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Bose-Einstein condensation: macroscopic occupation

Atoms. ~ 107K Polaritons. ~ 20K Photons. ~ 300K

[Anderson et al. Science '95] [Kasprzak et al. Nature, '06]  [Klaers et al. Nature, ’10]
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Microcavity polaritons
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Outline

6 Polariton condensation
@ Introducton to polaritons
@ Non-equilibrium condensation vs lasing
@ Dicke model phase transition

@ Organic polaritons
@ Experiments and Dicke-Holstein model
@ Modified phase diagram and phonon sidebands
@ First order transitions

e Photon condensation

@ Multimode rate equation
@ Critical properties from non-equilibrium model
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Lasing-condensation crossover model

@ Use model that can show lasing and condensation:
" b4
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Lasing-condensation crossover model

@ Use model that can show lasing and condensation:
" b4

Dicke model:

Hsys = ZWWWk + Z [685 + Ga kxSt + H.C.]
k a
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Dicke model: Equilibrium superradiance transition

STANT AN

H=wyly +eS7 1 g (szS* +¢s+).

[Hepp, Lieb, Ann. Phys. 73]
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Dicke model: Equilibrium superradiance transition

STANT AN

H=wyly +eS7 1 g (szS* +¢s+).

@ Coherent state: |V) — e'+157|Q)

[Hepp, Lieb, Ann. Phys. 73]
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Dicke model: Equilibrium superradiance transition

STANT AN

H=wply+eS7+g (szS* + ¢s+).
@ Coherent state: |V) — e'+157|Q)
@ Small g, minat \,n =0

Spontaneous polarisation if: Ng? > we J

[Hepp, Lieb, Ann. Phys. 73]
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Dicke model: Equilibrium superradiance transition

STANT AN

H=wyly +eS7 1 g (szS* +zps+).

e 3 U SR
@ Coherent state: |V) — ™' +157|Q)
@ Small g, minat \,n =0 0
Spontaneous polarisation if: Ng? > we ] 0 N

[Hepp, Lieb, Ann. Phys. 73]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > we J

[Rzazewski et al PRL '75]



No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > we J

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

A2
“Y CAp e gWST+uSh), YL e N+ vl

[Rzazewski et al PRL '75]



No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > we J

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

AT 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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Grand canonical ensemble: no no-go

Problem: g2 /e < 2¢ for intrinsic parameters.
Grand canonical ensemble:

@ If H— H— u(S? +¥t), need only: g?°N > (w — p)(e — )

[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble: no no-go

Problem: g2 /e < 2¢ for intrinsic parameters.
Grand canonical ensemble:

@ If H— H— u(S? +¥t), need only: g?°N > (w — p)(e — )
@ Fix density / fix u > 0 — pumping

[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble: no no-go

Problem: g2 /e < 2¢ for intrinsic parameters.

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

@ Transition at:
G*N > (w — p)(e — p)
@ Reduce critical g

(e- w)/g
[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble: no no-go

Problem: g2 /e < 2¢ for intrinsic parameters.

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

@ Fix density / fix u > 0 — pumping

1 unstable
@ Transition at:

PN > (w — p)(e - p)
@ Reduce critical g
@ Unstable if u > w

(L-w)/g

(e- w)/g
[Eastham and Littlewood, PRB '01]
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Grand canonical ensemble: no no-go

Problem: g2 /e < 2¢ for intrinsic parameters.

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

1 unstable
@ Transition at:

PN > (w — p)(e - p)
@ Reduce critical g
@ Unstable if u > w
@ Inverted if u > ¢

(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) > we |

0

0 3N 2N

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

@ Finite temperature:

Ng? tanh(Be) > we |

SR

N

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

@ With chemical potential Ng?tanh(B(c — p)) > (w — p)(e = 1) )

1 unstable

o

(H-0)/g

[V NV SR
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Grand canonical Dicke, finite temperature

|

H“

o 5 =
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Grand canonical Dicke, finite temperature

At fixed detuning:
H ‘ ‘ 2 (E:(D)/g:‘-ZAl —
‘ ‘\
” | ;{;""{‘

(e- 0)/g=20 ——
(e-w)/g=-1.9 ——
T./g
R il 2
-1
0 -2
4 3 (n-w)g
(e- o)i/lg 155
0 ‘ ‘
3 2 -1
(n-w)/g

=] = = E = DA
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Grand canonical Dicke, finite temperature

At fixed detuning:

2

(e- 0)/g=2.1 ——
(e- m)/g=-2.0 ——
(e-w)/g=-1.9 ——

(n-0)/g

@ Superradiant bubble near e =

@ T.divergesas u — w
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Non-equilibrium condensation vs lasing

ﬂ Polariton condensation
@ Introducton to polaritons
@ Non-equilibrium condensation vs lasing
@ Dicke model phase transition
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Polariton model and equilibrium results

Localised excitons, propagating photons
H= N = 3 (k= i+ D (e — )83 + TS+ He

k
Self-consistent polarisation and field

gi 2 ca—1\> | 2 .2
(w—p)y = Z tanh (BE.), Ea =< 5 > + g5 |v|
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Polariton model and equilibrium results

Localised excitons, propagating photons
_ T z
H—puN = Z(Wk — W)y + Z(ea — 1)SG +

k
Self-consistent polarisation and field

ok
= kST +H.c.
VA

gi 2 ca—1\> | 2 .2
(w—p)y = Z tanh (BE.), Ea :( 5 > + g5 |v|

Phase diagram:

40

non-condensed

30 condensed

0 1x10° 2x10°

n (cm)'2
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Polariton model and equilibrium results

Localised excitons, propagating photons
H—pN= Z(wk — )l + Z(Ga — u)SL + gj%‘zpks; +H.c.

k
Self-consistent polarisation and field

2
Zgawtanh (BE.), E.?= (6‘”_“> AR

2
Phase diagram: Modes (at k = 0)
40 non-condensed 2
UPp —
30 condensed T~
L0 -
< 0|7 £ P z
= 3 | L.a--
S T S
10
_4 | non-condensed @
0
0 1x10° 2x10° 2 -15 -1 0.5 0
n(cm)'2 weg
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Simple Laser: Maxwell Bloch equations

H=wifp+ 3 S+ %ws; +Hec.

Maxwell-Bloch egns: P = —i(S7), N = 2(§%)
op = —iwp —kp + 3, 9o Pa
0tPy = —2ieq Py — 2vP + gu N,
atNoz = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)
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Simple Laser: Maxwell Bloch equations

H=wifp+ 3 S+ %ws; +Hec.

Maxwell-Bloch egns: P = —i(S7), N = 2(§%)
op = —iwp —kp + 3, 9o Pa
0tPy = —2ieq Py — 2vP + gu N,
atNa = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)

6t | | | 18 0.2
o 0
£ 4 1 ,
£ 022 @ Strong coupling. s,y < gv/n
£ /\/\ 0.4

0 -0.6

-1 0 1
Energy/g
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Simple Laser: Maxwell Bloch equations

H=wifp+ 3 S+ %ws; +Hec.

Maxwell-Bloch egns: P = —i(S7), N = 2(§%)
op = —iwp —kp + 3, 9o Pa
0tPy = —2ieq Py — 2vP + gu N,
atNa = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)

0.2

o 0

S .

E 02,2 @ Strong coupling. s,y < gv/n

g -0.4 @ Inversion causes collapse
0.6 before lasing

1 0 1
Energy/g
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Simple Laser: Maxwell Bloch equations

H=wifp+ 3 S+ %ws; +Hec.

Maxwell-Bloch egns: P = —i(S7), N = 2(§%)
op = —iwp —kp + 3, 9o Pa
0tPy = —2ieq Py — 2vP + gu N,
atNa = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)

6 0.2
= 0
g 4 .
£ 022 @ Strong coupling. s,y < gv/n
£2 -0.4 @ Inversion causes collapse
0.6 before lasing
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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

-1 2N
0°)] " =y i N
v—2e¢+ 2y
(a) 6 0.2
= 0
24
£ 022
22 /\_/\ -0.4
—_ gg')) 0 -0.6
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Poles of Retarded Green’s function and gain

QZNO . ,
v—2e+i2y Alv) +1B(v)

(a) 6 0.2 1 (b) /
1 0
S 4
022 o
z

0 2 04 )4/

— AW 06 — AW
-1 — B 0 ~N 7 ! — B

-1 0 1 -1 0 1 -1 0 1
Energy/g Energy/g Energy/g

[DH(V)} - =v—wk+Iik+

Absorption
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Poles of Retarded Green’s function and gain

QZNO . ,
v—2e+i2y Alv) +1B(v)

w 6 e L /
1 0
S 4
5 - 022 o
z

0 2 / \ 04

— AW ] — AW
-1 — B 0 06 — BW)

0 1
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Poles of Retarded Green’s function and gain

92Ny

m = A(l/) + IB(l/)

[DH(V)} - =v—wk+Iik+

&
Absorption

~ o
o © o
o ()

No
o -
G

2 / \ 04
— AW ] — AW
-1 — BW) 0 06 — BW)

-1 0 1 -1 0 1 1

Energy/g Energy/g Energy/g
Laser: Equilibrium:
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2
| 1 up
2 - = -
? \ // &l} 0 .
20 2 LP — -
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—— Zero of Re 1
, L=z Zeroof I§ _4 [ non-condensed  condensed
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Non-equilibrium description: baths

System Bulk photon modes
Pumping Bath K
- \/\/\/\
- = = = Cavity mode \/\/\/\

Exciton

System * In—plane momentum
"\

Decay
bath
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Non-equilibrium description: baths

System Bulk photon modes

Pumping Bath

Cavity mode \/\/\/\

System * In-plane momentym
N\

Decay
bath

H= Hsys + Hsys,bath + Hbath

@ Decay bath: Empty (1 — —o0)
@ Pump bath: Thermal pg, Tg
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Non-equilibrium description: baths

System

Bulk photon modes

Cavity mode \/\/\/\

Pumping Bath

H= Hsys + Hsys,bath + Hbath

@ Decay bath: Empty (u — —o0)

System * In—plane momentum ) Pump bath Thermal s, TB
N\ Dgcahy
at|

0.3

Mean field theory

0 0.1 0.2 0.3
Density n/n,
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. polériton ‘ Non-eqbrri. polariton ‘ Laser ‘ P
1 F 1k -
& — N\ ﬁ \ /
200 Hett — — Z — -7 /
= - - \
& - -
g P P __/-// / N X
1 i 1r
= g { So 4
~ \
) pmon- | non- N | non-
condensed conde‘nsed condensed N\ conde‘nsed condensed condensed|
-2 -1 0 -2 -1 0 -1 0 1
u/g up/g Inversion, N,

@ Laser: Uniformly invert TLS 12353%\4

| | 1
157 17 05 0 05 1
Energy (units of g)

[Szymanska et al. PRL '06; Keeling et al. 1001.3338 ]
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. pofariton ‘ Non-eqbrﬁ. polariton ‘ Laser ‘ P
1 F 1k -
oo [Heff = - I _ -] /
> ~ > \
20 - ~
2 ad __/// / N e
1 i |r
: e ( Se
~ \
) pmon- | non- N | non-
condensed conde‘nsed condensed N\ conde‘nsed condensed condensed|
2 -1 0 -2 -1 0 -1 0 1
ug up/g Inversion, N

@ Laser: Uniformly invert TLS 17:&(33 ]
@ Non-equilibrium polaritons: Cold bath %\4

L L L
MR 0" 0.5 1
Energy (units of g)

[Szymanska et al. PRL '06; Keeling et al. 1001.3338 ]
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. pofariton | Non-eqbrﬁ. polariton ‘ | | Laser ‘ P
& I N\ ﬁ

Meff — —

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

-1
P ( =4
- pmon- | non- N | non-
condensed conde‘nsed condensed N\ condgnsed condensed _ condensed|
2 -1 ) -1 0 -1 0 ]
We ug/e Inversion, N,

@ Laser: Uniformly invert TLS 17:&(3 ]
@ Non-equilibrium polaritons: Cold bath %\4
A3 Y05 o 05 1

@ If Tg > v — Laser limit : R
Znergy (units of g

[Szymanska et al. PRL '06; Keeling et al. 1001.3338 ]
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Coherence, inversion, strong-coupling

Polariton condensation: [ ol ] [Foveirpsion ] [T 227
coi= N T /
@ Inversionless L I
/// (\ non- N
@ allows strong coupling ? (o 0] |y "0 |y i

@ requires low T «+» condensation
@ NB NOT thresholdless/single atom lasing.
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Coherence, inversion, strong-coupling

Polariton condensation: , [Em ol Novs s [Toar 57
20 [ Ff —— < ﬁ_/ - ’
@ Inversionless =2
: s b - )
@ allows strong coupling * (i e [ S s | Sy entre]

@ requires low T «+» condensation
@ NB NOT thresholdless/single atom lasing.

Related weak-coupling inversionless lasing:

@ Circuit QED [Marthaler et al. PRL11]

Noise

_W » Noise-assisted

Off-resonant cavity
Emission/absorption I+ ~ 2ng(+éw) + 1
Low T — inversionless threshold

v

(O
wTLS Cavity

v

v
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Organic polaritons: photon-exciton-phonon coupling

e Organic polaritons
@ Experiments and Dicke-Holstein model
@ Modified phase diagram and phonon sidebands
@ First order transitions
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Organic materials in microcavities

@ What?
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Organic materials in microcavities

@ What? @ Why?

Energy (eV)

0 5 10 15 20 25 30 35 40 45
Angle (deg)

Polariton splitting: 0.1eV «+ 1000K.
[Kena Cohen and Forrest, Nat. Photon
2010]

Jonathan Keeling Organic polaritons Dresden,May 2013 20/39



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:

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

* Crystaline anthracene [Forrest et al. ]

N [—esm

Al ‘95 J
~ 704 ‘w‘ —1350)
E | \‘ 172n)
> 60 |1 248n) .
é w | By=120n) - »
g 4 Y e
g 404 - ;_,-—/ \ / 1.2
» Thresold: Anthracene | - T
g . .i . w} "
10 : T

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:

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

* Crystaline anthracene [Forrest et al. ]

» Thresold: Anthracene

N
o % 1000
Absorbed pump fluence (r))

292 294 296 298 300 302 304
Energy (eV)

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

» Stronger coupling
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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]
@ Differences

» Stronger coupling

» Singlet-Triplet conversion — dark states
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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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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
@ Strong phonon coupling
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Phase diagram

—_

0.6 ; ‘ ;
9=2. §=2, A=4, Q=0.1
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Phase diagram
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@ Reentrant behaviour
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Phase diagram
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@ Reentrant behaviour
» MinpatT~0.2
> pu~e— 29

@ S suppresses condensation — reduces overlap
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Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators

Photon
EXCitOl’l ...........

Energy

2+ LP

0 02 04 06 08 1 12 14 16 18 2
Coupling, g

= DAl

[m] = = =
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Polariton spectrum — coupled oscillators

" Photon
1F Exciton =
Exciton-Q seesseeees

0
>
5
g -1
2 LP
3

0 02 04 06 08 1 12 14 16 18 2
Coupling, g

@ Sidebands, ¢ — nQ2 coupled to photon
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Polariton spectrum — coupled oscillators

Photon -
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Energy

-3

0 02 04 06 08 1 12 14 16 18 2
Coupling, g

@ Sidebands, ¢ — nQ coupled to photon
@ Anticrossings of hybrid levels

Jonathan Keeling Organic polaritons Dresden,May 2013 24/39



Polariton spectrum — coupled oscillators

Photon -
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Energy
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0 02 04 06 08 1 1.2 14 16 18 2
Coupling, g
@ Sidebands, ¢ — nQ coupled to photon

@ Anticrossings of hybrid levels
@ Coupling reduces with n
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Polariton spectrum — coupled oscillators

Photon -
Exciton-nQ

Energy

)
\‘u\

e ~—

N 0 0‘.2 6.4 6.6 6.8 1 1‘.2 1‘.4 1‘.6 1‘.8 2
Coupling, g

@ Sidebands, ¢ — nQ coupled to photon

@ Anticrossings of hybrid levels

@ Coupling reduces with n

@ BEC of sidebands?
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Polariton spectrum: photon welght

o
~

T04S2A—4QO

I
w

Energy

e
=

=)
o
Photon spectral weight

0 0.1 0.2
Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)

[Cwik et al. arXiv:1303.3702]
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Polariton spectrum: photon welght

Energy

T04S2A—4QO

0.1 0.2
Density p

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

[Cwik et al. arXiv:1303.3702]
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Polariton spectrum: photon weight

| T=0.4, S=2, A=4, =01, g=2""——= |

-4.4
45 ¢
>
20
g -4.6 1
[Sa}
-4.7 ¢
4.8
W M
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. arXiv:1303.3702]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel

[Cwik et al. arXiv:1303.3702]
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Polariton spectrum: what condensed

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

1

S=2, A=4, Q=0.1, g=2 T=0.00 —
08 |

0.6

04

Sideband spectral weight

02 r

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

[Cwik et al. arXiv:1303.3702]
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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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04

02 r

Sideband spectral weight

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

[Cwik et al. arXiv:1303.3702]
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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. arXiv:1303.3702]
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Organic polaritons

@ Organic polaritons

@ First order transitions
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Reorientation: Critical coupling strength

Ng? tanh(5(e — ) > (w — p)(e — p) |

=} = = = = DAl
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Reorientation: Critical coupling strength
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Critical coupling with increasing S

0.5

7 7 7

S=3

6 6 6 0.4 s
z 5 z 5 z S 03 <
=, 4 =, 4 =, 4 k=
= 3 8 3 e 3 02 g

2 2 2 )

1 1 1 0.1

9 2 9 2 9

S 1 -5 5 0
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@ Colors — Jump of ()
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Explanation: Polaron formation

@ Unitary transform

H, — H, = ef“H,e7®« K =+/SS%(bl, — b,)

[m] = = =
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Explanation: Polaron formation

@ Unitary transform
Hy — H, = efH,e” % K =+SSi(b}, - b,)
@ Coupling moves to S+

H, = const. + ¢SZ +Qblb, + g [ws;re‘/g(bl‘ba) + H.c.}
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Explanation: Polaron formation

@ Unitary transform
Hy — H, = efH,e” % K =+SSi(b}, - b,)
@ Coupling moves to S+

H, = const. + ¢SZ +Qblb, + g [wsofe‘/g(bz*‘ba) + H.c.}

@ Different optimal phonon displacements, ~ v/S
@ Reduced gess ~ g x exp(—S/2)
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Explanation: Polaron formation

@ Unitary transform
Ho — H, = e H,e7 % K =+VSSi(bl, - b,)
@ Coupling moves to S+

H, = const. + ¢SZ +Qblb, + g [ws;re‘/g(bz*‘ba) + H.c.}

@ Different optimal phonon displacements, ~ v/S

@ Reduced gess ~ g x exp(—S/2)
@ For non-zero v, variational approx:
» K—>nK
» Product state [¢,) ~ e~ K« (e—ﬁbl |O>b> (ISa))
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Collective polaron formation
@ Feedback: Large/small gegs <+ A = ()

[Cwik et al. arXiv:1303.3702]
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Collective polaron formation

@ Feedback: Large/small gegs <+ A = ()
@ Variational free energy

ool -5) rufeen(5)]

Effective 2LS energy in field:

2
€2 = (6;“+Q\/§(1 —77)/3’) + g?A2e ST

[Cwik et al. arXiv:1303.3702]
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Collective polaron formation

@ Feedback: Large/small gegs <+ A = ()
@ Variational free energy

ool -5) rufeen(5)]

Effective 2LS energy in field:

2
€2 = (6;“+Q\/§(1 —77)/3’) + g?A2e ST

(a) Exact diagonalization

@ Compares well at S>> 1 )
@ Coherent bosonic state
[Cwik et al. arXiv:1303.3702]
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Polariton and photon Condensation

9 Photon condensation
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Photon BEC experiments

Pump beam Mirror

Dye

Vi)

Camera/

spectrometer
x

@ Dye filled microcavity

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

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

Pump at angle

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

Pump beam Mirror

Vi)

VI

Camera/

spectrometer
x

@ Dye filled microcavity
@ Pump at angle
@ No strong coupling

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

Pump beam Mirror

Vixy)

Camera/
spectrometer

| — | —
-100pm 0 100pm -100ym 0 100um

@ Dye filled microcavity
@ Pump at angle

@ No strong coupling
@ Condensation:

» Far below inversion
» Thermalised emission spectrum

[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

34/39
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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

34/39
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Relation to dye laser

@ No electronic inversion

@ No strong coupling But:
4 Level Dye Laser @ No single cavity mode
» Condensate mode is not
z maximum gain
ia » Gain/Absorption in balance

\ f @ Thermalised many-mode
system

Cavity

\ g nuclealrl coordinate

34/39
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Modelling

Hsys = Zwm"ﬂnwm + Z [635 +4g (TZJmSI + H.C.)
m a

@ Consider harmonic cavity modes
Wm = Weutoff + MwH.O.
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Modelling

Hys = > wmhtom + > [eSZ+ g (¢mS7 +H.c.)
m «

+Q (bLba + 2582 (bL + ba>> }

@ Consider harmonic cavity modes
Wm = Weutoff + MwH.O.
@ Add local vibrational mode
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Modelling

Hsys = Zwmlﬂnibm + Z [GS§ +4g (¢m80+l + H.C.)
m a

+Q (bLba +2/887 (bL + ba>> }

@ Consider harmonic cavity modes
Wwm = Weutoff T MWH.O.

@ Add local vibrational mode

@ Integrate out phonon effects

» Polaron transform ﬁ@m o
» Perturbation theory in g
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Modelling

Rate equation

= =ilbous] = 3 5 Llon] - X | LIS+ F LIS,

[Marthaler et al PRL ’11, Kirton & JK arXiv:1303.3459]
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Modelling

Rate equation

p=~ilbe, ]~ Y-y Clim - 3| F 1801+ 5 2183

E s o
-200 -100 % 100 200

[Marthaler et al PRL ’11, Kirton & JK arXiv:1303.3459]
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Modelling

Rate equation

p=~ilbe, ]~ Y-y Clim - 3| F 1801+ 5 2183

@ [(+0) ~T(—8)e

E s o
-200 -100 % 100 200

[Marthaler et al PRL ’11, Kirton & JK arXiv:1303.3459]
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Modelling

Rate equation

p=~ilbe, ]~ Y-y Clim - 3| F 1801+ 5 2183

@ M(46) ~T(—8)e P
o [ — Oatlarge

ok s s
-200 -100 % 100 200

[Marthaler et al PRL ’11, Kirton & JK arXiv:1303.3459]
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Distribution gmnm

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

[Kirton & JK arXiv:1303.3459]
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Distribution gmnm

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

10°

T T
FT 1 T
10%h (a) ry e 1

0.01

1 3 L 1
0—200 -150 -100 -50 0

m(THz

Low loss: Thermal
[Kirton & JK arXiv:1303.3459]
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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 arXiv:1303.3459]
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Threshold condition

K =10 MHz === K =0.5GHz ===== K =5GHz
600
500
Compare threshold:

20400
e @ Pump rate (Laser)
N—"
R 300 @ Critical density

200 (condensate)

2
10° 10* 10° 0.01 0.1 2 3 4 5 6

Iy/Ty vV Niot

[Kirton & JK arXiv:1303.3459]

Jonathan Keeling Organic polaritons Dresden,May 2013

38/39
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600
500
Compare threshold:

20400
e @ Pump rate (Laser)
N—"
R 300 @ Critical density

200 (condensate)

2
10° 10* 10° 0.01 0.1 2 3 4 5 6
FT/Fi vV Niot

@ Thermal at low x/high temperature
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Threshold condition

K =10 MHz ===w== K =0.5GHz ==== K =5GHz

600

500

/

400
~<

~—
H 300

200

2
10° 10* 10° 0.01 0.1 2 3 4 5
FT/Fi vV Niot

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

[Kirton & JK arXiv:1303.3459]
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Threshold condition

K =10 MHz === K =0.5GHz ===== K =5GHz
600
500
Compare threshold:

20400
e @ Pump rate (Laser)
N——r
F~ 300 @ Critical density

200 (condensate)

10° 10* 10° 0.01 01 2 3 4 ?) 6
FT/F¢ vV Niot

@ Thermal at low x/high temperature o9

@ High loss, x competes with I'(+dp)

@ Low temperature, I'(£dp) shrinks o

560 =%0 & 100 200
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Threshold condition

K =10 MHz ===w== K =0.5GHz ==== K =5GHz

600 i
500 i
i Compare threshold:
/-\400 [
e \ @ Pump rate (Laser)
N——r
F~ 300 “) @ Critical density
/ : nden
soof J N (condensate)
-, .// L

10° 10* 10° 0.01 01 2 3 4 ?)
FT/F¢ vV Niot

@ Thermal at low x/high temperature

@ High loss, x competes with ['(+5p) N

@ Low temperature, I'(£dp) shrinks

@ High temperature, thermal, but inversion S
[Kirton & JK arXiv:1303.3459]
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Summary

b palrion

° Polarlton condensatlon vs lasing

o Photon condensa
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Extra slides

° Retarded Green’s function for laser

=] = = E = DA
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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

0.2
0

s " 022
/ \ 04

-1 0 1
Energy/g

=N

Absorption
-~

=} [S]
o
o

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)]

g°No
w—2¢+ 2y
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Maxwell-Bloch Equations: Retarded Green’s function

0.2
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Absorption
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@ Introduce D (w): OtPy = —2ieq Py — 29P + gatv N,
Response to perturbation 9\, = 2(Ny — N,) — 29a(v* Pa + PEth)

@ Absorption = —23[DA(w)] = ﬁ(wg(w)z
—_ 2
D)) = e+ in + % — Aw) + iB(w)
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Maxwell-Bloch Equations: Retarded Green’s function

(a) 6 0.2 1 (b)
1 -§ 4 0
o g‘ < o 022 o
22 04

— A(v) 0. — A(v)

1 — B 0 0o — B
-1 0 1 -1 0 1 -1 0 1
Energy/g Energy/g Energy/g

Op = —lwop — K + 3, 9aPa
@ Introduce D (w): OtPy = —2ieq Py — 29P + gatv N,
Response to perturbation 9\, = 2(Ny — N,) — 29a(v* Pa + PEth)

@ Absorption = —23[DA(w)] = #WB)(W
—_ 2
D)) = e+ in + % = Aw) + iB(w)
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