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Atoms Rydberg CMP CMP cooled Bio 

Experiment Time s – ms  𝜇s – ns  ps – fs  ps – fs  ps - fs 

Energy 𝐸/ℎ Hz - kHz MHz THz THz THz 

Temperature 𝑇 nK nK 300K mK 300K 

Ratio 𝐸/𝑘𝐵𝑇 1 − 10 104  − 106 1 − 10 104  − 106 1 – 10  

Coherence 𝛾, 𝜅 Hz kHz THz GHz THz 

Driving frequency Ω kHz MHz THz THz THz 

200Hz ⟺ 10nK ⟺ 1peV 



Excite atoms to high lying states with large electron orbit 

 

 

 

 

 

 

 

Apply electric field to induce large dipoles 

Dipole-dipole interaction potential (atomic units) 

 
 

Large molecules bound by this interaction can be formed for large 𝑛 

Dipole-dipole interactions 

Electric Field 



Measuring the Diople-Dipole Interaction 

Lucas Béguin, Aline Vernier, Radu Chicireanu, Thierry Lahaye, Antoine Browaeys , Phys. Rev. Lett. 110, 263201 (2013)  

 



Consider relative motion of two Rydberg excited atoms 

 

 

 

 

Rydberg Dimers – Artificial Gauge Fields 
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M Kiffner, H Park, W Li, TF Gallagher, Phys. Rev. A 86, 031401(R) (2012). 
M Kiffner, W Li, and DJ, PRL 110 170402 (2013) 
 



Rydberg Trimers – Borromean States 

M. Kiffner, W. Li, and DJ, Phys. Rev. Lett. 111, 233003 (2013) 
M. Kiffner, M. Huo, W. Li, and DJ, Phys. Rev. A 89, 052717 (2014).  

𝜔𝑣𝑖𝑏 =
ℏ|𝛿|

𝜇𝑅0
 … on the order of MHz 



Recent Rydberg Atom Experiments 

 Rydberg excitations in optical lattice 

P. Schauß et al., Nature 491, 87 (2012). 

 Electron interacting with a BEC 

J. B. Balewski et al., Nature 502, 664 (2013). 



Electronic Structure in  

optical lattices 



Towards strongly correlated electron systems 

  Rydberg atoms in optical lattice 



Towards strongly correlated electron systems 

 Overlapping electron clouds 

Valence electron clouds start overlap when 4𝑛2𝑎0 ≥ 𝑎 



Towards strongly correlated electron systems 

 Overlapping electron clouds 



Towards strongly correlated electron systems 

 Electronic structure 

 Questions, issues, and other problems 

 temporal and spatial resolution of electron              

dynamics  (e.g., photoelectric effect)  

 solid state quantum simulator 

 potentially very low electron temperatures 

 radiative decay, black body radiation 

 collision induced decay 

 preparation 

 lifetime 



Rydberg matter – Energy 

 Energy per unit cell: 

 Ion cores + electron gas 

Density Functional Theory Kohn-Sham Ansatz 



Rydberg matter – Energy 

 Energy per unit cell: 

Coulomb potential for Hydrogen 

Here: modified Coulomb potential due to 

 core electrons (quantum defect theory) 

 high excitation level 

 Ion cores + electron gas 



Rydberg matter – Energy scaling 

 Energy per unit cell 

depends on Rydberg level, Coulomb part 

 Ion cores + electron gas 

 Parameter 

 lattice constant  



Rydberg matter – simple model 

 simple cubic lattice 

 lattice constant  

 ion cores + electron gas 

 Energy per unit cell (              ): 

uniform electron gas 

Hartree-Fock + uniform electron gas 

low density electron gas 

Madelung energy  

+ core correction 

𝐸kin = 𝛼1𝜖2 

𝐸Hartree + 𝐸ion−ion + 𝐸electron−ion = −𝛼2𝜖 + 𝛼3𝜖3 

𝐸exchange = −𝛼4𝜖 

𝐸correlation = −𝛼5𝜖 + 𝛼6𝜖3/2 



 simple cubic lattice 

 lattice constant  

 ion cores + electron gas 

Rydberg matter – simple model 

 Energy per unit cell (              ): 

 Bulk modulus 𝐵 ≈ 104Pa 

 Density: 𝜌 ≈ 90g/m3 

 Speed of sound: 𝑐 ≈ 330m/s 

 Ion trap: 𝑓 ≈ 4.5GHz 

𝑛 = 8 

𝐸 𝜖 = 𝛼1𝜖2 − (𝛼2 + 𝛼4 + 𝛼5)𝜖 + 𝛼3𝜖3 + 𝛼6𝜖
3
2 𝐸𝐼 

𝑑𝐸 𝜖

𝑑𝜖
= 0 



 simple cubic lattice 

 lattice constant  

 ion cores + electron gas 

 Energy      per unit cell 

 Binding energy:  

Rydberg matter – simple model 



 Energy per unit cell: 

 Binding energy:  

Rydberg matter – simple model 



Rydberg matter – norm conserving pseudopotentials 

𝑛 = 8, 𝑙 = 0, norm conserving and simple pseudo-potentials 



Rydberg matter – DFT band structure calculations 

𝑛 = 8, homogeneous electron gas approximation, effective mass 𝑚∗ ≈ 1.2𝑚0, plane wave approx. 

using Quantum Espresso 



Rydberg matter – lifetime 

 Non-radiative Auger decay rates 

decrease fast with lattice period 

𝛾𝑛𝑟 ∝ 𝜌2 ∝ 𝜖6 

 Radiative decay rates also decrease 

𝛾𝑟 ∝ 𝜌 ∝ 𝜖3 

 

Lifetime further increased by electron 

localization 



 Self-trapping of electrons 

  outside the core region 

 Exchange and correlation  

  enhances lifetime/stability 

Rydberg matter – simple model 



Rydberg matter – roadmap, preliminary 

 Calulate electronic structure with self consistent 

  Density Functional Theory (using Quantum Espresso) 

 𝑛 = 8, 𝑙 = 0 simple cubic lattice 

 strong electron localizatioin 

 each “blob” carries charge 𝑒/3 

 

 strong suppression of decay processes 



Summary 

M. Kiffner, W. Li, and DJ, Phys. Rev. Lett. 110, 170402 (2013). 

M. Kiffner, W. Li, and DJ, J. Phys. B: At. Mol. Opt. Phys. 46, 134008 (2013). 

 

 Few-body physics 

M. Kiffner, H. Park, W. Li, and T. F. Gallagher, Phys. Rev. A 86, 031401 (R) (2012). 

M. Kiffner, W. Li, and DJ, Phys. Rev. Lett. 111,  (2013). 

M. Kiffner, M. Huo, W. Li, DJ, Phys. Rev. A 89, 052717 (2014). 

 Dimer/Trimer 

 Electronic Structure 

 Artificial Gauge Fields 

 simple model / scaling 

 Pseudopotentials 

 current step: DFT calculations, preparation, … 
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