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Some (of the many) goals of ultracold atom science: 

  Simulate known phenomena in many-body physics 
  Quantitative many-body physics 
  Demonstrate new materials/new phenomena 



Two new materials: 

The Bose-Einstein condensate – 
 the simplest superfluid (model for 4He) 

Paired fermions – the simplest model for a 
superconductor  



Two ways of going beyond realizing “natural” materials: 

•  Add extra bells and whistles 

•  Digital quantum simulation (time evolution approximated by 
quantum logic operations) 



Richard Feynman 1981 
envisioned a quantum 
simulator .... 

Our approach:   
Atomic legos 

Freeze atoms close to 
absolute zero: 

nanokelvin, make them 
stand still 

Assemble them to 
behave  

like important materials 



Greiner labs, Harvard 



One of the most important “materials” in physics: 
Electrons in a magnetic field 

•  Landau levels 
•  Hall effect 
•  Quantum Hall effect 
•  Fractional Hall effect 

High field 
•  one flux quantum per unit cell 
•  Cyclotron orbit comparable  
   to atomic distance 

requires 10,000 Tesla 

B	  Field	  



Synthetic magnetic field: 
Imprint the same phase into the 
wavefunction of a moving neutral particle as 
a magnetic field (or vector potential) for a 
charged particle 



Concept: 
Create a situation where motion (tunneling) is only 
possible with the help of laser beams 

How to engineer these phases in a lattice? 



Concept: 
Create a situation where motion (tunneling) is only 
possible with the help of laser beams 

Result: 
Tunneling matrix element will acquire  
the local phase of the laser beam (or of the two 
photon field for Raman processes) 

How to engineer these phases? 

Realized: 2013 (MIT, Ketterle group; Munich, Bloch group) 



Super-strong magnetic field 
One half flux quantum per unit cell 

Unit cell with vector potential has 
doubled in size! 



http://www.public.asu.edu/~gbadams/spr13/diffcomp.html 



C.J. Kennedy, W.C. Burton, W.C. Chung, and W. Ketterle, Observation 
of Bose-Einstein Condensation in a Strong Synthetic Magnetic Field, 
Nature Physics, in print; preprint, arXiv:1503.08243 (2015). 



Three extensions: 
 Synthetic dimensions 
 Spin degree of freedom 
 Third dimension – Weyl points 



Synthetic magnetic fields with synthetic dimensions 
(Spielman group, Maryland) 

Use internal Zeeman states as extra dimension 



Now:  Spin degree of freedom 

How to engineer spin-orbit coupling for 
neutral atoms? 

Kennedy C J, Siviloglou G A, Miyake H, Burton W C and Ketterle W, Phys. 
Rev. Lett. 111, 225301 (2013). Spin-orbit coupling and spin Hall effect for 
neutral atoms without spin-flips  



In our scheme: 
signs of B, A, phase of tunneling matrix elements 
reflect the momentum transfer by Raman beams 





Spin Hall effect B field separates charge 



Spin Hall effect B field separates spin 

Means that effective B field is different for two spins 



Time reversal symmetry 
•  Quantized spin Hall effect (two opposite quantum Hall phases) 
•  Z topological index (due to conservation of σz) 
•  Topological insulator 

Exact realization of this idealized proposal 



Slope implies 
C=1 



New discoveries in single particle physics 

Topological phases 
Berry phase 
TKNN invariant, quantized Hall effect 
Chern number 



Hamiltonians with topological phases 

Lots of theoretical work (Jaksch, Zoller, Lewenstein, ……..) 

New experimental frontier (Maryland, Hamburg, Munich, 
Zurich, MIT …)  

Various techniques:  Berry phase by coupling two internal 
states, laser assisted tunneling, lattice modulation 



Graphene lattice 
+ breaking inversion symmetry 
+ breaking time reversal symmetry 

Complex next nearest neighbor hopping 
Energy offset 

The model of Haldane is the first example of a topological insulator 
beyond quantum Hall effect 



Spin orbit coupling 
Using laser beams to couple the spin degree of freedom to the 
motional state 

(using Doppler sensitive (kx) two-photon Raman spinflips 
between atomic hyperfine states 



chiral px+ ipy-wave superfluid 

p wave Feshbach resonance 
polar molecules, dressed by microwaves 
coupling to orbital degrees of freedoms 



Outlook 

New tools 

Laser assisted 
tunneling 

Superlattices 

Lattice 
modulation 

New elements 

Dirac points 

Weyl points 

Spin-orbit 
coupling 

Bands with 
Chern number 

New science 

Quantum Hall 
physics 

Topological 
insulators 

Majorana 
fermions? 

New quantum 
phases of matter 

Engineering the tunneling phase in optical 
lattices 



New frontiers: 

Precision many body physics 
Interactions at the unitarity limit 
Synthetic gauge field 
Rapidly rotating gases 
Quantum Hall effect 
Spin-orbit coupling 
Disorder – Anderson localization 
Few-body correlations, Effimov states 
Quantum magnetism (spin Hamiltonians, frustration) 
Orbital magnetism (flat bands) 
SU(N) magnetism 
Matter with dipolar interactions (Rydberg, polar molecules, 

 high µ atoms) 



BEC 4 
Rb BEC in optical 
lattices 
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