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Photon Condensate  Laser Superradiance transition
T ~ 300K T ~?7,<0,00

[Klaers et al. Nature, '10] [Baumann et al. Nature, '10]
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“Textbook” BEC

@ Non-interacting viewpoint 10
» BE distribution: M < wp

21h? 2/d
" To= m fd

Normal

Occupation

Temperature

BEC

Energy

o Interacting approach (WIDBG)
H= Zwk¢k¢k + Z wk—kqwk’ ¢k+q¢k

k k,7q

» Mean field: [|? = (1 — wo)/V
» Fluctuations deplete condensate, vanishes at T > T,
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“Textbook” Laser: Maxwell Bloch equations

H = WO¢T¢ + Z Eocsé + 9ok <¢Sct + TﬂTS;)

Maxwell-Bloch egns: P = —i(S§7), N = 2(5%)
O = —iwop — Kk + >, GaPa
0tPy = —2ic Py — 2P + go N,
OtNe = 27(No — No) — 29a (V" Pa + Po3)
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“Textbook” Laser: Maxwell Bloch equations

H = WQwTiﬁ + Z €aS§ + 9ok <¢So+¢ + T/’TS;>

Maxwell-Bloch egns: P = —i(S§7), N = 2(5%)
O = —iwop — kY + 3, GaPa
0tPy = —2ieo Py — 2vP + g N,
OtNo = 279(No — No) — 290 (¢*Pa + Pot)

[$[? > 0 if Nog® > 27 |

04 02 0 §02.2 0.4
N, 2vk/g
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“Textbook” Dicke-Hepp-Lieb superradiance

AT AN

H=wplp+> eSZ+g (w*s; +w3§>

[Hepp, Lieb, Ann. Phys. 73]
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AT AN
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@ Coherent state: |W) — e'+157|Q)
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“Textbook” Dicke-Hepp-Lieb superradiance

AT AN

H=wplp+> eSZ+g (w*s; +w3§)

@ Coherent state: |W) — e'+157|Q)
@ Small g, minat \,n =0

Spontaneous polarisation if: Ng? > we J
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“Textbook” Dicke-Hepp-Lieb superradiance

AT AN

H=wplp+> eSZ+g (w*s; + wSi)
o 8 Y SR

@ Coherent state: |W) — e'+157|Q)
@ Small g, minat \,n =0 0 SN

Spontaneous polarisation if: Ng? > we J

[Hepp, Lieb, Ann. Phys. 73]
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Outline

0 Condensation, superradiance, lasing

e Polariton condensation and Dicke model
@ Condensation vs superradiance transition
@ Non-equilibrium condensation vs lasing

e Room temperature condensates: Organic polaritons
@ Dicke phase diagram with phonons
@ Condensation of phonon replicas?

@ Room temperature condensates: Photons

@ Lasing model and thermalisation
@ Critical properties
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Microcavity polaritons
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Microcavity polaritons
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Cavity photons:
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Microcavity polaritons

A
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Cavity photons: WAL
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Microcavity polaritons

Cavity photons:

wk=\/w§+02k2 %1

~ wy + k?/2m*
m* ~10"*me

In—plane momentum
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Polariton experiments: occupation and coherence
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[Kasprzak, et al. Nature, ’06]
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Polariton experiments: occupation and coherence
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Lasing-condensation crossover model

@ Use model that can show lasing and condensation:

s

gf 5 4 @
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Lasing-condensation crossover model

@ Use model that can show lasing and condensation:

ok

gf 5 4 @

Dicke model:

Hsys = Z Wkwlwk + Z [652 + ga,kzpksj{ + H.C.]
k «
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Non-equilibrium condensation vs lasing

e Polariton condensation and Dicke model
@ Condensation vs superradiance transition
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Dicke-Hepp-Lieb superradiance and modes

H=w)yp+eS*+g (wTS— + ¢S+)

Spontaneous polarisation if: Ng? > we J

3N

[Hepp, Lieb, Ann. Phys. '73]
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Dicke-Hepp-Lieb superradiance and modes

H=w)yp+eS*+g (wTS— + ¢S+)

Spontaneous polarisation if: Ng? > we J

@ Normal state, S? = —N/2 + B'B 00
H=wyly + BB+ gVN (wTB + wBT>
@ Excitation cost E:

3N

[Hepp, Lieb, Ann. Phys. '73]
(E—w)(E—¢)=g°N
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Dicke-Hepp-Lieb superradiance and modes

H=w)yp+eS*+g (w*s— + ¢S+)

Spontaneous polarisation if: Ng? > we J

@ Normal state, S? = —N/2 + B'B 00
H=wyly + BB+ gVN (wTB + wBT>
@ Excitation cost E:

3N

[Hepp, Lieb, Ann. Phys. '73]
(E—w)(E—¢)=g°N

@ Transition when E =0
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Grand canonical ensemble

Grand canonical ensemble:
o If H— H— u(S? +¢Ty), need only: g?N > (w — p)|e — p

[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble

Grand canonical ensemble:
o If H— H— u(S? +¢Ty), need only: g?N > (w — p)|e — p
@ Fix density / fix u > 0 — pumping

[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble

Grand canonical ensemble:
o If H— H— u(S? +¢Ty), need only: g?N > (w — p)|e — p

@ Fix density / fix u > 0 — pumping

1 unstable

@ Transition at:
N > (w — p)le —
@ . hits lowest mode

(L-w)/g

(e-w)/g
[Eastham and Littlewood, PRB '01]
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Grand canonical Dicke, finite temperature

2
@ Finite temperature: Ng®tanh(Be/2) > we |

0

0 3N &N

[Hepp, Lieb, Ann. Phys. '73]
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Grand canonical Dicke, finite temperature

2
@ Finite temperature: Ng®tanh(Be/2) > we |

3N &N

[Hepp, Lieb, Ann. Phys. '73]

@ With chemical potential Ng?tanh(B(e — p)/2) > (w— ) e - )
i

uu\ i
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Polariton model and equilibrium results

@ Localised excitons, propagating photons
H—uN = Z Wk — ¢k¢k+2(6a — 11)S% + 9o k¥, Sy + H.c.

@ Self-consistent polarlsatlon and f|eId

2
om0 = Y L tanh (9B /2). B2 = (o — P + 4G22
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Polariton model and equilibrium results

@ Localised excitons, propagating photons
H—uN = Zwk— ¢k¢k+2(6a— o+ Jok?kSy + H.c.

@ Self-consistent polarlsatlon and f|eId
(w— )w=2@tanh(ﬁ5 /2),  E.?=(ca— )+ 40210
:LL ~ Ea « b «

@ Phase diagram:

40 ;
non-condensed
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Simple Laser: Maxwell Bloch equations

H=wpl+ > eaSi+ gak (1/18$ + WS;)

Maxwell-Bloch egns: P = —i(S™), N = 2(S%)

o) = —iw) — kp + 3, 9o Pa
0Py = —2ieq Py — 2P + 9oty N,
OtN, = 2'7(N0 - Na) - 29a(¢*Pa + P;w)

Jonathan Keeling Polariton and photon condensates
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Simple Laser: Maxwell Bloch equations

)YN
H=wpl+ > eaSi+ gak (w8$+¢*35) %
«
Maxwell-Bloch eqns: P = —i(S7),N =2(8%) | .| —m
onp = —iwh — Kp + 37, 9o Pa SN E

81Pa = —2i€aPa - 2'YP+ ga¢Na

atNa _ 2’7(N0 - Na) o 29a(¢*Pa + P;w) 0.4 -o.an Ozyk/g%z 0.4

ol ‘ W o2
5,1 If°
'g_ 02,9 @ Strong coupling. x,y < gv/n
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Simple Laser: Maxwell Bloch equations

)YN
H =l + 3 eaS2 + dak (wST + 0187 8
«
Maxwell-Bloch eqns: P = —i(S™), N = 2(§%) | .| =%
Orp = —iw) — kY + 3", 9o Par TN s
O0tPy = —2ieq Py — 2vP + gat¥ N,
atNa = 27(N0 _ Na) _ 29a(¢*Pa + P;w) 04 -o.an Ozyk/g%z 0.4
0.2
= 0
RS
5 02,8 @ Strong coupling. k,v < gv/n
2 04 @ Inversion causes collapse
06 before lasing @ g?Ny = 2y~
1 6 1
Energy/g
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Simple Laser: Maxwell Bloch equations

)YN
H=wil +) aSi+ dak (w8$+¢*35) %
(6%
Maxwell-Bloch eqns: P = —i(S7),N =2(8%) | .| —m
aﬂp: —iw’lp—/f’lp‘i‘zagapa ZSO 777777777777777777777777777777777777777 =
0Py = —2ieq Py — 2P + 9oty N,
atNa _ 2'7(N0 - Na) o Zga(¢*Pa + P;w) 0.4 -o.an Ozyk/g%z 0.4
ol ‘ |l o2
£, 0
'je . 02,2 @ Strong coupling. k,v < gv/n
Z2 / \ 04 @ Inversion causes collapse
06 before lasing @ g?Ny = 2y~

Energy/g
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Poles of Retarded Green’s function and gain

9*No

-1
[DH(V)} =v—wk+ik+ m

o = = = = DAl
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Poles of Retarded Green’s function and gain
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Poles of Retarded Green’s function and gain
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Poles of Retarded Green’s function and gain
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Poles of Retarded Green’s function and gain
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Non-equilibrium description: baths

System Bulk photon modes

Cavity mode \/\/\/\

Pumping Bath

14

Exciton

System * In—plane momentum
oA

Decay
bath
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Non-equilibrium description: baths

Pumping Bath

System Bulk photon modes

Cavity mode \/\/\/\

In—plane momentym

System *

H= Hsys + Hsys,bath + Hbath

@ Decay bath: Empty (u — —o0)
@ Pump bath: Thermal ug, Tg

Jonathan Keeling
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Strong coupling and lasing — low temperature
phenomenon

Eqbm. polariton Non-eqbm1. polariton | Laser ‘ P
| L=dom- p 1 qbm. p I _
ﬁ \ \ Y
) Meff — — - - _-] /
> ~ > N
on s P
5} - N
& -1 = 9 1T ~ |
s ( >
- \
_2 lmon- | non- N | non-
condensed condepsed condensed N \conde}lsed condensed condensed|
-2 -1 0 -2 -1 0 -1 0 1
Inversion, N,

we Hp/g

[Szymanska et al. PRL '06; Keeling et al. book chapter 1010.3338 ]
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. pofariton 11 Non—eqbrd. polariton | | Laser _
£ — N\ T )

Hefp — — Z -] \
/

Energy/g
=)
\
\
\
\
\
\
/
/
/

-1
s ( <]
Lnon non \ N non
) - | non- | non-
condensed condgnsed condensed N\ \conde}lsed condensed _ condensed|
-2 -1 0 -2 -1 0 -1 0 1
wg ugp/g Inversion, N,

@ Inversionless
@ allows strong coupling
@ requires low T <> condensation

[Szymanska et al. PRL '06; Keeling et al. book chapter 1010.3338 ]
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Strong coupling and lasing — low temperature
phenomenon

Eqbm. pofariton I Non—eqbrd. polariton | | Laser _

lé—\\_

Heff — — Z - \
/

Energy/g
KR o
\
\
\
\
\
\
/
/
/

P ( =S
-2 on- condensed] [ "™ N condensed| [ "™ condensed]
condensed ‘ condensed N\ ‘ condensed
2 -1 0 2 -1 0 -1 0 1
wg ugp/g Inversion, N

@ Inversionless

@ allows strong coupling

@ requires low T «+» condensation

@ Related weak-coupling inversionless lasing

[Szymanska et al. PRL '06; Keeling et al. book chapter 1010.3338 ]
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Organic polaritons: photon-exciton-phonon coupling

9 Room temperature condensates: Organic polaritons
@ Dicke phase diagram with phonons
@ Condensation of phonon replicas?
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Organic materials in microcavities

@ What?

[Kena Cohen and Forrest, Nat. Photon ’10; Plumhoff et al. Nat. Materials '14,
Daskalakis et al. ibid "14]
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Organic materials in microcavities

@ What? @ Why?

Energy (eV)

4] 5 10 15 20 25 30 35 40 45
Angle (deg)

Polariton splitting: 0.1eV <> 1000K.
[Kena Cohen and Forrest, Nat. Photon ’10; Plumhoff et al. Nat. Materials '14,

Daskalakis et al. ibid "14]
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Organic materials in microcavities

@ What? @ Why?

Energy (eV)

4] 5 10 15 20 25 30 35 40 45
Angle (deg)

Polariton splitting: 0.1eV <> 1000K.
[Kena Cohen and Forrest, Nat. Photon ’10; Plumhoff et al. Nat. Materials '14,

Daskalakis et al. ibid "14]
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Dicke Holstein Model

Z H=wilyp+) [esg +g (¢s; + w*s;)
i \ n +0{bb, + V8 (b] +b,) 52}]
= E nucleallrl coordinate
% <
N7
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Dicke Holstein Model

3 H=witp+ Y [e82+g (vSE +u7s;)
i o
\ f +Q{blb, + VS (bl +b,) ST}
i E nuclear coordinate
%, U @ Phonon frequency Q
” lﬁ;l ° Huang—Rhys parameter S — phonon
coupling
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Dicke Holstein Model

5 H=wilp+Y " [e82+g (wS) +u's,)
g =
\ n +0{bib, + V& (b] +b,) &7}]
v E nuclear coordinate
%, U @ Phonon frequency Q
TLe @ Huang-Rhys parameter S — phonon
o coupling
Questions?

@ Phase diagram with S # 0
» 2LS energy ¢ — nQ
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Dicke Holstein Model

! H=witir Y [e82+ g (vS) +uls;)
E o
\ 1 +0 {b;ba +V8 (bg + ba) Sé}]
- E nuclear coordinate
?’U @ Phonon frequency Q
ST @ Huang-Rhys parameter S — phonon
s coupling
Questions?

@ Phase diagram with S # 0
» 2LS energy ¢ — nQ

@ Polariton spectrum, phonon replicas
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Dicke Holstein Model

! H=witir Y [e82+ g (vS) +uls;)
E o
\ 1 +0 {b;ba +V8 (bg + ba) Sé}]
— E nuclear coordinate
?’U @ Phonon frequency Q
ST @ Huang-Rhys parameter S — phonon
s coupling
Questions?

@ Phase diagram with S # 0
» 2LS energy ¢ — nQ

@ Polariton spectrum, phonon replicas
@ Ultra-strong phonon coupling?
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Phase diagram

H=wplp+y [Esg + g(ws; + ws;)m {bgba +V'S (bL + ba) SéH

@ S suppresses condensation — reduces overlap
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Phase diagram
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@ Reentrant behaviour —Min pat T ~ 0.2
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Phase diagram
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@ S suppresses condensation — reduces overlap
@ Reentrant behaviour —Min pat T ~ 0.2
@ Ultra-strong coupling S > 1 first-order near w = ¢
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Polariton spectrum: photon weight
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Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)

[Cwik et al. EPL '14]
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Polariton spectrum: photon weight
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Density p
@ Saturating 2LS: g2 ~ g?(1 — 2p)
@ What is nature of polariton mode?

[Cwik et al. EPL '14]

Jonathan Keeling Polariton and photon condensates LCN, March 2014 24/33




Polariton spectrum: photon weight

‘ ‘ 0.3
a4 | T=04,8=2, A=4, Q=0T =7 —— |
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5 46| 0o 2
o g
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48t
i K 03
0 0.1 0.2

Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)
@ What is nature of polariton mode?

o D(t) = —i(wi(t)¥(0)), Dw)=) =

W —w
n n

[Cwik et al. EPL '14]

Jonathan Keeling Polariton and photon condensates LCN, March 2014 24/33




Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel

[Cwik et al. EPL '14]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied

1 T T T T T T T T T v T
S=2, A=4, Q=0.1, g=2 T=0.00 —
08
06

04

Sideband spectral weight

02 r

6 -5-4-3-2-12012 3 456
Absorbed phonons: g-p

[Cwik et al. EPL '14]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied

S=2, A=4, Q=0.1, g=2
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Sideband spectral weight
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Absorbed phonons: g-p

[Cwik et al. EPL '14]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied

@ Optimal T ~ 2Q

S=2, A=4, Q=0.1, g=2 12000 —
z I T=0.15 —
g 08 T=020 — 06 N i
= %:828 — g=2.5=2, A=4, Q=0.1
= L =U. - 0.5
g 06 T=045 — 08
2 0.4 =
Z o4l 063
£ ! =03 E
3 04 &
E 02t 0.2 é
0.1 0.2
0 ' Y
65 4-3-2-101234356 S s 4 s a2 a4 . "
Absorbed phonons: g-p o
e

[Cwik et al. EPL "14]
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Polariton and photon Condensation

@ Room temperature condensates: Photons
@ Lasing model and thermalisation
@ Critical properties
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Photon BEC experiments

Pump beam Mirror

Vixy)

Camera/
spectrometer

@ Dye filled microcavity

[Klaers et al, Nature, 2010]
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Photon BEC experiments

Pump beam Mirror
N oy
-
Camera/
spectrometer
@ Dye filled microcavity

No strong coupling

[Klaers et al, Nature, 2010]
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Photon BEC experiments

Pump beam

Mirror
Dye
b
Camera/
spectrometer

x

@ Dye filled microcavity
@ No strong coupling

[Klaers et al, Nature, 2010]
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Relation to dye laser

@ No electronic inversion

@ No strong coupling

=] = = E = DA
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Relation to dye laser

@ No electronic inversion
@ No strong coupling
4 Level Dye Laser

Energy

\ "
Cavity

\ é nucleatlrl coordinate
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Relation to dye laser

@ No electronic inversion
But:

@ No strong coupling
@ No single cavity mode

4 Level Dye Laser
» Condensate mode is not
maximum gain
» Gain/Absorption in balance

Energy

\ "
Cavity

\ g nucl(mlrl coordinate
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Relation to dye laser

@ No electronic inversion
But:

@ No strong coupling
4 Level Dye Laser @ No single cavity mode
» Condensate mode is not

z maximum gain

ia » Gain/Absorption in balance
\ f @ Thermalised many-mode

Cavity _ SyStem

\ g nuclealrl coordinate
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Modelling

Heys = > wmthtbm + > [¢SZ + 9 (vmSS +H.c.)
m «
+0{blb, +2V8S (bf, + b })]

@ 2D harmonic cavity
Wm = Weutoff + MWH.O.
Degeneracies gn = m+ 1

@ Local vibrational mode
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Modelling

Heys = > wmthtbm + > [¢SZ + 9 (vmSS +H.c.)
m «
o) {b;ba +2/887 (bg + ba})}

@ 2D harmonic cavity
Wm = Weutoff + MWH.O.
Degeneracies gn = m+ 1

@ Local vibrational mode )
r(faxz[/m/*
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Modelling

Rate equation

p=~ilbe, ]~ Y-y Clim - 35| F 1801+ 5 2185

I L e G|

1

0.8F

0.6f

0.4f

0.2F

s o
-=200 -100 % 100 200

[Marthaler et al PRL *11, Kirton & JK PRL *13]

Jonathan Keeling Polariton and photon condensates LCN, March 2014 30/33



Modelling

Rate equation

p=~ilbe, ]~ Y-y Clim - 35| F 1801+ 5 2185

I L e G|

1

0.8F

@ (46) ~T(—5)e
@ [ — 0atlarge §

s o
-=200 -100 % 100 200

[Marthaler et al PRL *11, Kirton & JK PRL *13]
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses

[Kirton & JK PRL '13]
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses

10°

T T
FT 1 T
(@) o -
10%k toa 3
1077
10! o
:E 10°F

1 3 L 1
0—200 -150 -100 -50 0

m(THz

Low loss: Thermal
[Kirton & JK PRL ’13]
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses

10° 1

T F_T T | i 10k 1_"_T - ]
10} (a) r, e 1 ( Ty o1
. 6 0.01 /
1o 10°+ 1R/ .
g S L
s w :E -
S 10! ®
SN R S
10°? EEE
1050 150 100 50 0 1066 150 ~100 50 0
om (THz) 6 (THz)
Low loss: Thermal High loss — Laser

[Kirton & JK PRL ’13]
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600 ",'—
I
500 " b
= w00 ,' ] Compare threshold:
\% I @ Pump rate (Laser)
& 300 ] @ Critical density
(condensate)
200} / .
I 1 1
107°107*107107%10" 5 6 7

[Kirton & JK PRL ’13]

LCN, March 2014
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\M_/ I @ Pump rate (Laser)
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Ly/Ty

@ Thermal at low x/high temperature
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600 ",' B
I
500 " 7]
S i Compare threshold:
\M_/ I @ Pump rate (Laser)
& 300 ] @ Critical density
(condensate)
200 Vi 7]
/ L L
107°107*107°107210" 5 6 7

Ly/Ty

@ Thermal at low x/high temperature
@ High loss, x competes with I'(£4dp)

[Kirton & JK PRL ’13]
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600 ",' B
I
500 " 7]
S i Compare threshold:
\M/ I @ Pump rate (Laser)
& 300 ] @ Critical density
(condensate)
200 Vi 7]
/ L L
107°107*107°107210" 5 6 7

Ly/Ty

@ Thermal at low x/high temperature
@ High loss, x competes with I'(+dp)
@ Low temperature, I'(£dp) shrinks

[Kirton & JK PRL ’13]
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Summary

° Polarlton condensation vs Iasmg superradlance

 [Ebm-pofarion Non-eqbr. polariion
& — [~ ’
by ——
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Extra slides

e No go theorem
@ Retarded Green’s function for laser

e Organic properties
@ Ultra-strong phonon coupling?

@ Anticrossing vs p
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No go theorem and transition

TAT A

Spontaneous polarisation if: Ng? > we J

[Rzazewski et al PRL '75]
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No go theorem and transition

TAT A

Spontaneous polarisation if: Ng? > we J

No go theorem:.  Minimal coupling (p — eA)?/2m

2

A
~Y ZAp = gluls +ush), o & NG+ v

[Rzazewski et al PRL '75]
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No go theorem and transition

TAT A

Spontaneous polarisation if: Ng? > we |

No go theorem:.  Minimal coupling (p — eA)?/2m
e _
“2_ AP e glST +usY), Z— & NG(w +9T)?
]

For large N, w — w + 2N(. (RWA)
Need Ng? > e(w + 2N(). |

But Thomas-Reiche-Kuhn sum rule states: g2/¢ < 2¢. No transition
[Rzazewski et al PRL '75]
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation
Ferroelectric transition in D - r gauge.
[JK JPCM °07, Vukics & Domokos PRA 2012 ]

Jonathan Keeling Polariton and photon condensates LCN, March 2014 37/ 44



Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation
Ferroelectric transition in D - r gauge.
[JK JPCM °07, Vukics & Domokos PRA 2012 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]

Jonathan Keeling Polariton and photon condensates LCN, March 2014 37/ 44



Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation
Ferroelectric transition in D - r gauge.
[JK JPCM °07, Vukics & Domokos PRA 2012 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]

@ Grand canonical ensemble:
» If H— H— p(S? +v4T), need only:
G*N > (w — p)(wo — 1)
» Incoherent pumping — polariton
condensation.
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation
Ferroelectric transition in D - r gauge.
[JK JPCM °07, Vukics & Domokos PRA 2012 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]

@ Grand canonical ensemble:
» If H— H— p(S? +v4T), need only:
G*N > (w — p)(wo — 1)
» Incoherent pumping — polariton
condensation.

@ Dissociate g, wy,

S—
e.g. Raman scheme: wy < w. A N
[Dimer et al. PRA ’07; Baumann et al. Nature Pump

’10. Also, Black et al. PRL 03 ] eump

Jonathan Keeling Polariton and photon condensates LCN, March 2014 37/44



Maxwell-Bloch Equations: Retarded Green’s function

6 0.2
g4 0
g‘ < - 022
22 04
0 -0.6
-1 0 1
Energy/g

@ Introduce D (w):
Response to perturbation

@ Absorption = —23[D(w)]
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Maxwell-Bloch Equations: Retarded Green’s function
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Onp = —iwoh — K + 32, Ga P
@ Introduce D (w): OtPy = —2ieq Py — 29P + gatv N,
Response to perturbation 9\, = 2(Ny — N,) — 29a(v* Pa + PEth)

@ Absorption = —23[D(w)]
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w—2¢+ 2y
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Maxwell-Bloch Equations: Retarded Green’s function
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Maxwell-Bloch Equations: Retarded Green’s function
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Organic materials in microcavities

@ State of art:

» Strong coupling: * J aggregates [Bulovic et al. ]
T Crystaline anthracene [Forrest et al. ]
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Organic materials in microcavities

@ State of art:
* J aggregates [Bulovic et al. ]

» Strong coupling:
g ping * Crystaline anthracene [Forrest et al. ]

o) W

» Thresold: Anthracene

292 294 296 298 300 302 304
Energy (eV)

[Kena Cohen and Forrest, Nat. Photon 2010]
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Organic materials in microcavities
@ State of art:

. * J t i .
» Strong coupling: aggregates [Bulovic et al. ]

* Crystaline anthracene [Forrest et al. ]

» Thresold: Anthracene
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Energy (eV)

[Kena Cohen and Forrest, Nat. Photon 2010]
@ Differences

» Stronger coupling
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» Strong coupling: * J aggregates [Bulovic et al. ]

* Crystaline anthracene [Forrest et al. ]

» Thresold: Anthracene
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@ Differences

» Stronger coupling
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Organic materials in microcavities

@ State of art:

» Strong coupling: * J aggregates [Bulovic et al. ]
T Crystaline anthracene [Forrest et al. ]

» Thresold: Anthracene

292 294 296 298 300 302 304
Energy (eV)

[Kena Cohen and Forrest, Nat. Photon 2010]
@ Differences

» Stronger coupling H

. . . f
» Singlet-Triplet conversion — dark states \

. . . \ : nuclear coordinate
» Vibrational sidebands ‘ |
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Organic polaritons

a Organic properties
@ Ultra-strong phonon coupling?

o = = = = DAl
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Critical coupling with increasing S

@ Re-orient phase diagram
@ gvsu, T
@ Colors — Jump of ()

gc\/N
NO = N WA o
gc\/N
NO =N W Lo

Jonathan Keeling

Polariton and photon condensates
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Explanation: Polaron formation

@ Unitary transform

H, — H, = ef“H,e %« K =+/SS?(bl, - b,)

[m] = = =
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Explanation: Polaron formation

@ Unitary transform
H, — H, = ef*H,e %« K =+/SS%(bl —b,)
@ Coupling moves to S*

H, = const. + ¢SZ + Qblb, + g [wS;re*/g(bL_ba) + H.c.}
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@ Optimal phonon displacements, ~ /S
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@ Unitary transform
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@ Coupling moves to S*

H, = const. + ¢SZ + Qblb, + g [u;s;e@(bl—ba) + H.c.}

@ Optimal phonon displacements, ~ /S
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Explanation: Polaron formation

@ Unitary transform
H, — H, = ef*H,e %« K =+/SS%(bl —b,)
@ Coupling moves to S*

H, = const. + ¢SZ + Qblb, + g [¢s;e@(bl—ba> + H.c.}

@ Optimal phonon displacements, ~ /S
@ Reduced gess ~ g x exp(—S/2)

@ For ¢y # 0, competition
Variational MFT |44 ~ exp(—nK, — (b})[0, S)a
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz

@ Compares well at S>> 1 giN
@ Coherent bosonic state

[Cwik et al. EPL '14]
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz
6 \
N
@ Compares well at S>> 1 £
@ Coherent bosonic state .
% 4}1—0& 3 ) 0

@ Feedback: Large/small get <> A = ()

[Cwik et al. EPL '14]
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz

@ Compares well at S>> 1 £
@ Coherent bosonic state !

@ Feedback: Large/small get <> A = ()
@ Variational free energy

F:(wc—u))\2+N{ [C _gn2=n) Z ”)} —Tln [2cosh (%)]}

Effective 2LS energy in field:

§2=<€;M S(1—n)> + g?\2e ST

[Cwik et al. EPL '14]
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Polariton spectrum — coupled oscillators
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