.quant-gas].
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Motivation

• tunability via DC and AC (microwave & optical) fields 

• rich internal level structure

• strong, long-range, anisotropic interactions

• very challenging experiments (e.g. compared to trapped ions 
or neutral atoms)

Field of many-body physics with polar molecules owes its promise to:

But:

21



Ways to treat a single polar molecule
in the context of a many-body system

22



Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

22



Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

22



Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ

22



Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ

22



Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• rigid rotor with hyperfine structure (e.g. alkali-dimers) [Wall, Carr, AVG, 
Rey,...]

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ

22



• rigid rotor with electronic spin-1/2 (            , e.g. CaF) with or without
hyperfine structure [Micheli, Brennen, Zoller,...]

2Σ1/2

Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• rigid rotor with hyperfine structure (e.g. alkali-dimers) [Wall, Carr, AVG, 
Rey,...]

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ

22



• rigid rotor with electronic spin-1/2 (            , e.g. CaF) with or without
hyperfine structure [Micheli, Brennen, Zoller,...]

2Σ1/2

Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• rigid rotor with hyperfine structure (e.g. alkali-dimers) [Wall, Carr, AVG, 
Rey,...]

• vibrational levels under-explored

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ

22



• rigid rotor with electronic spin-1/2 (            , e.g. CaF) with or without
hyperfine structure [Micheli, Brennen, Zoller,...]

2Σ1/2

Ways to treat a single polar molecule
in the context of a many-body system

• single-component dipole

• rigid rotor with hyperfine structure (e.g. alkali-dimers) [Wall, Carr, AVG, 
Rey,...]

• vibrational levels under-explored

• study all of these separately and in combinations, with DC magnetic 
and electric field control, microwave and RF control, optical control

• pure rigid rotor (       with no hyperfine structure, e.g. SrYb)1Σ
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Geometry

• 3D

• 2D (pancakes)

• 1D (tubes)

• Lattices: 
      - 1D (lattice in a tube), 
      - 2D (lattice in a pancake), 
      - 3D
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• single-component fermions: no contact interaction (just dipolar), can 
have instability due to dipolar attraction, Fermi liquid or BCS superfluid 
(due to dipolar attraction), etc...

To get strong interactions: confine to lower-D and/or use lattice
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- quantum crystal melting [Pupillo, Zoller,...]
- use for quantum memory [Rabl, Zoller]
- under-explored: spin models in the presence of phonons

• topological superfluids of fermions [Cooper & Shlyapnikov]

• ...
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• Tomonaga-Luttinger liquid
- dominant superfluid or charge-density-wave correlations

• shallow optical lattice can induce crystalline order at commensurate 
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Hubbard-type models

• Bosons (often hard-core) in 1D and 2D:
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- supersolids in 2D
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• Fermions only in 1D:
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N1 +N2 = 1- interaction via virtual microwave excitation to

- to get spin-1, use both fine and hyperfine
• Schachenmayer, Lesanovsky, Micheli, Daley 2010 - rotor states alone,  
  transverse-field Ising model with long-range Ising coupling

• Wall, Carr 2010, 2012 - rotor and hyperfine states

• first part of the talk and others...

• Herrera, Litinskaya, Peres-Rios, Krems 2010, 2011 - rotor states and              ,
  Frenkel excitons, exciton-phonon interactions (Holstein model)           

S = 1/2
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