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Modern materials change the world 



Wikimedia Commons 



Electrical cable:  a few hair-thin strips of high-temperature 
superconductors can carry the same current as the thick 
copper cables  (Photo courtesy of American Superconductor) 



We have a limited 
understanding of 

strongly correlated 
quantum materials 



Richard Feynman 1981 

…. envisioned a 
quantum simulator to 
be “a quantum 
machine that could 
imitate any quantum 
system, including the 
physical world” 



Our approach:  Atomic legos 
 

Freeze atoms close to absolute zero: 
nanokelvin, make them stand still 

 
Assemble them to behave  
like important materials 



Some (of the many) goals of ultracold atom science: 
 
!  Simulate known phenomena in many-body physics 
!  Quantitative many-body physics 
!  Demonstrate new materials 



Quartz crystal 



Table salt 
NaCl 



Two laser beams form a standing wave 





Three-dimensional optical lattice 



Greiner labs, Harvard 



MPQ, Garching 

Quantum phase transition 
from a superfluid to an 
insulator 



Two new materials studied with 
ultracold atoms: 

 
The Bose-Einstein condensate – 

 the simplest superfluid 
 

Paired fermions – the simplest model for a 
superconductor  



Use the tools and precision of atomic physics to realize 
 important Hamiltonians of many-body physics 

Bosons 
•  Weakly interacting Bose gas (BEC) 
•  Bose-Hubbard model (Mott insulator) 
•  Spinor condensates 
 

Fermions 
•  BEC-BCS crossover 
•  Fermions with “infinite” interaction strength 
•  Imbalanced Fermi superfluids 
•  Fermi-Hubbard model 



Two ways of going beyond realizing “natural” materials: 
 
•  Add extra bells and whistles 

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



One of the most important “materials” in physics: 
 

Electrons in a magnetic field 

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



Extend to: 
 other particles 
   more spin states 
  bosons 

 

High field 
 one flux quantum per unit cell 
 requires 10,000 Tesla 

B	  Field	  



Hofstadter	  
	  Bu-erfly	  



So far only observed in superlattices 
Albrecht, von Klitzing, et al. 2001, some evidence 

Ashoori, Jarillo-Herrero (MIT) 
Kim (Columbia) 
Novoselov, Geim (Manchester) 

Physics World 
May 2013 

Graphene/boron nitride: 
 2013: 3 groups 



How to study this with neutral atoms? 



How to study this with neutral atoms? 



Deflection of electron 
beam (in vacuum) by a 
magnetic 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) 



in magnetic fields, we have TWO momenta 



In	  situ	  width	  versus	  
Raman	  detuning	  
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Miyake H, Siviloglou G A, Kennedy C J, Burton W C and Ketterle W, . Rev. Lett. 
111, 185302 (2013):  Realizing the Harper Hamiltonian with Laser-Assisted 
Tunneling in Optical Lattices 

Observing	  Raman	  Assisted	  Tunneling 



Constant magnetic field 

Vector potential MUST break translational invariance in x and y 



Landau gauge 

Different gauges have different symmetries: 



Landau gauge 

Different gauges have different symmetries: 



Wavefunction has different periodicity! 

Landau gauge 

Different gauges have different symmetries: 

unit cell of 
Hamiltonian 



Experimental	  Setup	  for	  α	  =	  1/2	  



Wavefunction has different periodicity! 

Landau gauge 

Different gauges have different symmetries: 

unit cell of 
Hamiltonian 

Our implementation 



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



Switch off lattice – wavefunction is not changed. 
“Self diffraction of coherent matter wave” 
 
Canonical momentum becomes mechanical momentum. 
Observed after ballistic expansion. 

Time-of-flight images show the momentum distribution of 
the wavefunction (which is NOT gauge invariant). 











The twofold degeneracy of 
the ground state is directly 
revealed 

Both degenerate 
states appear to be 
roughly equally 
populated 

Band mapping 



Simplest explanation for time of flight pictures: 
The wavefunction is unchanged, TOF pictures show momentum 
distribution. 



Simplest explanation for time of flight pictures: 
The wavefunction is unchanged, TOF pictures show momentum 
distribution. 

Alternative description: 
Canonical momentum p=-i !       becomes mechanical momentum 
Mechanical momentum changes from p – A to p 
Momentum change by A can be described by synthetic electric field 

This is not gauge invariant!  



Simplest explanation for time of flight pictures: 
The wavefunction is unchanged, TOF pictures show momentum 
distribution (i.e.                                            ) 

Alternative description: 
Canonical momentum p=-i !       becomes mechanical momentum 
Mechanical momentum changes from p – A to p 
Momentum change by A can be described by synthetic electric field 

For (real) electromagnetic fields:  

and momentum distributions after switch-off (time-of-flight images) 
are independent of gauge! 

This is not gauge invariant!  





precession of phase due to rotating wave transformation 



Realization of interesting Hamiltonians by modulation techniques 
(Floquet Hamiltonians) 

Heating due to micromotion (coupling of Floquet bands?) 

Decay of Bose-Einstein condensates in modulated lattices 



Adding strong interactions – an unknown frontier 



Phase locked high power green lattice 
and telecom IR superlattice 

New way to realize 
synthetic gauge fields 

Without magnetic tilt 

Other approach:  spatially selective Raman process (Munich) 



How to observe 
topological properties? 
Hofstadter butterfly:  most 
bands have non-zero Chern 
number 

Chern number:  
generalization of 
quantized Hall 
conductance 



Charged particles in magnetic and electric fields 

Non-interacting free 
particles:  E x B drift 

What happens in a  
periodic potential? 



Periodic potential and force (e.g. E field):  Bloch oscillations 

Florence group, PRL 100, 080405 (2008) 

For fully filled band (e.g. insulator): 
  averages out to nothing (in the single 

 band approximation) ….. 



Contribution from higher bands: 
Anomalous velocity (Karplus, Luttinger 1954) 

F:  force 

Berry curvature 

u(k):  periodic part of Bloch wavefunctions 

First non-adiabatic correction independent of excited bands 

For insulators:  normal velocity (Bloch oscillations) is zero 
a:  lattice constant 
TB: period of Bloch oscillations 

Chern number is integer 



allows measurement of Chern number (suggested in three 
papers by Lee, Cooper, Goldman and collaborators) 

W. Ketterle, Inside the quantum Hall effect, Nature Physics 11, 90 (2015). 



Slope implies 
C=1 



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 







Phys. Rev. Lett. 114, 225301 (2015). 



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 
Colin Kennedy 
Cody Burton 
Woo Chang Chung 

$$ 
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Georgios Siviloglou 





Weyl points in the 
bulk manifest 
themselves as 
surface states, 
“Fermi Arcs” 

Weyl 
Hamiltonian 

T. Dubček, C. J. Kennedy, L. Lu, W. Ketterle, M. Soljačić, and 
H. Buljan. arXiv:1412.7615, 2014. 



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 


