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Manipulation of atoms by coherent optical forces on 
scale of ≳ 10 nanometers [sub-wavelength scale]

… with far field optics

✓ quantum many-body physics with atoms on ‘nano-scale’

✓ ‘geometric potentials’: non-adiabatic corrections to Born-
Oppenheimer potentials how?

why?



Optical Potential Landscapes for Atoms

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

band structure (1D)

• Bloch bands

✓ Hubbard toolbox, …

Optical Potential Landscapes for Atoms

✓ energy scales
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• far off-resonant optical lattice

standing 
wave

∏/2

laser

• landscape of optical potentials with sub-wavelength resolution [?]

Optical Potential Landscapes for Atoms
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how?

Kronig-Penney potential

✓ subwavelength structure
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• far off-resonant optical lattice

standing 
wave

∏/2

laser

• landscape of optical potentials with sub-wavelength resolution [?]

Optical Potential Landscapes for Atoms

how?

subwavelength lattice
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• far off-resonant optical lattice

standing 
wave

∏/2

laser

• landscape of optical potentials with sub-wavelength resolution [?]

Optical Potential Landscapes for Atoms

how?
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optical forces: atoms go 'nano-scale' ;-)
… limit?

sub-wavelength lattices:
W Yi et al. - NJP 2008
S Nascimbene et al.- PRL 2015



• far off-resonant optical lattice

standing 
wave

∏/2

laser

• landscape of optical potentials with sub-wavelength resolution [?]

Optical Potential Landscapes for Atoms
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(2) … as conservative optical potential from  
non-adiabatic correction to atomic motion in dark state

how?
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✓ resonant & off-resonant

(1) dark state in Λ-systems

‘dipole force'



Double Well Potentials … 
with Sub-Wavelength Barriers

Example & Motivation:

• bilayer system: magnetic atoms / polar molecules

strong interactions:
e.g. pairing✓ optical lattice: ∏/2

✓ subwavelength: `ø∏

addistance vs. dipolar length

Dy: ad ª 10nm

✓ bilayer FQH
✓ BEC-BCS crossover

… atomic quantum many-body physics on ‘nano-scale’

Lanthanides



`ø∏

Splitting an Optical Lattice Site

✓double well / wire / layer
✓ loading from a quantum degenerate gas

• far off-resonant optical lattice

• landscape of optical potentials with sub-wavelength resolution [?]

ancient technology: diffraction limited laser sword
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Splitting an Optical Lattice Site: Ingredients (1)
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• optical landscape
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• atomic & laser configuration
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(2) subwavelength barrier via Λ-configuration

Splitting an Optical Lattice Site: Ingredients (2)



vs. incoherent  
sub-wavelength microscopy: 

S. Hell



strong ‘coherent drive' weak ‘probe' laser

x

(optical lattice)
transverse confinement: `0

≠
c

(x) =≠
c

sin(kx)
≠p

atom

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
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Expanding in BO-Channels

• We expand in (adiabatic) Born-Oppenheimer channels

‘bright' BO channels‘dark' BO channel
spin/x-dependent  

dressed states

Rem.: We will be interested in the parameter regime of  'approximate BO-
decoupling’ + non-adiabatic corrections.
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Expanding in BO-Channels

• … to obtain the Hamiltonian for wave functions                  (√0,√+,√°)
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Expanding in Adiabatic Channels: Version 2
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‘Dark State’ Optical Lattice
• … including the first order non-adiabatic correction
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Visualizing Adiabatic Potentials (1): on resonance
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Visualizing Adiabatic Potentials (1): red detuning
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Visualizing Adiabatic Potentials (3): on resonance

increasing laser power
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Discussion
1.Zero order adiabatic approximation
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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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Quantum Many-Body Physics

• Two, three etc. particles [bound states]

……

'domain wall molecule’ as bound state
`

✓molecule sees a lattice
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energy scales  
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Quantum Many-Body Physics [Preview]

• 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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✓ immune against laser noise
- intensity noise
- laser bandwidth ~ dephasing

for ≠c and ≠p derived from same laser

✓ independent of detuning

validity:
✓Born-Oppenheimer

- non-adiabatic coupling vs.  
separation of dressed states 

[laser power]



Band Structure

• Bloch ansatz • Band structure
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3. Band Structure for Coupled BO-Channels

• Hamiltonian

• Band structure
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Decay of the 'Lowest Bloch Band’: E(q) = ≤(q)° i
1
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• energy dispersion

• decay

• case: non-adiabatic couplings << spontaneous emission 

The faster the atom, the 
higher the losses

q=0 stable

engineering q-dependent 
dissipation of Bloch bands 



Decay of the 'Lowest Bloch Band’: E(q) = ≤(q)° i
1
2
∞(q)

• case: non-adiabatic couplings << spontaneous emission 

• case: non-adiabatic couplings >> spontaneous emission 

resonances

We can always find a parameter regime, where these losses can be made small.



Bound States@Interface: ‘Domain-Wall Molecules'

……

`

Returning to quantum many-body physics …

dipole 
orientation

`

bilayer

Hamiltonian: for 2 atoms

[Rem.: validity - collisions in presence of light]
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Spatial variation of dipole moment
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Conclusion / Outlook

'atomic quantum dots'

patch-work lattice
g1 g2 gm

✓ loading
✓ measurement

Topics we have not talked about

Other atomic configurations

✓ loss for many-atom situation (?)


