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Overview

@ Microcavity polariton condensation
@ Introduction to microcavity polaritons
@ A model of non-equilibrium polariton condensation

@ Strong-coupling lasing and condensation
@ Polariton condensation vs lasing
@ Why is it surprising

© Model ingredients for strong-coupling lasing
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Microcavity Polaritons

Caviy Quantum Wells
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Microcavity Polaritons

Caviy Quantum Wells
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Microcavity Polaritons

Caviy Quantum Wells

Cavity photons:

wk = /w3 + c2k?
:w0+k2/2m*

m* ~ 10~*m,
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Non-equilibrium system

In—plane momentum
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Non-equilibrium system

Pho;o-n =

Exciton

In—plane momentum

I

‘ Lifetime Thermalisation ‘

Atoms 10s 10ms
Excitons? 50ns 0.2ns
Polaritons 5ps 0.5ps

Magnons® | 1us(??) 100ns(?)

?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

Pho;o-n =

Exciton

In—plane momentum

‘ Lifetime Thermalisation ‘ Linewidth Temperature
Atoms 10s 10ms 25x107BmeV  1078K 10 "meV
Excitons? 50ns 0.2ns 5 x 107°meV 1K 0.1meV
Polaritons 5ps 0.5ps 0.5meV 20K 2meV

Magnons® | 1us(??) 100ns(?) 25x107%meV 300K  30meV

?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
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y In—plane momentum Tavity
| Lifetime  Thermalisation | Linewidth Temperature
Atoms 10s 10ms 25x107BmeV 108K 10 meV
Excitons? 50ns 0.2ns 5 x 10°meV 1K 0.1meV
Polaritons 5ps 0.5ps 0.5meV 20K 2meV
Magnons® | 1us(??) 100ns(?) 25x107%meV 300K  30meV

?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]
®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Polariton experiments: Momentum /Energy distribution

Emission angle, 6 (degree)
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[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Momentum /Energy distribution

Emission angle, 6 (degree)
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Polariton
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Linewidth (meV)

Strong coupling lasing

experiments: Strong coupling

5 0%
2 S 10"
S . 10
g 10
L5 9
=10
c 2 408
s 10
‘n S
810
(=
UEJ = 105
10°
1600
3
§ £ 1599
o E
23
"EJE 1598
1597
.
1.75
> 150
3
S§E 125
2% 1.00
(=]
wE oo
£ 050
025

0.00

ZT77,

i 4
v
Polariton
laser
U e
. 7

04 110 100
Excitation power (mW)

[Bajoni et al PRL 2008]

The Burn

Measured occupancy

6/18



Polariton experiments: Strong coupling

100 4

- =3
L

Ground-state occupancy

L=
L

0.01 9

o ———
; .

Blue shift (L)

Q

0.

[Kasprzak, et al., Nature, 2006]
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Density of power (kW cm-2)

Strong coupling via:
@ Small blueshift compared to Qg

Linewidth (meV)

@ Polaritonic dispersion, m > mppot

@ Separate photon threshold
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Other systems

e Quantum dot/photonic lattice (single “atom™)

=

8
e

—— T

[Nomura et al Nature 2010]
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Other systems

e Quantum dot/photonic lattice (single “atom™)

004 So ;s
_f'/ -~ N

[Nomura et al Nature 2010]

@ Superconducting qubits/microwave cavity
[Yale/ETH experiments]
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Other systems
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[Nomura et al Nature 2010]

@ Superconducting qubits/microwave cavity
[Yale/ETH experiments]

e Quantum dot/photonic lattice (single “atom™)

@ Single atom lasing schemes?
» Disentangle “strong coupling” from “thresholdless” — many atoms
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Overview

@ Microcavity polariton condensation

@ A model of non-equilibrium polariton condensation
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Polariton system model

Polariton model

@ Disorder-localised excitons

m Quantum Wells

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

e Propagating (2D) photons

@ Exciton—photon coupling g.

Energy

Position
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Polariton system model

Polariton model

@ Disorder-localised excitons

e Treat disorder sites as e AN

two-level (exciton/no-exciton)

Energy

e Propagating (2D) photons

@ Exciton—photon coupling g.

Position

1
Hsys = Zwkwl¢k + Z |:€a (bLba - aLaa) + ﬁga,kwkb:fxaa + H.c.
k a

System

avily mode
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Non-equilibrium model: baths

Pumping Bath

-

Bulk photon modes

o -

vy
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H = Hsys + Hsys,bath + Hbath
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Non-equilibrium model: baths

Bulk photon modes

Pumping Bath

H = Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay «

ot~ S VW + 57 (a1 + 618,) + He

p,E avﬁ
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Non-equilibrium model: baths

Bulk photon modes

Pumping Bath

H = Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay «

ot~ S VW + 57 (a1 + 618,) + He

p,E avﬁ

Bath correlations, (WTW), (ATA), (BTB) fixed:
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Non-equilibrium model: baths

Pumping Bath

-

Bulk photon modes

o -

vy

H = Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay «

ot~ S VW + 57 (a1 + 618,) + He

P,k

a?ﬁ

Bath correlations, (WTW), (ATA), (BTB) fixed:
WV bath is empty. Pumping bath thermal, ug, T:
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Phase boundary

1. Look for coherent solution:
P(r, t) = PoeHst,

Gap equation:

(o i) = 2 Y
= X(w07 MS)wO

Bath Temperature
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Phase boundary

1. Look for coherent solution: 2. Stability of normal state:
P(r, t) = poeHst,
Gap equation: P(t) — o + 09(t)

Does:

. 1
(s —wo + iKk)ho = ﬁ ;ga<Pa> Sib(t) = f deR(w)ei“’téw(O)

row or decay?
= Xx(%o, 1s)%0 & y

Bath Temperature
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Phase boundary

1. Look for coherent solution: 2. Stability of normal state:
P(r, t) = poeHst,
Gap equation: P(t) — o + 09(t)

Does:

. 1
(ts — wo + iK) 1o = ﬁ ;ga<Pa> Sib(t) = f deR(w)ei“’téw(O)
— (o, 1)t grow or decay?

Since non-equilibrium: Need
] @ Spectrum

@ Occupation

Bath Temperature
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Fluctuations — Stability, Luminescence, Absorption

DR = it — t'] <[¢,¢T} >
Green’s functions: -

o s,
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Fluctuations — Stability, Luminescence, Absorption

DR — D* = —i<[w,w} >
Green's functions: -

o s
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Fluctuations — Stability, Luminescence, Absorption

DR — D* = —i<[w,w} >
Green's functions: -

DK — —i<[¢,¢*}+> = (2n(w) + 1)(DR — DA)
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DR — D* = —i<[w,w} >
Green's functions: -
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Fluctuations — Stability, Luminescence, Absorption

DR — D* = —i<[w,w} >
Green's functions: -

DK — —i<[¢,¢*}+> = (2n(w) + 1)(DR — DA)

—iC(w)
D = BT ALY
DR _ pA 2B(w)
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Fluctuations — Stability, Luminescence, Absorption

DR — D* = —i<[w,w} >
Green's functions: -
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Fluctuations — Stability, Luminescence, Absorption

DR - DA = —i<[w,w} >
Green's functions: -

DK — —i<[1/},¢TL> = (2n(w) + 1)(DR — DA)

[DR@)] = Aw) + iB(w), T=ae
1- |
(D71 w)]" = iC(w). f
0
" Il l : Il \l : Il :l Il :
DK —iC(w) = ‘—DensityofstaISZIm[DR]‘—
B(w)? + A(w)? =l ]
R A 2B(w) % it
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Fluctuations — Stability, Luminescence, Absorption

DR _DpA= _ '<[w,w*} >
Green's functions:

—iC(w) =

OF = B+ AW gz
2B(w) D

O e awe 2]

05 0 05
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

DR - DA = —f<[w,¢ﬁ} >
Green's functions: -

DK — —i<[1/},¢TL> = (2n(w) + 1)(DR — DA)
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Fluctuations — Stability, Luminescence, Absorption

DR - DA = —f<[w,¢ﬁ} >
Green's functions: -

DK — —i<[1/},¢TL> = (2n(w) + 1)(DR — DA)

1 45 1 05 0 05 1
[DR(w)} = A(w) + iB(w), IS ]
1 K I clw) 7
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Linewidth, inverse Green's function and gap equation

Intensity (a.u.)
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[DR] 7! for a laser

Maxwell-Bloch equations:

gf " o) = —iwiy — Kkp + gP
A 9.P=—2ieP —TP+gyN

OtN =T(Ng — N) —2g(¢p*P + P*y)
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[DR] 7! for a laser

Maxwell-Bloch equations:

gf " o) = —iwiy — Kkp + gP
A 9.P=—2ieP —TP+gyN

OtN =T(Ng — N) —2g(¢p*P + P*y)

g>No

-1
R _ i .
{D (w)} =w wk+//<;+7w_2€+il_
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[DR] 7! for a laser

Maxwell-Bloch equations:

FIX, g )FNO

g/ il O = —iwp — Ky + gP
8 0P = —2ieP — TP+ gN
9N = T(No — N) — 2g(s*P + P*)

-1 2N i
[DR(w)} :w—wk—l—m—i—ﬂ g 7

w—2e+ il \

[t .
— — Zeroof Im
= -@19? (D)

System inversion, N

Energy of zero

Jonathan Keeling Strong coupling lasing The Burn 14 /18



@ Microcavity polariton condensation

@ Introduction to microcavity polaritons
@ A model of non-equilibrium polariton condensation
@ Strong-coupling lasing and condensation
@ Why is it surprising

@ Polariton condensation vs lasing

© Model ingredients for strong-coupling lasing
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Strong-coupling lasing from two-level systems

TLS Coupled to bath
H=woy"p + Y (eof + gpo; + He) + ) Cadnoi + He + widld,

n,i

Thermal Reservoir
Want to calculate:

-1
[DR(w)} = w—wi + ir — Ng2x(w)
Bath modifies susceptibility:

X(7) = i0(r){[o™(7), e (0)])
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Requirements for strong-coupling lasing

_wozperZ eof +gpo; + He) + ) Cadnoi + He + widid,

n, i

Bath ti
ath properties o If dR(1) = (1),
. K =
dR — 2 /w%’ra d (7—) = rF(S(T)
(7) ZC () get Maxwell-Bloch.

24“2 iwi T (2ng(ws) + 1)

Jonathan Keeling Strong coupling lasing The Burn

17 / 18



Requirements for strong-coupling lasing

_wozperZ eof +gyo + He) + ) Cadnot + He + widld,

n, i

Bath ti
ath properties o If dR(1) = (1),
. K F

dR — 2 /wﬁ’re d (7—) = rF&(T)
() ZC (7) get Maxwell-Bloch.
2 it @ Previous (fermionic)

nT(2 +1
ZC ng(w ) ) microscopics has thermal dX,
ie. F— F(w)
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Requirements for strong-coupling lasing

_wozperZ eof +gyo + He) + ) Cadnot + He + widld,

n, i

Bath ti
ath properties o If dR(1) = (1),

dR(T) _ ZC2 ingQ( ) dK(T) = rf_:(S(T)

get Maxwell-Bloch.

2 jiw§ @ Previous (fermionic)
g "(2n +1
Ghe B(w ) ) microscopics has thermal d¥,

ie. F— F(w)
@ For bosonic bath, finite T
needs finite DoS.
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Requirements for strong-coupling lasing

_wozperZ eof +gyo + He) + ) Cadnot + He + widld,

n, i

Bath ti
ath properties o If dR(1) = (1),

_ ZCEGIM%TG(T) d¥(r) =TFs(r)

get Maxwell-Bloch.

2 jiw§ @ Previous (fermionic)
"(2n +1
ZC B(w ) ) microscopics has thermal dx,
ie. F— F(w)
@ For bosonic bath, finite T
needs finite DoS.

@ Need spin sucseptibility for
non-trivial bath DoS.
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Extra slides

@ Equilibrium results

© Mean-field Keldysh theory

@ Condensed spectrum
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Modelling non-equilibrium two-level system

o If o7 =1 (bTb—ata), ot =bla
Too many states |00),]10) =T7,|01) =], |11).
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Modelling non-equilibrium two-level system

o If o7 =1 (bTb—ata), ot =bla
Too many states |00),]10) =T7,|01) =], |11).

@ In equilibrium, Z = Tr(p)
Remove unphysical states by p — pexp (/% [aTa + bTb])
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Modelling non-equilibrium two-level system

o If o7 =1 (bTb—ata), ot =bla
Too many states |00),]10) =T7,|01) =], |11).

@ In equilibrium, Z = Tr(p)
Remove unphysical states by p — pexp (/% [aTa + bTb])

@ Non-equilibrium approach based on

(Te (w(t,0)67(0,1) ) = Tr (Te [6(2, B)F1(0, F)U(—00, —0)p] )

b
with )

(combinations to give G, GK)
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Modelling non-equilibrium two-level system

o If o7 =1 (bTb—ata), ot =bla
Too many states |00),]10) =T7,|01) =], |11).

@ In equilibrium, Z = Tr(p)
Remove unphysical states by p — pexp (/% [aTa + bTb])

@ Non-equilibrium approach based on

(Te (w(t,0)67(0,1) ) = Tr (Te [6(2, B)F1(0, F)U(—00, —0)p] )

b
with )

(combinations to give G, GK)

o Can again use p — pexp (i3 [a'a+ bb]) for physical correlations.
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[_;% + V(R)} ®.(R) = ea®(R)
myx

|

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(R)} ®.(R) = ea®(R)
myx

L — Quanum well

N

-

V(R) smoothed by exciton Bohr radius
Want: Energies ¢, Oscillator strengths:  gq 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:

[_;% + V(R)} ®.(R) = ea®(R)
myx

L — Quanum well

N

-

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

(0peol” [arb. uniits]

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

p—po+ » (5¢Tow)
q
In 2D system: modified critical condition:
2m?
Ps = P — Pnormal = ? ke T
40 ‘ ‘ :
non-condensed

condensed

10F .

0 1x10° 2x10°
n[cm?
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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

40 : ‘

non-condensed

30k condensed |
020}, 8
K
3
10+ *
0 i 1 i
0 1x10° 2x10°

n[cm?
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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

40 : ‘

non-condensed

30k condensed |
220, *
/
3
10 &
0 i 1 i
0 1x10° 2x10°
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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

40 : ‘

non-condensed

30k condensed |
020}, 4
K
3
10+ *
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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
40 ‘ ‘ :
non-condensed
30k condensed |
m20*[,’ g *
10} .
% 2x10°
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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 |
2201 Second BCS crossover at
; naQB ~1
10
% ‘ 1x10° ‘ 2x10°
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Blueshfit and experimental phase boundary

Blueshift:
10
_ Clean limit:
3 o1 §§ o T 0ELp ~ Ryxaxn + Qraxn
. 0'01/35/ Here: Qrag — Qr&2
0.001 =5.3meV, Blen=17K [PRB 77 235313]
10’ 1¢° 10° 104
n[cm’z]
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Blueshfit and experimental phase boundary

Blueshift:
10

_ Clean limit:
s 1 &
[ X
= I3 SELp ~ Ryyaxn + Qraxn
3 01 29 - LP = Ryxax Ra¥
@ La
5 oo g, 2 2
- / Here: Qray — QrE
0.001 =53meY, BTer=17K [PRB 77 235313]
' 10 10 10° 101
n [cm’z]
Phase diagram: CdTe:
40, T : I T P S I T T
i non-condensed 2 Eosme || = 12
! 1 5=5.3meV|
301 1 COndensed = o 1 1 ‘m °:5K, 1 527.Tmev, T“’W’ZHK o
! 100 T i . II
|—m207// . v i EZO A - A 120
x| o/ | o ‘ B:G.szev. Two:15|<r ‘ &10},5me\l. L]
1ol | =Y
20 g 120
%07 ‘ 168 1(‘)9 10'° 0 B=7.2meV, Ty 75K S=qsmev, T
K 1x10° 2x10° 0 1x10% 0 1x101°2 2x10"
n[cm?] nlem? nem?
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Zero temperature phase diagram
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Zero temperature phase diagram

wo—m—gVZ/

2r [(v — Eq

Fa+ Fp) V+(Fb—F)(€a+i’Y)

)2 +2(v + Ea)® + 7]

f—
7
\2 0.8¢/ ar N
g 7 NN
% 0.6¢ 1F \§
o 7 N
s Wi \
E 0.4¢ -+ §
o i
E I Y
& 024 uglg=-0.05 4k Hg/g=0.05 e
3 v
I | I | I I f TR R R R R I | I | I |
0O 0.2 0.4 0.6 -05 0 0.5 0 0.2 0.4 0.6

K/g

Jonathan Keeling

Hg/9

Strong coupling lasing

K/g

The Burn

25 / 28



Fluctuations above transition

When condensed
—Sound mode._—

Det [DR(W, k)} Y

momentum

frequency

Poles:

w* = clk|

[Szymariska et al., PRL '06; PRB '07]
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Fluctuations above transition

When condensed

—Real .
—Imaginary

-1
Det [DR (w, k)} = (wix) 2 x2— k>

momentum

frequency

Poles:

w* = —ix+ v c2k? — x2
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Fluctuations above transition

When condensed
-1 —I?eal ]
Det [DR (@, k)} = (wtix)*+x*— %k’ g —|maginary

Correlations (in 2D): (4T(r, t)¥(0, r')) = [tho|* exp [~ Dyy(t, r, )]
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Fluctuations above transition

When condensed

—Real .
—Imaginary

-1
Det [DR (w, k)} = (wix) 2 x2— k>

Poles: : \_Mmomentum
2k2 _ x2

w'= —ix+

frequency

Correlations (in 2D): (4T(r, t)¥(0, r')) = [tho|* exp [~ Dyy(t, r, )]
In(r/€&) r—oo,t~0
T ~ 2 —
<¢ (ra t)¢(070> — |¢0| exp [ n {é |n(C2t/X§2) ret— 00 ]
[Szymariska et al., PRL '06; PRB '07]
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Finite size effects: Single mode vs many mode

(01(r, )00, 7)) = [l exp [~ Dot . 7))
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Finite size effects: Single mode vs many mode

(67(r,£6(0, 7)) = [tbol? exp [~ Dyt 1, ")
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
iwt)

L en(r)P(1 —e
D¢¢ t r, r Z/ (nA)2’2

2T |(w + ix)2 + x2 —
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Finite size effects: Single mode vs many mode

(67(r,£6(0, 7)) = [tbol? exp [~ Dyt 1, ")
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
/wt)

S [en(r)|*(1 —
D¢¢ t r, r Z/ ~ (nA)2’2

27 |(w + ix)? + x2

Vit ‘Enma
A < /X[t € Ena mu‘muwm Do ~ 1+ In(Emax/¢/X)
—=pN= nergy
VXit 'Ema
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Energy
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Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw  [ea(r)P(1 —e™")
27 |(w + ix)2 + x2 — (nA)2?

Dyo(t,r,r) o /

Connection to Kubo Formula [Eastham and Whittaker, arXiv:0811.4333]
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Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw [n(r)|?(1 — &)
21 |(w + ix)? + x2J°

D¢¢(t, r, r) O(/

Connection to Kubo Formula [Eastham and Whittaker, arXiv:0811.4333]

Imy
O:0N = —TON + F(t), (F(t)F(t')) = Cé(t—t)
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