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Nonequilibrium particle flux
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Polariton experiments: Momentum/Energy distribution

[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Coherence

Basic idea:
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Non-equilibrium model

Polariton model

Disorder-localised excitons

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

Propagating (2D) photons

Exciton–photon coupling g .

Cavity Quantum Wells
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Non-equilibrium theory; mean-field

Look for mean-field solution, ψ(r, t) = ψ0e
−iµS t .

Gap equation:

(µs + iκ)ψ0 = χ(ψ0, µs)ψ0

Polarisation susceptibility,

χ(ψ0, µs) = g2γ
∑

excitons

∫
dν

2π

(Fa + Fb)ν + (Fb − Fa)(ε̃α + iγ)

[(ν − Eα)2 + γ2][(ν + Eα)2 + γ2]
.

Shift of phase boundary:
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Non-equilibrium theory; fluctuations

Approach transition, Gap Equation/Hugenholtz-Pines relation:

µs + iκ = χ(ψ0 = 0, µs)⇔ G−1(ω = µS , k = 0) = 0

Before transition:

G−1(ω, k) = (ω−ω∗k) + iα

(ω−µeff)
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[Szymańska et al., PRL ’06; PRB ’07]

Jonathan Keeling 3rd July, 2008 8 / 17



Non-equilibrium theory; fluctuations

Approach transition, Gap Equation/Hugenholtz-Pines relation:

µs + iκ = χ(ψ0 = 0, µs)⇔ G−1(ω = µS , k = 0) = 0

Before transition:

G−1(ω, k) = (ω−ω∗k) + iα

(ω−µeff)

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
Bath chemical potential, µ

B
/g

10
-2

10
-1

H
om

og
en

eo
us

 L
P 

lin
ew

id
th γ/g=0.3

γ/g=0.5
κ/g=0.02
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[Szymańska et al., PRL ’06; PRB ’07]

Jonathan Keeling 3rd July, 2008 8 / 17



Non-equilibrium theory; fluctuations

Approach transition, Gap Equation/Hugenholtz-Pines relation:

µs + iκ = χ(ψ0 = 0, µs)⇔ G−1(ω = µS , k = 0) = 0

Before transition:

G−1(ω, k) = (ω−ω∗k) + iα(ω−µeff)

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
Bath chemical potential, µ

B
/g

10
-2

10
-1

H
om

og
en

eo
us

 L
P 

lin
ew

id
th γ/g=0.3

γ/g=0.5
κ/g=0.02
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Fluctuations above transition

When condensed

G−1(ω, k) = ω2 − c2k2

(ω + ix)2 + x2 − c2k2

Poles:

ω∗ = c |k|

− ix ±
√

c2k2 − x2

fr
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ue
nc
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momentum

Sound mode

Correlations (in 2D):

〈
ψ†(r, t)ψ(0, 0

〉
' |ψ0|2 exp

[
−η

{
ln(r/ξ) r →∞, t ' 0
1
2 ln(c2t/xξ2) r ', t →∞

]

[Szymańska et al., PRL ’06; PRB ’07]
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Gross-Pitaevskii equation:

Gap equation:(
i~∂t + iκ−

[
V (r)− ~2∇2

2m

])
ψ(r) = χ(ψ(r , t))ψ(r , t)

Nonlinear, complex susceptibility χ(ψ(r , t))

i~∂tψ|loss = −iκψ

i~∂tψ|gain = iγψ − iΓ|ψ|2ψ

i∂tψ =

[
−~2∇2

2m
+

mω2

2
r2 + U|ψ|2 + i

(
γ − κ− Γ|ψ|2

)]
ψ

[Keeling & Berloff, PRL, ’08]
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Gross-Pitaevskii equation:

i∂tψ =

[
−~2∇2

2m
+

mω2

2
r2 + U|ψ|2 + i

(
γ − κ− Γ|ψ|2

)]
ψ.

Use harmonic oscillator energy ω and length
√

~/mω

i∂tψ =
[
−∇2 + r2 + |ψ|2 + i

(
α− σ|ψ|2

)]
ψ
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Stability of profile?

ψ =
√
ρe iφ v = ∇φ

1

2
∂tρ+∇ · (ρv) = (α− σρ)ρ

∂tv +∇(ρ+ r2 + |v|2) = 0

Consider ρ→ ρ+ δρ, v→ v + δv.

If α, σ → 0, can find normal modes
in 2D trap:

δρn,m(r , θ, t) = e imθhn,m(r)e iωn,mt

ωn,m = 2
√

m(1 + 2n) + 2n(n + 1)

Add weak pumping/decay:

ωn,n → ωn,m + iα

[
m(1 + 2n) + 2n(n + 1)−m2

2m(1 + 2n) + 4n(n + 1) + m2

]
Instability!
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Restoring stability

Instability

ωn,n → ωn,m + iα

[
m(1 + 2n) + 2n(n + 1)−m2

2m(1 + 2n) + 4n(n + 1) + m2

]

High m modes: δρn,m ' e imθrm . . .

1

2
∂tρ+∇·(ρv) =

(αΘ(R−r)−σρ)ρ

3α
2σ
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∂tρ+∇·(ρv) = (α− σρ)ρ

(αΘ(R−r)−σρ)ρ

3α
2σ

Unstable growth 
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Increase pump spot size

t=0 t=2 t=22 t=30

t=35 t=40 t=45 t=56

[Keeling & Berloff, PRL, ’08]
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Why vortices
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µ vs R , and hysteresis
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Conclusions

Polariton condensates

Change to spectrum and correlations

fr
eq
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y

momentum

Real  (energy)
Imaginary (decay rate)

Modification to Thomas-Fermi profile
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Observing vortices: fringe pattern

Tunable

Splitter
Beam

DelayCCD

Retroreflector

Sample

=+

t=35 t=40 t=45

t=35 t=40 t=45
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