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Outline

V Lecture 1:
Introduction: BEGBCS, excitons, polaritons, experiments

V Lecture 2:

Partl: Quantum condensation in non-equilibrium
dissipative systems

Anon-equilibrium field theory

Aprobes of dissipative BEC

Part2: Superfluid properties



Bose-Einstein Condensation

Bose-Einstein condensation * 1925

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

N = /de D(e)

eﬁ(é—#) _ 1 Satyendra Nath Bose  Albert Einstein
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Bose-Einstein Condensation of Rb 87
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Bose-Einstein Condensation and Interactions

Macroscopic Phase Coherence

= macroscopic wave function ¢ei¢
which arises from interactions

Superfluidity - linear sound mode with dispersion
and hence a superfluid stiffness ¢ w = cq




Excitons in Semiconductors

V Electron-hol e pairs created by o]}

(Fast) thermal
equilibration

Conduction
band

éat high densi
an electron -hole plasma

Optical excitation of
electron -hole pairs

(Slow) optical
recombination

Valence band / "\

éat | ow densi ti e sxcioasn(andlagueadfhydmgeh)o |

V Binding is weak and radius is large

e.g.inGaAs (m~0.1m,,e=13) €
Binding energy = 5 meV (13.6 eV for Hydrogen) h*
Bohr radius = 7 nm (0.05 nm for Hydrogen)

l.e. large compared to inter -atomic distances



Exciton Condensation

V At low densities ( nexca < 1) tightly bound excitons

- capacity to undergo Bose- Einstein condensation *

Exciton mass is small, critical temperature oo (o)
2/3

o8

Mexc

IS large (ca. 1K at realistic densities) BEG like phase

of excitons

V At high densities ( nexcad ~ glectrons and holes unbind

-capacity to ' exatondt e Rrs nt o
insulator phase? (two-component BCYS)

Er b
Kel dysh and Kozl ov 668 BCS-like instability
2Kel dysh and Kopaev 064 of Fermi surfaces



BCS-BEC crossover «eidysn d

an
Eagles 069,

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

Wecs) = 1 [ur + vkafal )| vac)  op/up = é1
k Pair wave-function

Why ? Iltis a coherent state  |W) = o2k qbl lvac)
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Mean-field Theory of Exciton Condensation
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W) = H [uk + 'Ukaikavk] 0)
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BEGC: like phase

of excitons
1
Low density n
1/2 k
n ~n+f, [——
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Kel dysh and
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BCS-like instability
of Fermi surfaces

High density
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BCS-BEC crossover driven by change in excitonic density



Experiments towards BEC of Excitons

V Early attempts
ACu,0 dipole -forbidden excitons

_ _ _ Obstacle: Auger recombination
ABiexcitons in CuCl

V New promising candidates

Alndirect excitons in coupled quantum wells
Butov et al PRL (2001), Nature (2002), Snoke et al, Nature (2002);
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- bias across QWs leads to long-lived spatially indirect excitons

- coherence of excitons would show in photoluminescence
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- bias across QWs leads to long-lived spatially indirect excitons

- coherence of excitons would show in photoluminescence

- fragmentation pattern observed requires

non-linear (stimulated) process?!
1|, S. Levitov et al, Phys. Rev. Lett. 94, 176404 (2005)



Polaritons

V Strong exciton -photon interaction - polariton

V Polaritons [J.J. Hopfield Phys Rev112, 1555 (1958)]
= mixed modes of excitonic polarisation and light
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Microcavity Polaritons
Photon mode dipol?coupling

\

Fexc g
g Eph

»

| . normal modes
Pl

QW Excitons \
. i . — 2 2
V Optical microcavities allow ©ph = Vw2 + (clk))
: : Photon
- to confine the optical
modes
- to control the
mlteractlQnS W:th.the. citon / Lower polariton
2 .
electronic polarisation 5 _ o+ X k >
1

Upper polariton

Rabi splitting = 29

V Polariton mass = 10°° mass of Rubidium atom

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



Early Experiments o towards BEC

V Towards BEC: |, oi0mmades

P

y
K pL

Mph cavity \\
/fg) photon

pumping
QW exciton

_#" phonon
emission
¥ | P

LP-LP
scattering
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ANonlinear 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. PRL81, 3920 (1998); Senellart etal, PRLB2,
1233 (1999), Savvidis et al. PRL 84 1547 (2000), Stevenson et al. PRL 85 3680 (2000)

ADecrease of the second order coherence function g @ coherence?

ANarrowing of the N( d) photon distribution spatial coherence?
Deng et al. Science 298 199 (2002 ), PNAS 100 15318 (2003)

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



Different Pumping Schemes
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Different Pumping Schemes

Parametric
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