
UNIVERSITY OF INNSBRUCK

UQUAM 
ERC Synergy Grant

RYQS

Peter Zoller

‘Dark State’ Optical Lattices  
for Cold Atoms

616th WE-Heraeus Seminar Bad Honnef, May 9-13 2016

Ultracold Quantum Gases - Current Trends & Future Perspectives

T. Esslinger: "optical lattices as the Swiss army knife for AMO"



UNIVERSITY OF INNSBRUCK

UQUAM 
ERC Synergy Grant

RYQS

Peter Zoller

‘Dark State’ Optical Lattices  
for Cold Atoms

616th WE-Heraeus Seminar Bad Honnef, May 9-13 2016

Ultracold Quantum Gases - Current Trends & Future Perspectives

theorist's vision: prototype

T. Esslinger: "optical lattices as the Swiss army knife for AMO"



UNIVERSITY OF INNSBRUCK

UQUAM 
ERC Synergy Grant

RYQS

Peter Zoller

‘Dark State’ Optical Lattices  
for Cold Atoms

616th WE-Heraeus Seminar Bad Honnef, May 9-13 2016

Ultracold Quantum Gases - Current Trends & Future Perspectives

Hannes Pichler

In collaboration with :

Mateusz Łącki Misha Baranov
→ ITAMP



‘Dark State’ Optical Lattice

• near-resonant / dissipation-less  optical 
lattice

• sub-wavelength structures
- ‘Kronig-Penney’ box-like lattices
- sub-wavelength spin structures

dark states in Λ-systems

|#i
|"i

✓Alkali / Alkaline Earth (magnetic)
✓polar molecules (electric dipoles)

quantum many-body physics

single particle physics

• AMO

work in progress



vs. incoherent sub-wavelength microscopy: S. Hell



'Off-Resonant' Optical Lattices [vs. ‘Dark State']

• far off-resonant optical lattice
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• far off-resonant optical lattice
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• many particle physics: Bose / Fermi Hubbard
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• Bloch bands

✓ Hubbard toolbox, …

'Off-Resonant' Optical Lattices: Hubbard Models

✓ energy scales J ø ER = fl2k2
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sub-wavelength lattices:
W Yi, AJ Daley, G Pupillo, P Zoller - NJP 2008
S Nascimbene, N Goldman, NR Cooper, J Dalibard - PRL 2015

https://scholar.google.at/citations?user=iKB_xp0AAAAJ&hl=de&oi=sra


strong ‘coherent drive'
weak ‘probe' laser
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(optical lattice)
transverse confinement: `0
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Atom in Λ-Configuration: 1D Quantum Motion
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Atom in Λ-Configuration: 1D Quantum Motion
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Atom in Λ-Configuration: 1D Quantum Motion

• Hamiltonian

• Rabi frequencies in space
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Born-Oppenheimer (Adiabatic) Approximation

• Hamiltonian

• Born-Oppenheimer (adiabatic) approximation
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Born-Oppenheimer (Adiabatic) Approximation

• Hamiltonian

• Born-Oppenheimer (adiabatic) approximation

H =° fl2
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Expanding in Adiabatic Channels: Version 1

• We expand in (adiabatic) Born-Oppenheimer channels

‘bright' BO channels‘dark' BO channel

spin/x-dependent  
dressed states
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Rem.: compare 
Sisyphus laser cooling

'approximate decoupling'



Expanding in Adiabatic Channels: Version 1

• … to obtain the Hamiltonian for wave functions                  (√0,√+,√°)
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Expanding in Adiabatic Channels: Version 2
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g2 g2 g2 g2g1 g1 g1

+E(x)

�E(x)

E = 0



‘Dark State’ Optical Lattice
• … including the first order non-adiabatic correction
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Visualizing Adiabatic Potentials (1)
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Visualizing Adiabatic Potentials (1)
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Visualizing Adiabatic Potentials (2)
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Visualizing Adiabatic Potentials (3)
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Visualizing Adiabatic Potentials (3)
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Discussion

1.Zero order adiabatic approximation
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E = 0

3.Exact bandstructure: lifetime due to channel couplings

✓ no optical potential
✓ sub-wavelength structure in 

internal state / interaction

2.First order adiabatic approximation
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1. Zero order adiabatic approximation
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1. Zero order adiabatic approximation
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✓ limit to spatial structure:

(at least in our 1D model)
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✓dipole moment can be any angle



Quantum Many-Body Physics

• Two-particles

Hamiltonian

spatial variation of dipole moment
✓sub-wavelength

……

'domain wall molecule’ as bound state
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✓molecule sees a lattice
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✓ + cutoff for |x1 °x2| < `0



Quantum Many-Body Physics

• Two-particles

Hamiltonian

……

'domain wall molecule’ as bound state
`

• Three-particles

✓molecule sees a lattice
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see below



Quantum Many-Body Physics

• Sub-wavelength bilayer
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• polar molecules in bilayer 
from standing light wave
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2. First order adiabatic approximation
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Band Structure

• Bloch ansatz • Band structure

‘dark state' sin(kx)2
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3. Band Structure for Coupled Channels

• Hamiltonian

• Band structure
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3. Band Structure for Coupled Channels

• Hamiltonian

• Band structure
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• Multichannel: adiabatic potential

complex / lossy band structure 
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-2π/λ 2π/λ -π/λ π/λ

�/2 unit cell � unit cell

-2π/λ 2π/λ -π/λ π/λ

so far now
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Remark: Brillouin zones



adiabatic channels  (realistic energy ranges)
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Lowest Blochband: Non-adiabatic Losses

E(q) = ≤(q)° i
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large °
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The faster the atom, the 
higher the losses

stable

dissipation (engineering)



Lowest Blochband: Non-adiabatic Losses
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1. Bound States - Domain Wall Molecules

……
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The bound states are symmetric and antisymmetric 
combination of pairs of particles bound at each interface
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and without the external nonadiabatic potential. We
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bound state.
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2.5 Many-particle ground state

• trimer energy is much smaller than the energy
of a pair of atoms (which means that all three
particles are bound, and it is not a ”2+1” state).
Taking symmetric linear combination of the two
lowest three-particle states we obtain two parti-
cles bound at one side of the interface and the
third particle bound symmetrically just outside
of the other interface of the same domain.
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2. Other atomic configurations

…
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• Zig-Zag atomic configuration

patch-work lattice
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• spin-orbit coupling
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