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Bose-Einstein condensation

@ Macroscopic occupation of ground state
» Weakly interacting atoms, T, x n2/3/m.
@ Macroscopic quantum coherence

» No fragmentation
» Macroscopic phase

o Superfluidity

» Rigidity of wavefunction
» New sound modes
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Condensation timeline
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Outline

Excitons in semiconductors — electron-hole quasiparticles
Polariton quasiparticles — mixtures of light and matter

» Light mass 10~°m. — high condensation T.
» Some interaction (from exciton)

Microcavity system; some recent experiments

Coherent states of BEC, excitons, magnons, polaritons.

Consequences of non-equilibrium BEC

» Decoherence; lasing
» Strong coupling laser without inversion.
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Overview

© Introduction to BEC

@ Introduction to microcavity polaritons
@ Connection of broken symmetries

© Model and review of equilibrium results
@ Disorder-localised exciton model
@ Equilibrium mean field theory

@ Non-equilibrium
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Excitons in semiconductors

Energy

Momentum
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Excitons in semiconductors

i ij

B
g
w
Holes 2 e2
=2l oy
2m erlri — rj
Momentum
@ In GaAs m* = 0.1mg, ¢, = 13, so
» Ry = b5meV (13.6eV for H)
» ag = 7nm (0.05nm for H).
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Excitons in semiconductors
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m er|ri — rjl
Momentum @ High density: e—h plasma
@ Low density: excitons
@ In GaAs m* = 0.1mg, ¢, = 13, so
» Ry =b5meV (13.6eV for H)
» ag = 7nm (0.05nm for H).
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Quantum well excitons

@ Enhance lifetime

» Spatial separation
» Optically forbidden

transition
Momentum
z /
@ Mass ~ me. hOI&yJ/[
@ Strongly interacting —
dipoles. /electrons\
E

[See D. Snoke lectures]
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Microcavity Polaritons

Cavity Quantum Wells
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Microcavity Polaritons

[Pekar, JETP(1958)]
[Hopfield, Phys. Rev.(1958)]

Cavity Quantum Wells Momentum

Jonathan Keeling Polariton condensation ITAP 9 /25



Microcavity Polaritons

[Pekar, JETP(1958)]
[Hopfield, Phys. Rev.(1958)]

cavity Quantum Wells Momentum

Jonathan Keeling Polariton condensation ITAP 9 /25



Microcavity Polaritons

[Pekar, JETP(1958)]
[Hopfield, Phys. Rev.(1958)]

cavity Quantum Wells Momentum

Cavity photons:
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Microcavity Polaritons

[Pekar, JETP(1958)]
[Hopfield, Phys. Rev.(1958)]

Cavity Quantum Wells Momentum
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Polariton experiments: Momentum /Energy distribution
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[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Coherence

Basic idea: Sarmple kS
=3
2
3
Beam N
Splitter <« T
£
2
Tunable
cco Delay 0.4
pid 4 6m
Retroreflector

Coherence map:
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0 HJD 2300 3450 46.00 o \BT{: 37, 5625 7500
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[Kasprzak, et al., Nature, 2006]
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Other polariton condensation experiments

@ Old measurements of (N(t)N(t + 7)) o 1508
[Deng et al PNAS 100 15318 (2003)] gmﬂs
@ Stress traps for polaritons g e
[Balili et al Science 316 1007 (2007)] e
@ Temporal coherence and line narrowing - 1.606
[Love et al Phys. Rev. Lett. 101 067404 -;1-605
(2008)] E 1.604
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Other polariton condensation experiments

@ Quantised vortices in disorder potential
[Lagoudakis et al Nature Phys. 4, 706 (2008)]

@ Changes to excitation spectrum
[Utsunomiya et al Nature Phys. 4 700 (2008)]

@ Soliton propagation
[Amo et al Nature 457 291 (2009)]

@ Driven superfluidity
[Amo et al arXiv:0812:2748]
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Distinguishing features of polaritons

@ Composite electron—hole—photon particle:
» Similar energy scales
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Distinguishing features of polaritons

@ Composite electron—hole—photon particle:
» Similar energy scales

@ Light mass — strong overlap at low density.
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Distinguishing features of polaritons

@ Composite electron—hole—photon particle:

» Similar energy scales
@ Light mass — strong overlap at low density.
@ Naturally two-dimensional, but finite

» Berezhinskii-Kosterlitz-Thouless vs BEC
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Distinguishing features of polaritons

Composite electron—hole—photon particle:
» Similar energy scales

Light mass — strong overlap at low density.

Naturally two-dimensional, but finite
» Berezhinskii-Kosterlitz-Thouless vs BEC
Short polariton lifetime

» Non-equilibrium distributions
» Decoherence
» Relationship to Laser.
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Broken symmetries and condensate

e Bosonic coherent state |A\) = ' |0).
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Broken symmetries and condensate

e Bosonic coherent state |A\) = ' |0).
@ Excitonic Insulator <~ BCS superconductor
=3

BE BC
|wi) = exp [Z WkaZkavk] 0)

k
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Broken symmetries and condensate

e Bosonic coherent state |A\) = ' |0).
@ Excitonic Insulator <~ BCS superconductor
=3

; BE BC
‘Wk> = exp E :Wkackavk ‘O>
k
k
@ As a spi del a +oaf —a z
pin-model ai;a,; — 5;, dgdy — dy,d, — 5,
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Broken symmetries and condensate

e Bosonic coherent state |A\) = ' |0).
@ Excitonic Insulator <~ BCS superconductor
=3

; BE! BC!
‘Wk> = exp E :Wkackavk ‘O>
k
k
A del + F _f z
o S a spln modade aaaw — S , aC,aCI awaw Si’

o XY Ferromagneti / Quantum Hall Bilayer / Magnon condensates

|w;) = exp (Z W,'SI-+> |0)
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Broken symmetries and condensate

e Bosonic coherent state |A\) = ' |0).
@ Excitonic Insulator <~ BCS superconductor
=3

; BE! BC!
‘Wk> = exp E :Wkackavk ‘O>
k
k
A del + F _f z
o S a spln modade aaaw — S , aC,aCI awaw Si’

o XY Ferromagneti / Quantum Hall Bilayer / Magnon condensates

|w;) = exp (Z W,'SI-+> |0)

@ Coupled to bosonic mode — polaritons; cold fermions — molecules.
|\, wi) = exp (Az/ﬁ + Z w;s; ) |0)
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[_V,% 4 V(R)} ®4(R) = £%a(R)

2mx

=0 Quantum Wells

V(R) smoothed by exciton Bohr radius

[PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[_V,% 4 V(R)} ®4(R) = £%a(R)

2mx

=0 Quantum Wells

=

V(R) smoothed by exciton Bohr radius
Want: Energies ¢, Oscillator strengths:  go p o< ¥15(0)Pq p

[PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Excitons in a disorderd Quantum well

Exciton states in disorder:

v2
[— + V(R )} ®,(R) = e4%4(R)
=S =2 LS Quantum Wells 2m my

V(R) smoothed by exciton Bohr radius
Want: Energies ¢, Oscillator strengths:  go p o< ¥15(0)Pq p

[0gpeol” [avD. urits]

&eE [meV]

[PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Polariton system model

Polariton model

@ Disorder-localised excitons

@ Treat disorder sites as
two-level (exciton/no-exciton)

Energy

e Propagating (2D) photons

@ Exciton—photon coupling g.

Position
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Polariton system model

Polariton model

@ Disorder-localised excitons

@ Treat disorder sites as
two-level (exciton/no-exciton)

e Propagating (2D) photons

@ Exciton—photon coupling g.

Hsys = Zwkwlwk +Z |:604 (b&ba -
k o

&
g
w
Position
t 1 t
aaaa) + mga,kzﬂkbaaa + H.c.

System

avi ty mode
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Equilibrium: Mean-field theory

Hsys = Zwklbkwk—i-z {€a< a a—ajla ) B;Fj»kl/}kaaa—FH.c.

2 .
|gup=0| [arb. units]

-1 0
&-E, [meV]
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Equilibrium: Mean-field theory

Hsys = Wbl + {ea bl b, — ala, —i—ga’kl/J bla, +H.c.
sys zk: kP %Yk Za: < ) \/K k

Mean-field theory:
Self-consistent polarisation and field

, V2 1 ;
[/8,: +wo — 2m] Y= 7a Zga<aaba)

2 .
|gup=0| [arb. units]
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Equilibrium: Mean-field theory

sys Zwkd}kwk + Z |:€0¢ < oPo — ajla

Mean-field theory:
Self-consistent polarisation and field

V2 1
] = ﬁ gga@:&ba)

|:Iat + wo — om

Density

1
pP= W}|2 + A Z<biuba - agaa>

[0}
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q

In 2D system: modified critical condition:

2m?
Ps = P — Pnormal = #? ke T
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Fluctuation corrections to phase boundary

Fluctuation corrections to density
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In 2D system: modified critical condition:
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Fluctuation corrections to phase boundary

Fluctuation corrections to density
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q

Energy

In 2D system: modified critical condition:

2m?
Ps = P — Pnormal = #? ke T
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
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In 2D system: modified critical condition:

2m?
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q 3
.
In 2D system: modified critical condition: .
2m?
Ps = P — Pnormal = F ke T
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q 3
ol
In 2D system: modified critical condition: .
K K
2m?
Ps = P — Pnormal = ? kB T
40 ‘ ‘ .
non-condensed
30k condensed |
#201 Second BCS crossover at
; naQB ~1
10
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© Introduction to BEC

@ Introduction to microcavity polaritons

@ Connection of broken symmetries

© Model and review of equilibrium results
@ Disorder-localised exciton model

@ Equilibrium mean field theory
@ Non-equilibrium
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Non-equilibrium system

In—plane momentum
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Non-equilibrium

system

0

E e .

In—plane momentupm o

| \/\/\'p i Cavity
‘ Lifetime Thermalisation ‘
Atoms 10s 10ms
Excitons? 50ns 0.2ns
Polaritons 5ps 0.5ps
100ns(?)

Magnons? | 1us(??)
?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]

®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Non-equilibrium system

0
AlE eam .
| \/\/I:;plane momentup Cavity

‘ Lifetime Thermalisation ‘ Linewidth Temperature
Atoms 10s 10ms 25x 107 3meV 108K 10 meV
Excitons? 50ns 0.2ns 5 x 107°meV 1K 0.1meV
Polaritons 5ps 0.5ps 0.5meV 20K 2meV
100ns(?) 25x107%meV 300K  30meV

Magnons? | 1us(??)
?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]

®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Non-equilibrium: flux and baths

AP ex
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Non-equilibrium: flux and baths

Ph

In—plane momentum

Pumping Bath

- —.

— .
> =

Bulk photon modes
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Fluctuations above transition

When condensed

Det [G5'(w, k)] = w? — c?k?

Poles: momentum

w* = c|k| — Sound mode ™

frequency

[Szymanska et al., PRL '06; PRB '07. Wouters and Carusotto PRL '07]
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Fluctuations above transition

When condensed

Det [Gr(w, k)] = (wtix)?+x2—c2k2 2
o
Poles: é momentum
w* = —ix+ 1 c%k? — x2 —Real (energy)
—Imaginary (decay rate)

[Szymanska et al., PRL '06; PRB '07. Wouters and Carusotto PRL '07]
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Fluctuations above transition

When condensed

Det [Gr(w, k)] = (wtix)?+x2—c2k2 2
o
Poles: é momentum
w* = —ix+ 1 c%k? — x2 —Real (energy)
—Imaginary (decay rate)

Correlations (in 2D): (¢ (r, £)1(0, r')) == |1bo|? exp [~ Dy (t, r, r')]

[Szymanska et al., PRL '06; PRB '07. Wouters and Carusotto PRL '07]
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Fluctuations above transition

When condensed

Det [Gr(w, k)] = (wtix)?+x2—c2k2 2
o
Poles: é momentum
w* = —ix+ 1 c%k? — x2 —Real (energy)
—Imaginary (decay rate)

Correlations (in 2D): (¢ (r, £)1(0, r')) == |1bo|? exp [~ Dy (t, r, r')]

T N ) - In(r/€) r—oo,t~0
<1/1 (r, t)¢(0’0> =~ |to|” exp ! n {% In(c®t/x€2) re~ t — o0

—_

[Szymanska et al., PRL '06; PRB '07. Wouters and Carusotto PRL '07]
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Conclusions: Theoretical aims of lectures

Internal polariton structure
» BEC/BCS crossover

Two dimensional physics; lineshape and correlations

Decoerence

» Dephasing, changing T,
» Effect on spatial correlations
» Strong coupling and lasing

Experimental signatures
» Superfluidity
» Phase coherence, vortices
» Excitation spectrum
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