Nonequilibrium Polariton Condensation:
Introduction to Microcavity Polaritons

Jonathan Keeling, P. R. Eastham, P. B. Littlewood,
F. M. Marchetti, M. H. Szymanska
Theory of Condensed Matter, Cambridge

April 9th 2007

b l
N

s s

J. Keeling, KITP, 2007



Microcavity polariton introduction

Overview

e Microcavity polaritons: review of experiments.

J. Keeling, KITP, 2007



Microcavity polariton introduction

Overview

e Microcavity polaritons: review of experiments.

e Models of polaritons: Dicke model.

J. Keeling, KITP, 2007



Microcavity polariton introduction

Overview

e Microcavity polaritons: review of experiments.
e Models of polaritons: Dicke model.

e Similarities and differences to Feshbach resonance

J. Keeling, KITP, 2007



Microcavity polariton introduction

Overview

e Microcavity polaritons: review of experiments.
e Models of polaritons: Dicke model.
e Similarities and differences to Feshbach resonance

e Nonequilbrium quantum condensation

J. Keeling, KITP, 2007



Microcavity polariton introduction

Polaritons

e Strong coupling of photons to excitons

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

J. Keeling, KITP, 2007

Energy

Photon

Exciton

—
Momentum

[Contents 2



Microcavity polariton introduction

Polaritons

e Strong coupling of photons to excitons Photon

Energy

e Anti-crossing — form two new modes

Exciton

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

—
Momentum

J. Keeling, KITP, 2007 [Contents 2



Microcavity polariton introduction

Polaritons

e Strong coupling of photons to excitons Photon

Energy

e Anti-crossing — form two new modes

: Exciton
e No condensation — can relax to photon

mode.

[Pekar, JETP (1958)],[Hopfield, Phys. Rev (1958)]
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Microcavity polaritons
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Why polariton condensation:
e Polariton mass 10~ *Mmejectron, high k.

e Photon component — non-classical light.  Qw Exciton
\

e Crossover to laser. (_ Lower
Polariton
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e Cavity lifetime is short (ps), hard to thermalise.
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Polariton Experiments:

Non-linear Photoluminescence.
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Polariton Experiments: Thermal distribution
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Polariton Experiments: Interference resuls

Below threshold Above threshold
y (Hm) y (m)

X (um)

Correlation (%) D N | Correlation (%) IEGIGY

0 75 150 225 30.0 0 18.75 37.50 56.25 75.00

[Kasprzak et al. Nature 443 409]
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Localised two level systems
Coupling to light:

[arb. units]
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[Marchetti et al. PRL 96, 066405 (2006);cond-mat/0608096].
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Localised two level systems

Coupling to light:
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= o
N _
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2 Level systems

e Effective hard-core exciton-exciton interaction exists.
e Energy difference between levels represents energy of bound exciton state.

[Marchetti et al. PRL 96, 066405 (2006);cond-mat/0608096].
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The Dicke Model Hamiltonian
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The Dicke Model Hamiltonian
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The Dicke Model Hamiltonian

a=nA
H = ) e(blb,—ala,) + > hwphiey
a=1 k=1/VA
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e Photon dispersion in cavity:
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Feshbach Analogies and differences

Comparison of physical systems:

Feshbach resonance
Closed channel molecules
Atoms

Inter-channel coupling
Background potential

Important differences

Trrey

Microcavity Polaritons
Microcavity Photons
Electron/Holes

Electric dipole interaction
Coulomb attraction

e Polaritons: Measure only emitted photons.

e Cannot dynamically change exciton-photon detuning.

J. Keeling, KITP, 2007

11



Microcavity polariton introduction

Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:

J. Keeling, KITP, 2007

12



Microcavity polariton introduction

Holland- Timmermans model
One model of Feshbach resonance, very similar to Dicke model:

H—uN = ) (ex— p)ck 0
k,o

J. Keeling, KITP, 2007

12



Microcavity polariton introduction

Holland- Timmermans model
One model of Feshbach resonance, very similar to Dicke model:

H—uN = ) (& —p)ch 00+ > (ex +2A —2u)blby
k,o k

J. Keeling, KITP, 2007

12



Microcavity polariton introduction

Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:

H—uN = ) (e —p)ck 00+ > (k + 20 — 2u)blby
k,o k

f f f
T 9 Z (ch—k+q/2,¢ck+q/2n T Ck+q/2,TC—k+q/2,qu)
k,q

J. Keeling, KITP, 2007 [Contentsl 12



Microcavity polariton introduction

Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:

H—uN = ) (e —p)ck 00+ > (k + 20 — 2u)blby
k

k,o
f f i
T 9 Z (ch—k+q/2,¢ck+q/2n T Ck+q/2,TC—k+q/2,qu)
k,q
U b g
9 Z Ck4q,1'—q, 1k, LCk/ 1"
k,k',q

J. Keeling, KITP, 2007 [Contentsl 12



Microcavity polariton introduction

Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:

H—uN = Z(ek — ,u)cz,ack,a + Z(ek + 2A — Z,u)b;f{bk,
k,o k

i T T
+ g9y (ch—k+q/2,lck+q/2ﬁ B Ck+q/2,TC—k+Q/27lbq>
k,q

Y Pt
= Z Ckt+¢,7Ck'—q,1 Sk, 1K' 1"
k,k'.q

J. Keeling, KITP, 2007 [Contents 12



Microcavity polariton introduction

Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:
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Mean field theory

At zero temperature, BCS-like ansatz is exact minimum
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Comparing mean field theories

General form
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Localised two level systems

ol [arb. units]

2

19

[Marchetti et al. PRL 96, 066405 (2006);cond-mat/0608096].

J. Keeling, KITP, 2007

[Contents] 16



Microcavity polariton introduction

Localised two level systems
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[Marchetti et al. PRL 96, 066405 (2006);cond-mat/0608096].
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Fluctuation corrections
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Fluctuation corrections

e Consider crossover to BEC with changing density.

e Treatment similar to [Nozieres €9 Schmitt-Rink J.L.T.P 59 195 (1985)]

e However:

o Two dimensional system — consider Kosterlitz-Thouless
o Boson field dynamic, with chemical potential — similar to Holland-
Timmermans model, e.g. [Ohashi & Griffin, PRA. 67 063612 (2003)]
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Fluctuations in 2d
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Fluctuations in 2d

A
>
% Need Psf = Ptotal — Pnormal-
< Pnormal found by current response:
E Ji(a) = xij(a)Fj(a).
:
qiq; qi4;
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Microcavity polariton introduction

Fluctuations in 2d

A
2
% Need Psf = Ptotal — Pnormal-
< Pnormal found by current response:
E Ji(a) = xij(a)Fj(q).
3
R qiq; qiq;
S Xij = XL—5+ + XT <5¢j — —23>
Temperature Tt To q q
kaBT Thus Pnormal — mXT(q — 0)
Ps = #T

Thus, need to find: ptotar In presence of condensate.

J. Keeling, KITP, 2007
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Fluctuations in presence of condensate

Density is total derivative of free
energy:
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Microcavity polariton introduction

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Fane = —kpTn <€—ﬁ(HﬂuCt[¢0]—upuncondensed)>
energy:

_ OF  dyo OF
£ O dp 9o
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Microcavity polariton introduction

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Fane = —kpTn <e—ﬁ(HﬂuCt['¢0]—upuncondensed)>
energy:

OF  diyg OF By definition, 0Fy,¢./0%g = 0, so:
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Write F' = F, ¢ + Fauct.
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Microcavity polariton introduction

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Faww = —kgpTln <€—5(Hﬂuct[zp0]—upumondensed)>
energy:

OF  diyg OF By definition, 0Fy,¢./0%g = 0, so:
7T T on T du ady

_ . CWO a‘Fﬂuct . aFﬁuct
Write F = F. ¢ + Fhuc. P=\fmit

dp - Oy O
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Microcavity polariton introduction

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Faww = —kgpTln <€—5(Hﬂuct[zp0]—upumondensed)>
energy:

OF  diyg OF By definition, 0Fy,¢./0%g = 0, so:
7T T on T du ady

L ( CWO aF1ﬂuct> aFﬁuct
P =1\ Pm.f. — —

Write F' = Fi ¢ + Fauct. dp - Oy O

Condensate depletion changes critical chemical potential.
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Microcavity polariton introduction

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)a,iak + 5 Z aLanL,_qakak,.
k kik'\q

J. Keeling, KITP, 2007
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Microcavity polariton introduction

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)aliak + 5 Z a£+qa2,_qakak,.
k kiK' \q

I ‘_ Mean field density (p/g)

05 _ . 0 . 05
Chemical potential
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Microcavity polariton introduction

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)aliak + 5 Z a£+qa2,_qakak,.
k kiK' \q

| |— Mean field density (u/g)

0.6 | Depleted condensate density |
0.4 |
& 0.21 ]
D L

0
0.2- |
1 ) l ‘ 1
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Chemical potential
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Microcavity polariton introduction

Simple example: Weakly interacting Bose gas

H—uN =) (e —pa

| |— Mean field density (u/g)
0.6 | Depleted condensate density |
- |— Total density
0.4 |
G 0.21 ]
D L
0
| /
/
0.2- |
-1 I i |

J. Keeling, KITP, 2007

05 _ . 0 .05
Chemical potential

g
a; + B Z a£+qa2,_qakak,.

k,k’,q

Normal state exists for pu < O:
Need self energy.
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Microcavity polariton introduction

Calculate density where pgyperfivia = 0.

The phase diagram

o o ~ |BECof "]
: hotons .-~ .~ |
1ok [— Meanfidd A
: ---M=0.05 APCAE
I M=0. AR
) M=0. S
5 M=0.
S E
@
g ,
— BCS-like regime 1
0. 3
S |
=~ .- ,.~ .~ BEC of polaritons
0_01-‘\*‘m innnafln__ 0 o nnnanaln 0 nononnnnal oy,
0.001 0.01 1 10

J. Keeling, KITP, 2007
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The phase diagram

Calculate density where pgyperfivia = 0.
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Microcavity polariton introduction

The phase diagram

Calculate density where pgyperfivia = 0.

N =T Pty R I ]
hotons”~ -~ & T L ]
ean field S 1 L 1 ]

>
10F —M <
- ——- M=0.05 o] B ]
B M 0. '/'/‘ LL] / L |
9 M 8 ya / -
= M=0. . K Tk K
o)
= BCS-likeregime | (Crossover when:
0. 5
SRS . p
=~ -, .~ BEC of polaritons T _
0_01..‘\*m. T A T e T Lnar deg -
0.001 0.01 0.1 1 10 m™m
Density
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Microcavity polariton introduction

The phase diagram

Calculate density where pgyperfivia = 0.

N =T Pty R I ]
hotons”~ -~ & T L ]
ean field S 1 L 1 ]

o
_——
|
|
\
'Energy

OO0O

BCSlikeregime |  Crossover when:

o Temperature

e RO
=~ .- ,.~ .~ BEC of polaritons T _ ﬁ ~T. ~ g\/ﬁ
001.—\\‘\\‘5 <‘ I /\\\Hh I L I L I Lo deg - ~ C ~
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Microcavity polariton introduction

The phase diagram

Calculate density where pgyperfivia = 0.

‘ ‘ ‘ BECof -~ /
: hotons -~ .-~ | X ’ ’
10¢ |—— Meanfield P R -
- --- M=0.05 Jopse B 1T
M=0.10 RO L | |/
5 -~ M=0.20 [0 ,/
5 —--M=0.50 s ‘ :
® Ly E K
b .
5
= BCSikeregime |  Crossover when:
0. E
. * p
=~ .-~ .~ BEC of polaritons I T — 7~
0.01 \1&: {‘ 1 /xuuh 1 o 1 ol ! Lo deg - ~
0.001 0.01 1 10

0.1
Density

Current experiments in BCS-like regime: pcrossover/M
experiments around p/n = 0.01.

J. Keeling, KITP, 2007
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