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Introduc9on	
  

Topological	
  invariants:	
  
•  (2D)	
  Chern	
  number	
  –	
  related	
  to	
  Berry’s	
  phase	
  
•  (1D)	
  e.g.	
  Zak	
  phase	
  to	
  define	
  invariants	
  

Topological	
  phenomena:	
  
•  Fermion	
  number	
  frac9onaliza9on	
  
•  Integer	
  Quantum	
  Hall	
  effect	
  
•  Protected	
  surface	
  states	
  

Systems	
  with	
  non-­‐trivial	
  Zak	
  phase:	
  
Polyacetylene	
  (Su-­‐Schrieffer-­‐Heeger	
  model)	
  	
  	
  	
  	
  	
  	
  	
  Linearly	
  conjugated	
  diatomic	
  polymers	
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Idea:	
  
Measure	
  Zak	
  phase	
  using	
  Bloch	
  oscilla9ons	
  and	
  Ramsey	
  interferometry	
  	
  
in	
  1D	
  op9cal	
  laXces	
  	
  



Defini9on	
  Zak	
  phase	
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J.	
  Zak,	
  PRL	
  62,	
  2747	
  (1989)	
  

Depends	
  on	
  choice	
  of	
  unit	
  cell,	
  rela9ve	
  phase	
  is	
  well	
  defined	
  

Cell	
  periodic	
  Bloch	
  func9on:	
  

Reciprocal	
  laXce	
  vector:	
  	
  



Bloch	
  oscilla9ons	
  -­‐	
  	
  TOF	
  distribu9ons	
  

Lower	
  band	
   Upper	
  band	
  

⌧
Bloch osc.

⇠ 850µs

Move	
  par9cles	
  adiaba9cally	
  through	
  Brillouin	
  zone	
  using	
  Bloch	
  oscilla9ons.	
  	
  



Dimerized	
  op9cal	
  laXce	
  
Rice-­‐Mele	
  Hamiltonian	
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Polyacetlyene	
  

Linearly	
  conjugated	
  
diatomic	
  polymer	
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PRL	
  49,	
  1455	
  (1982)	
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D1, J > J 0

D2, J < J 0



Load	
  Bose-­‐Einstein	
  condensate	
  of	
  ~5	
  x	
  104	
  87Rb	
  atoms	
  
in	
  1D	
  op9cal	
  superlaXce	
  defined	
  by	
  

Realizing	
  the	
  laXce	
  

V (x) = Vl sin
2(klx+ �/2) + Vs sin

2(2klx+ ⇡/2)

�s = �l/2 = 767 nm

kl = 2⇡/�l
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Eigenstates	
  of	
  H	
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Pseudospin	
  vektor	
   uk = (↵k,�k)

Wannier	
  func9ons	
  



Pseudospin	
  representa9on	
   � = 0

Phase	
  dependent	
  winding	
  direc9on	
  of	
  u	
  

'D1
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1)	
  

3step	
  sequence	
  to	
  isolate	
  
(one	
  atom)	
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MW	
  pulse	
  

	
  Bloch	
  oscilla9ons	
  due	
  to	
  a	
  B-­‐field	
  gradient	
  

1/
p
2(ei�' |#,�ki+ |", ki)

⇡/2

Phase	
  Shif	
  -­‐	
  3Step	
  Sequence	
  	
  I	
  
Phase	
  due	
  to	
  adiaba9c	
  movement	
  in	
  Brillouin	
  zone:	
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2)	
  Eliminate	
  
	
  	
  	
  	
  	
  by	
  a	
  spin	
  echo	
  	
  	
  	
  	
  pulse	
  
	
  	
  	
  	
  	
  and	
  add	
  a	
  non-­‐adiaba9c	
  
	
  	
  	
  	
  	
  dimeriza9on	
  swap	
  

�'Zeeman
⇡

D1 ! D2

3)	
  Evolu9ons	
  via	
  	
  
	
  	
  	
  	
  	
  Bloch	
  oscilla9ons	
  back	
  to	
  

	
  	
  	
  	
  	
  Interference	
  of	
  the	
  two	
  spin	
  
	
  	
  	
  	
  	
  components	
  with	
  MW	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  pulse	
  	
  ⇡/2

k = 0

�' = 'D1
Zak � 'D2

Zak

Phase	
  Shif	
  -­‐	
  3Step	
  Sequence	
  	
  II	
  

TOF	
  measurements	
  with	
  Stern-­‐Gerlach	
  	
  
setup	
  separates	
  spin	
  states	
  an	
  reveals	
  



Measured	
  Ramsey	
  Fringes	
  

Blue	
  –	
  dimeriza9on	
  swapped	
  
Black	
  –	
  dimeriza9on	
  not	
  swapped	
  

n" = N"/Ntotal

Histogram	
  of	
  
14	
  measurements	
  

�'Zak = 0.97(2)⇡



Frac9onal	
  Zak	
  phase	
   � 6= 0

Modified	
  3step	
  sequence:	
  

� = 0 ! |�| < 2J

'Zak = ⇡/2 ! 'Zak(�)



Frac9onal	
  Zak	
  phase	
  	
  

Inset:	
  
Ramsey	
  Fringes	
  
Blue	
  –	
  staggered	
  
Black	
  –	
  not	
  staggered	
  



Conclusions	
  

-­‐	
  Thank	
  you	
  -­‐	
  	
  

•  Approach	
  to	
  study	
  topology	
  of	
  Bloch	
  bands	
  in	
  op9cal	
  laXces,	
  
predict	
  and	
  measure	
  associated	
  Zak	
  phase	
  difference	
  

•  Extendable	
  to	
  2D	
  
•  Next	
  steps:	
  

Introduce	
  domain	
  walls,	
  sharp	
  boundaries…	
  


