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Quantum Phase Transitions 

Metals Insulators 

Quantized Conductance 

Quantum Hall Effect 

Topological  Insulators 

Dirac Fermions 

Graphene 

Photovoltaic Quantum Hall effect High Tc 

Superconductivity 

Majorana Fermions 

Quantum Magnetism 



Why cold atoms? 

• Different approach 
• New regimes 
•  Surprises 



What can we do? 

H = T+ U+ Vtrap 



Optical Lattices 

+ 

Quantum Gases (40K) 

Building the Hamiltonian 

See also: Mainz/Munich, Hamburg, MIT, Illinois, Rice,… 



Building a lattice Hamiltonian 



Measuring 





Bose gases in lattices with topological defects 

BEC in Excited bands: 
•  1D « Dirac point » (Weitz group, Bonn) 

 S. Kling et al., Phys. Rev. Lett. 105, 215301 (2010) 
 T. Salger et al., Phys. Rev. Lett. 107, 240401 (2011) 

•  Quadratic avoided  band crossing  (Hemmerich group, Hamburg) 
  M. Ölschläger et al., Phys. Rev. Lett. 108, 075302 (2012) 

BEC in Kagome:  
 (Dan Stamper-Kurn, Berkeley) 
 G.B. Jo et al. Phys. Rev. Lett. 108, 045305 (2012) 

BEC in a Honeycomb lattice: 
 (Sengstock group, Hamburg) 
 P. Soltan-Panahi et al., Nature Phys. 7, 434 (2011) 
 P. Soltan-Panahi et al., Nature Phys. 8, 71 (2012) 





Tunable Geometry Optical Lattice 
Setup Optical potential 

 = 1064nm 

+ 

Other complex lattices: NIST, Munich, Hamburg, Berkeley 



Tunable Geometry Optical Lattice 
Chequerboard 

Triangular Honeycomb 

Dimer 1D chains 

Square 

V  =0 X 



Honeycomb Lattice 

Thanks to Dario Poletti  
 



Probing the Dirac points 

vanishing density of states 
 
small energy scales 



Bloch oscillation and interband transitions 

+ magnetic gradient  

Transfer to 2nd band 

Starting point 

qx 

qy 

Method in 1D: T. Salger et. al,  Phys. Rev. Lett. 99, 190405 (2007) 



Merging and annihilating Dirac points 
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Breaking Inversion Symmertry 
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Breaking Inversion Symmertry 

Berry curvature 

See also: L. Duca, Science 347, 288 (2015) 



Berry Curvature and Transverse Drift 

2nd BZ 

1st BZ 

Chang and Niu, PRL 75, 1348 (1995) 
Price and Cooper, PRA 85, 033620 (2012) 



Berry Curvature and Transverse Drift 

2nd BZ 

1st BZ 

Like a Hall current 



Topological Haldane model 

Proposal for Quantum Hall Effect without magnetic field! 
Haldane, PRL 61,2015-2018 (1988) 



Topological Haldane model 
Start from a honeycomb lattice 

  inversion and time-reversal symmertry 



Topological Haldane model 
break time-reversal symmetry with  
complex next-nearest neighbour tunnellings 



è Topological Chern insulator, with non-
zero Hall conductance




Topological Haldane model 
Additionally break time-reversal symmetry 
with energy offset 




è Distinct topological phases 



Topological Haldane model 
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Topological Haldane model 
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How? 



VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

geometrical constant of order unity, and g is the Lande g
factor for the electrons.
While the particular model presented here is unlikely

to be directly physically realizable, it indicates that, at
least in principle, the QHE can be placed in the wider
context of phenomena associated with broken time-
reversal invariance, and does not necessarily require
external magnetic fields, but could occur as a conse-
quence of magnetic ordering in a quasi-two-dimensional
system.
This requirement is not fulfilled by the physical system

(a domain wall in a PbTe-type semiconductor) in which
Fradkin, Dagotto, and Boyanovsky (FDB) have recent-
ly proposed related effects may be realized. In this mod-
el, spin-orbit coupling is supposed to give rise to the
effect, but this does not break time-reversal symmetry.
In fact, in "simplifying" the p bands of the Hamiltonian
that describes PbTe, FDB introduce an unphysical
effective spin-dependent hopping term that is odd under
time reversal, and thus break the time-reversal invari-
ance of the original physically motivated model. This,
rather than any topological character of the domain wall,
is the reason that FDB find the "parity anomaly" at the

end of their calculation.
I thank E. Fradkin and T. A. L. Ziman for very useful

discussions. The author would like to thank the Alfred
P. Sloan Foundation for financial support.
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Breaking time-reversal symmetry 

Proposal for Photovoltaic Hall effect in graphene 

T. Oka und H. Aoki, PRL 79, 081406 (2009) 



 
Other proposals to realize topological Hamiltonains: 
T. Kitagawa et al., Phys. Rev. B 82, 235114 (2010) 
P. Hauke et al., Phys. Rev. Lett 109, 145301 (2012) 
 
Realisation in photonic system: Rechtsman et. al   Nature 496, 196–200 (2013) 
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Breaking time-reversal symmetry 



Lattice Shaking 
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Breaking time-reversal symmetry 

Lattice shaking: 
 
 
 

Pisa —  Lignier, PRL 99, 220403 (2007) 
Hamburg/Barcelona — Struck, Science 333, 996-9 (2011), PRL 108, 225304 (2012)  
Chicago — Parker, Nat. Phys. 9, 769-774 (2013) 
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Chern number 0 Chern number -1 

Trivial band insulator Chern insulator 

Berry Curvature  



à Transverse Drifts 

Berry Curvature - Measurement  



Berry Curvature - Measurement  

à  Detect difference in center of  
mass position after full Bloch cycle 



Topological features of the system 

ΔAB ≠ 0 

ΔT ≠ 0 
nonzero Chern number 

topologically trivial 

G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. E.,  Nature 515, 237 (2014) 



Observing Transverse Drifts 

G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. E.,  Nature 515, 237 (2014) 



Mapping out the transition line 



Mapping out the transition line 

G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. E.,  Nature 515, 237 (2014) 



Mapping out the transition line 

G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. E.,  Nature 515, 237 (2014) 



What about interactions? 

Little is known 



What about interactions? 

 
Loaded interacting gas into 

coupled layers of Haldene models 
 

è Observed no significant heating 



What about spin dependence? 



What about spin dependence? 

Proposed in: G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, 
 T. Uehlinger, D. Greif, T. E.,  Nature 515, 237 (2014) 



What about quantized edge currents? 

Hasan, Kane RMP 82, 3045 (2010) 



Update on anti-ferromagnetic correlations 



Antiferromagnetic correlations in the 
anisotropic Hubbard model 

D. Greif , T. Uehlinger, G. Jotzu, L. Tarruell, T. Esslinger , Science 340, 6138 (2013) 

J. Imriska et al., PRL 112, 115301 (2014), also: Hulet group, Nature (2015) 



Detection protocol 

D. Greif , T. Uehlinger, G. Jotzu, L. Tarruell, T. Esslinger , Science 340, 6138 (2013) 

singlet s 

triplet t0 

or 
singlet s triplet t0 



The Lattice team 
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Transport between two Terminals 

µ - #µ 

I 

G 



Transport between two Terminals 

µ - #µ 

I 

G 



Quantum Point Contacts 



B. J. van Wees, H. van Houten, C. W. 
J. Beenakker, J. G. Williamson, L. P. 
Kouwenhoven, D. van der Marel, C. T. 
Foxon, Phys. Rev. Lett. 60, 848 (1988);  

D A Wharam, T J Thornton, R Newbury, 
M Pepper, H Ahmed, J E F Frost, D G 
Hasko, D C Peacock, D A Ritchie and 
G A C Jones, J. Phys. C: Solid State 
Phys. 21 L209  

Quantized Conductance 



Why? 



Left Reservoir Right Reservoir Constriction 

µL µR 

E 

a 



E µL µR 
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E µL µR 
a 

Current for T=0, Ta=1:  
  

    
Ia = dε ga ε( ) 

εF

εF +Δ

∫ va ε( ) Ta ε( ) =
Δ
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Current for T=0, Ta=1:  
  

    
Ia = dε ga ε( ) 

εF

εF +Δ
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va ε( ) =

ka

m
= 2 ε−εa( ) / mvelocity: 

density of states: 
(right movers)  

     
ga ε( ) =

1
2π

dka

dε
=

1
2πva ε( )

Landauer, Büttiker, Imry 
 



Current for T=0, Ta=1:  
  

    
Ia = dε ga ε( ) 

εF

εF +Δ

∫ va ε( ) Ta ε( ) =
Δ
h

Conductance 
   
G =

1
h

Landauer, Büttiker, Imry 
 



Multimode Conductance 
  

    
G =

1
h

1
Δµn
∑ dE fL E( )− fR E( )⎡

⎣⎢
⎤
⎦⎥   

En

∞

∫

Landauer, Büttiker, Imry 
 



Cold atoms proposal: Thywissen, J. H., Westervelt, R. M. 
& Prentiss, M. Quantum point contacts for neutral atoms.  
Phys. Rev. Lett. 83, 3762–3765 (1999).  
 

Quantized Conductance in Neutral Matter? 



Quantized Conductance in Neutral Matter? 

See also: G. Lambert, G. Gervais, and W.J. Mullin, Low Temp. Phys. 34, 249 (2008).  
 

M. Savard, C. Tremblay-Darveau,  
and G. Gervais, PRL 103, 104502 (2009)  
  



Quantized Conductance in Neutral Matter? 

•  Method to measure conductance 
•  Ballistic channel 
•  Quantum degenerate Fermi gas 
•  Resolve individual conduction channels 
•  Adiabatic regime 
•  Applicability of Landauer theory 
    (mean free path > trap) 
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Thanks to Henning Moritz now @ Hamburg 



6Li 





Fermi battery 

reservoir channel reservoir 

NL NR 

J.-P. Brantut, J. Meineke, D. Stadler, S. Krinner, T. Esslinger, Science 337, 1069 (2012) 



Battery discharge 

time (s) 

Δ
N

/N
 

G: conductance  
C: compressibility      ∂N ∂µ

   
τ = C

G



Resistance? 



Ballistic Multimode Channel 

channel 

contact 

channel 

contact 

J.-P. Brantut, J. Meineke, D. Stadler, S. Krinner, T. Esslinger, Science 337, 1069 (2012) 



Dreams and worries 

T < h"
10 atoms in channel"



Single Mode Channel? 





Quantum Point Contact 

10 µm

Fermi wavelength of 2.2 µm 



Quantum Point Contact 



Quantum Point Contact 



Quantum Point Contact 
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Measure number imbalance after 1.5 s 

z=10.4 kHz 
z=8.2 kHz 

T= 35 nK (=0.1 TF) < hz≈ 500 nK  

x=31.8 kHz 

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)  
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Quantum Point Contact 

z=10.4 kHz 

z=8.2 kHz 

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)  
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Quantum Point Contact 

fixed gate potential 

z=9.2 kHz; Vg=0.8 µK 

z=10.9 kHz; Vg=1.0 µK 

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)  



0.0 0.5 1.0 1.5 2.0
Gate potential Vg (µK)

0

1

2

3

4

5

6

7

C
on

du
ct

an
ce

G
(1

/h
)

Quantum Wire 

z=5.5 kHz 
z=8.7 kHz 

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)  



Conclusions 

•  Ballistic and adiabatic channels can be produced 
•  Isolated system 
•  Ultraballistic regime, mean free path >> system 
•  Tunable Interactions 
•  Spin transport 
•  Precision measurement of h??? 
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