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Outline

VLecture 2: 

Part1: Quantum condensation in non -equilibrium 
dissipative systems

Part2: Superfluid properties 

VLecture 1: 
Introduction: BEC-BCS, excitons, polaritons, experiments

Åprobes of dissipative BEC

Ånon-equilibrium field theory



BEC =  macroscopic occupation of a single 
quantum (ground) state of massive 
particles at thermal equilibrium 

Bose/Einstein
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Macroscopic Phase Coherence  

=  macroscopic wave function              
which arises from interactions 

Superfluidity  - linear sound mode with dispersion                       
and hence a superfluid stiffness c 

Bose-Einstein Condensation and Interactions



e.g. in GaAs   (m* ~ 0.1 me , e= 13)
Binding energy = 5 meV  (13.6 eV for Hydrogen)

Bohr radius = 7 nm (0.05 nm for Hydrogen)

éat high density form 
an electron -hole plasma

éat low densities can bind to form excitons (analogue of hydrogen)

(Fast) thermal
equilibration

Valence band 

Conduction 
band 

(Slow) optical
recombination

Optical excitation of 
electron -hole pairs

VElectron -hole pairs created by optical excitations é

VBinding is weak and radius is large

i.e. large compared to inter -atomic distances

Excitons in Semiconductors
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Exciton mass is small, critical temperature

VAt low densities ( ) tightly bound excitons 

- capacity to undergo Bose- Einstein condensation 1

is large (ca. 1K at realistic densities)

VAt high densities (              ) electrons and holes unbind

- capacity to `condenseõ into excitonic 
insulator phase2 (two -component BCS)

1Keldysh and Kozlov õ68
2Keldysh and Kopaev õ64

Exciton Condensation

BEC-like phase
of excitons

EFc

EFv

BCS-like instability
of Fermi surfaces
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BCS-BEC crossover

Same       can describe BEC of bosons at low density \ strong interaction 
and BCS state of fermions at high density \ weak interactions.

Pair wave-function

Why ? It is a coherent state

Gap equation Density equation

Keldysh and Kopaev õ64
Eagles ô69, Leggett ô80

Randeria



Keldysh and Kopaev õ64

Low density

nk ~ n1/2 f k

1

0
kF

High density

nk ~H(k f -k)nk

Mean-field Theory of Exciton Condensation

BCS-BEC crossover driven by change in excitonic density

BEC-like phase
of excitons

EFc

EFv

BCS-like instability
of Fermi surfaces



ÅCu2O dipole -forbidden excitons 

ÅBiexcitons in CuCl 

VEarly attempts

VNew promising candidates
ÅIndirect excitons in coupled quantum wells

Butov et al PRL (2001), Nature (2002),  Snoke et al, Nature (2002);

Experiments towards BEC of Excitons

Obstacle: Auger recombination

- bias across QWs leads to long-lived spatially indirect excitons

- coherence of excitons would show in photoluminescence 

Electrons

Holes



ÅCu2O dipole -forbidden excitons 

ÅBiexcitons in CuCl 

VEarly attempts

VNew promising candidates
ÅIndirect excitons in coupled quantum wells

Butov et al PRL (2001), Nature (2002),  Snoke et al, Nature (2002);

Experiments towards BEC of Excitons

Obstacle: Auger recombination

- bias across QWs leads to long-lived spatially indirect excitons

- coherence of excitons would show in photoluminescence 

- fragmentation pattern observed requires 
non-linear (stimulated) process1

1L. S. Levitov et al, Phys. Rev. Lett. 94 , 176404 (2005)



Polaritons

VPolaritons   [J.J. Hopfield Phys Rev 112 , 1555 (1958)]

= mixed modes of excitonic polarisation and light
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VStrong exciton -photon interaction  - polariton
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Microcavity Polaritons

QW Excitons
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Photon mode

V Optical microcavities allow

- to confine the optical

modes

- to control the  

interactions with the

electronic polarisation

V Experimentally realised: C. Weisbuch et al. PRL69, 3314 (1992)

dipole coupling

Upper polariton

Rabi splitting = 2g

Lower polariton

normal modes

Exciton

Photon

k//

VPolariton mass = 10-9 mass of Rubidium atom



VTowards BEC:

Deng et al. Science 298 199 (2002 ), PNAS 100 15318 (2003)

Early Experiments ðtowards BEC 

photon modes

QW MirrorMirror

ph

ÅNonlinear growth of emission without bleaching of polariton line 
much below the population inversion   not a photon laser!

Pau et al, PRA54, 1789 (1996); Dang et al. PRL 81 , 3920 (1998); Senellart et al, PRL82,
1233 (1999), Savvidis et al. PRL 84 1547 (2000), Stevenson et al. PRL 85 3680 (2000)

ÅDecrease of the second order coherence function g (2) coherence?

ÅNarrowing of the N( ɗ) photon distribution spatial coherence?

ÅInterference fringes
Richard et al. Phys. Rev. Lett. 94 , 187401 (2005 )



Different Pumping Schemes 
Incoherent

pump

signal

signal



Different Pumping Schemes 
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