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  Berezinskii-‐Kosterlitz-‐Thouless	  (BKT)	  transi9on	  in	  2D	  systems	  

  Free	  vor9ces	  to	  vortex-‐anitvortex	  bound-‐pairs	  

  Power-‐law	  decay	  of	  the	  correla9on	  func9ons	  as	  the	  evidence	  for	  BKT	  
phase	  

  Modifica9on	  of	  Bogoliubov	  excita9on	  spectrum	  with	  gain	  and	  loss	  

  Observa9on	  of	  Bologiubov	  excita9on	  spectrum,	  quasi-‐superfluidity	  	  and	  
sound	  velocity	  
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Berezinskii-‐Kosterlitz-‐Thouless	  (BKT)	  Phase	  Transi9on	  

There	  is	  no	  long-‐range-‐order	  in	  uniform	  2D	  system	  (Hohenberg-‐Mermin-‐Wagner	  Theorem).	  

:	  energy	  cost	  per	  vortex	   :	  entropy	  per	  vortex	  

Phase	  Space	  Density	  

Thermal	  length	  

Global	  phase	  stabiliza7on	  

ρ2S:	  2D	  superfluid	  mass	  density	  

ξ:	  healing	  length	  (vortex	  size)	  

V.	  L.	  Berezinskii,	  Sov.	  Phys.	  JETP34,	  1144	  (1972)	  
J.	  M.	  Kosterlitz	  and	  D.	  J.	  Thouless	  J.	  Phys.	  C6,	  1181	  (1973)	  

The	  energy	  cost	  of	  a	  quan9zed	  vortex	  in	  a	  3D	  superfluid	  is	  macroscopic,	  so	  that	  thermal	  excita9on	  of	  quan9zed	  vor9ces	  is	  
not	  possible	  in	  a	  3D	  superfluid.	  However,	  it	  is	  possible	  in	  a	  2D	  superfluid.	  	  Crea9on	  of	  quan9zed	  vor9ces	  is	  
thermodynamically	  profitable	  if	  the	  free	  energy	  would	  be	  decreased	  by	  the	  appearance	  of	  entropy.	  

D.J.	  Bishop	  and	  J.D.	  Reppy,	  Phys.	  Rev.	  B22,	  5171	  (1980)	  



Simultaneous	  Measurements	  of	  Phase	  and	  
Fringe	  Visibility	  Maps	  in	  Exciton-‐Polariton	  Condensates	

Michelson	  interferometer	  with	  right	  	  
angle	  prism	  and	  flat	  mirror	

Superposi9on	  of	  original	  and	  inverted	  
near	  field	  images	  with	  	  a	  constant	  phase	  	  
slope	

Simultaneous	  measurement	  of	  the	  phase	  
and	  the	  fringe	  visibility	

Measured	  interferogram	  for	  
one	  specific	  path-‐length	  
difference	  L	  at	  a	  pump	  power	  
above	  condensa9on	  threshold	

Fringe	  visibility	  measurement	  at	  	  
a	  single	  pixel	  point	

Phase	  φ0	  and	  fringe	  visibility	  
g(1)	  (Δx)	  =	  A/B	  maps	  in	  a	  whole	  
spot	  can	  be	  measured	  
simultaneously.	
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Observa9on	  of	  a	  Vortex-‐An9vortex	  Bound	  Pair	  

Phase	  distribu9on	  (Theory)	   Interference	  pa-ern	  (Theory)	  

vortex	  an9-‐vortex	  

folded	  

cf.	  free	  vortex	  

Phase	  distribu9on	  (Experiment)	   Interference	  pa-ern	  (Experiment)	  

c d
. 

G.	  Roumpos	  et	  al.,	  Nature	  Physics	  7,	  126	  (2011)	  

The	  phase	  rota9ons	  of	  2π	  and	  -‐	  2π	  ,	  associated	  with	  a	  vortex	  and	  an9vortex,	  cancel	  out	  by	  forming	  a	  bound	  pair.	  	  
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Measured	  Visibili9es	  at	  Different	  Pump	  Powers:	  
From	  Gaussian	  to	  Power-‐law	  Decay	  

G.	  Roumpos	  et	  al.,	  PNAS	  109,	  6467	  (2012)	  

Above	  threshold	  density	  (14	  mW)	 Below	  threshold	  density	  (2	  mW)	
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Fijng	  Different	  Func9ons	  to	  the	  Visibility	  

power-‐law	  decay	  :	  	  

exponen9al	  decay:	  	  

Gaussian	  decay:	  	  

root-‐mean-‐square	  (RMS)	  devia9on:	  

fijng	  func9ons	   experimental	  data	  

Correla9on	  func9on	 RMS	  devia9ons	 Frac9onal	  superfluid	



Pump-‐Power	  Dependence	  of	  Exponent	  ap	  
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δ ≈ -1 meV (red	  detuned/light	  
particle)	

δ ≈ -4 meV (blue	  detuned/heavy	  
particle)	



Frac9onal	  Superfluid	  Density	

9	

Frac9onal	  superfluid:	  

Effec9ve	  Temperature:	  

BKT	  threshold	  

Z.	  Hadzibabic	  and	  J.	  Dalibard,	  	  
Rivista	  del	  Nuovo	  Cimento	  34,	  389	  (2011)	  

Boltzmann	  
Bose-‐Einstein	  

Experimental	  

T=25K 



Power-Law Decay Exponent	
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BKT	  Theory:	  

BKT	  phase	  transi9on	  

W.	  H.	  Nitsche	  	  
(Ph.	  D.	  Disserta9on,	  June	  2014)	  



Modified	  Bogoliubov	  Excita9on	  Spectrum	  
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Open-‐dissipa7ve	  Gross-‐Pitaevskii	  equa7on	  

ψ(r,t) 

Gapped 

Reservoir	  popula7on	  

Condensate-‐reservoir	  interac9on	S9mulated	  sca-ering	  gain	External	  poten9al	

Condensate	  loss	 Condensate	  interac9on	

External	  pumping	
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Bogoliubov	  Excita9on	  Spectrum	  

Sound	  velocity	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (c∼1cm/s	  for	  atomic	  BEC)	  

S.	  Utsunomiya	  et	  al.,	  Nature	  Physics	  4,	  700	  (2008)	  

E(p)	  

at	  	  below	  threshold	  	  
(p/pth=0.001)	  

• 	  C:	  D=4.2	  (meV)	  
• 	  D:	  D=-‐0.23	  (meV)	  

• 	  A:	  D=1.41	  (meV)	  
• 	  B:	  D=0.82	  (meV)	  

Free	  par9cle	  dispersion	  (black)	  

Bogoliubov	  dispersion	  (pink)	  

Universal	  Scaling	  law	  

(small	  p)	  

E
/g

n
 

(large	  p)	  



Dispersive	  Shock	  Wave	  and	  Dark	  Solu9on	  
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Bogoliubov	  spectrum	  

Experimental	  results	  
suggest	  a	  gapped	  spectrum	  

Gapped	  spectrum	  

Wide	  
pulse	  

Narrow	  
pulse	  
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Sound	  Velocity	  in	  Polariton	  Condensates	  
　 － Wide	  Spa9al	  Pulse	  Excita9on	  －	  

Background	  cw	  condensate	  

Pulse	  condensate	  only	  

Pulse	  condensate	  +	  
Background	  cw	  condensate	  

vs	  



Conclusions	
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Exciton-Polaritons 
 － Dressing Quantum Well Excitons with Microcavity Fields ー 

polariton splitting 
   (4meV) 

E 

k // 

  QW exciton  

Lower polariton 

Upper polariton 

2D Microcavity photon   
(mph ~ 10-5 me) 

(mexc ~ 10-1 me) 

AlAs/AlGaAs DBR   

AlAs/AlGaAs DBR   

GaAs SQW in λ/2 cavity   

T∼1psec 
Q=2000 

cavity photon  
 → QW exciton  
 → cavity photon … 

 lower polariton mass: mLP 〜 10-4mexciton 〜 10-10matom 

A normal mode splitting 〜 4 (meV)x 

number of  quantum wells 
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UP 

LP 

condensate µ	


normal 
state µ	


Coherent light 

BCS Crossover in Exciton-Polariton Condensates 

Coherent state cavity field modulates an 
electronic excitation (e-h pair at Fermi 
surface) 

    Coherent Rabi oscillation with ωRabi = 2g|λ| 

    Mollow’s triplet-like spectrum 

Electron-holes pairing by coherent cavity 
field rather than Coulomb interaction	

Two-level atoms: J. Keeling et al., Phys. Rev. B72, 115320 (2005) 

17 



Long	  Range	  Order	  in	  Three-‐Dimensional	  Atomic	  BEC	

The	  spa9al	  correla9on	  func9on	  decays	  toward	  a	  plateau	  at	  large	  distances.	  

Frac9onal	  condensate	  no/n	  is	  constant	  in	  an	  en9re	  condensate	

I.	  Bloch,	  T.	  W.	  Hänsch	  &	  T.	  Esslinger,	  	  Nature	  403,	  166	  (2000)	

Appendix-1 



Appendix-2 

Quasi-‐Long	  Range	  Order	  in	  Two-‐Dimensional	  Atomic	  Gas	  

n:	  par9cle	  density	  
ns:	  superfluid	  density	

:	  healing	  length	

:	  thermal	  de	  Broglie	  wavelength	

:	  characteris9c	  length	

Integrated	  interference	  contrast	  	

Z. Hadzibabic, P. Krüger, M. Cheneau, B. Battelier and J. Dalibard, Nature 441, 1118 (2006)	

Gaussian	  decay	

Power-‐law	  decay	



Simulated	  Power-‐Law	  Decay	  

Z.	  Hadzibabic	  and	  J.	  Dalibard,	  Rivista	  del	  Nuovo	  Cimento	  34,	  389	  (2011)	

Two-‐dimensional	  phonon	  modes	  sca-er	  the	  phase	  of	  a	  polariton	  condensate	

Appendix-3 



Phase	  Mapping	  for	  Switching	  Vortex-‐an9vortex	  Pairs	  
(Weak	  Poten9al	  Fluctua9on)	  

"   If	  the	  vortex	  and	  an9vortex	  can	  flip	  mutual	  posi9ons	  and	  co-‐propagate,	  the	  areas	  with	  π-‐
phase	  ship	  are	  observed,	  which	  are	  surrounded	  by	  the	  minimum	  fringe	  visibility.	  

"   If	  the	  phase	  map	  is	  folded	  along	  the	  ver9cal	  line	  between	  vortex	  and	  an9vortex,	  the	  phase	  
rota9ons	  associated	  with	  the	  vortex	  and	  an9vortex	  cancel	  out	  exactly	  so	  that	  no	  phase	  
defect	  is	  observed.	  

G.	  Roumpos	  et	  al.,	  Nature	  Physics	  7,	  126	  (2011)	  

Theory	   Experiment	   Experiment	  (ver9cal	  folding)	  

phase	  map	  

fringe	  	  
	  	  visibility	  

Appendix-4 
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Dispersive Fluid, Dissipative Shock Wave and Superfluid in 
Three Regimes of Polariton Condesates 

Non-resonantly excited two condensates 

background cw  
   condensate 

pulse condensate 

Oscillation phase	 Diffusive phase Bogoliubov phase 


