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Coherent states of matter and light

Atomic BEC T ~ 107K
B “"r

[Anderson et al. Science "95]
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Coherent states of matter and light
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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]

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 2



“Textbook” BEC

@ Non-interacting viewpoint 10
» BE distribution' 1< w

21h? 2/d
> To= m fd

=
8]
=
=%
=
3

o

E o

IS Normal

[

o

g

=t BEC

Density

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 3



“Textbook” BEC

@ Non-interacting viewpoint 10
» BE distribution' 1< w
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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 = wovts + 3 ca0? + gu (vod + 1107

Maxwell-Bloch egns: P = —i{c™), N = 2(c?)
O = —iwop — Kk + >, GaPa
O0tPy, = —2ieq Py — 2Py + gatW N,
OtNe = 29(No — No) — 29a (" Pa + P3))
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“Textbook” Dicke-Hepp-Lieb superradiance

STANT AN

H= waw + Zeaé +g (1/JTU; —l-?PU;r)

[Hepp, Lieb, Ann. Phys. 73]
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STANT AN
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“Textbook” Dicke-Hepp-Lieb superradiance

STANT AN
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“Textbook” Dicke-Hepp-Lieb superradiance

STANT AN

H= waw + Zeaé +g (1/;[0; —l-?PU;r)

3 i3 SR
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@ Small g, minat \,n =0 0 SN

Spontaneous polarisation if: Ng? > we J
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Microcavity polaritons
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Microcavity polaritons

=z
¢
WOFV7 AN Quantum Wells

Cavity photons:
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~ wy + k?/2m*
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Microcavity polaritons

A
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Microcavity polaritons
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Microcavity polaritons

Cavity photons:

wk=\/w§+02k2 \Hl

~ 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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Condensation-superradiance crossover

@ Use model that can show lasing and condensation:
Generalised Dicke model:

Hys = > wxtit + Y [%Ui + 9ok (wka; +fon )]
k [e%

[JK et al, PRL '04, PRB ’05, Review: Semicond. Sci. Tech. '07]
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Condensation-superradiance crossover

@ Use model that can show lasing and condensation:
Generalised Dicke model:

Hys = > wxtit + Y [%Ui + 9ok <¢ko—; +fon )]
k [e%

@ Grand canonical equilibrium, H — N. Dicke superradiance:
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Condensation-superradiance crossover

@ Use model that can show lasing and condensation:
Generalised Dicke model:

Hys = > wxtit + Y [%Ué + 9ok <¢ko; +fon )]
k [e%

@ Grand canonical equilibrium, H — N. Dicke superradiance:

2

1 unstable UP

= 7] 20 s
\,;f-l N sr ,47//,/ gﬂ LP__ -
2 i I 77 2 ol !—l

Rl

: 7 l% 7 /y;é 7 ) _4 | non-condensed @

-4 -3 2 -1 0 1 2 2 -1.5 -1 -0.5 0

(e- w)g wg

@ Many modes — fluctuations restore T, x n?/4

[JK et al, PRL '04, PRB 05, Review: Semicond. Sci. Tech. '07]
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Lasing-condensation crossover
Generalised Dicke model:

Heys = S wntbftn + 3 Ea; + Go (Vi + Vkoa )}
” =

@ Pumping and dissipation

System Bulk photon modes

[Szymanska et al, PRL '06, PRB '07, Reviews: ’10, 13
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Lasing-condensation crossover
Generalised Dicke model:

Hoys = 3 it + 1 375 + o (it + e )
Kk e

@ Pumping and dissipation

System Bulk photon modes

@ Mean field, Tpaih — oo, Maxwell Bloch Laser
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Lasing-condensation crossover
Generalised Dicke model:

Hoys = 3 it + 1 375 + o (it + e )
Kk e

@ Pumping and dissipation

System Bulk photon modes

@ Mean field, Tpaih — oo, Maxwell Bloch Laser
@ Pump and decay — 0, Equilibrium condensate

[Szymanska et al, PRL '06, PRB '07, Reviews: ’10, 13
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Lasing-condensation crossover
Generalised Dicke model:

oy = > o+ 3 [ 37+ Gox (v + v )
Kk o

@ Pumping and dissipation

Pump bath
System Bulk photon modes
Pumping Bath K|y \/\N\ 77777777
== 3z = %= Xciton: Cavity mode W\/\

@ Mean field, Tyam — oo, Maxwell Bloch Laser
@ Pump and decay — 0, Equilibrium condensate
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Matter-Light coupling with organic molecules

° What & why’?

[Kena Cohen and Forrest, Nat. Photon ’10; Plumhoff et al. Nat. Materials ’14,
Daskalakis et al. ibid '14] [Klaers et al. Nature '10]

» Wide variety of systems:
polymers, fluorenes, J-aggregrates, molecular crystals.
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Matter-Light coupling with organic molecules

° What & why?

[Kena Cohen and Forrest, Nat. Photon ’10; Plumhoff et al. Nat. Materials ’14,
Daskalakis et al. ibid '14] [Klaers et al. Nature '10]

» Wide variety of systems:
polymers, fluorenes, J-aggregrates, molecular crystals.
» Often large polariton splitting, gv/N ~ 0.1 eV + 1000K

@ Theory questions/challenges

» Ultrastrong coupling
» Vibrational modes
» (Partial) thermalisation
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Dicke Holstein Model

@ Dicke model: 2LS <« photons

Heys = wipTep + Z Eaé +9 <1/1 + W) (of + U;)]
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Dicke Holstein Model

@ Dicke model: 2LS <« photons
@ Molecular vibrational mode

» Phonon frequency Q
» Huang-Rhys parameter S —
coupling strength

Heys = wipTep + Z Eaé +9 <1/1 + W) (of + 05)]
+3a {bgba +/So? (b; + ba)}
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Overview

ﬂ Introduction

9 Weak coupling: Photon BEC
@ Model & threshold
@ Time evolution
@ Pump-spot size dependence

e Ground state spectrum
@ Ultra strong coupling & reconfiguration
@ Vibrational sidebands in spectrum

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 12



Photon BEC experiments

Pump beam Mirror

Vixy)

Camera/

spectrometer
x

@ Dye filled microcavity

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

Pump beam Mirror
Dye
5 I
S
Camera/
spectrometer

x

S ——
-100pm 0 100pm -100pm

@ Dye filled microcavity

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

Pump beam

Mirror
Dye
: I
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@ Dye filled microcavity
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[Klaers et al, Nature, 2010]
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Modelling

Hsys = Zwm¢m¢m+2[ oa+9 ¢m0 ‘|‘HC)]
+yQ {bLba +/So? (bL + ba)}

@ 2D harmonic oscillator
Wm = Weutoff T MWH.O.
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Modelling

Hsys = Zwmwnibm + Z [%02 + g (Ymog + H.c.)]
m «
+yQ {bgba +VSo? (bL n ba) }

e
o s
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@ 2D harmonic oscillator
Wm = Weutoff + MwH.O.

@ Incoherent processes: excitation,
decay, loss, vibrational
thermalisation.
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Modelling

Heys = > wmtbhtbm + > [%02 + g (Ymog + H.c.)]

+yQ {bLba +/So? (bL + ba)}

@ 2D harmonic oscillator
Wm = Weutoff + MwH.O.

@ Incoherent processes: excitation,
decay, loss, vibrational
thermalisation.

@ Weak coupling, perturbative in g
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Modelling

Master equation
. . K I'T + F¢ _
p=—ilHo,pl = > > L[Ym] — > 5 Lloal+ 5 Llog]
m «@

B ; [r(ém :zwm = 6)5[‘72%7] L Em = wm)ﬁ[%w"]]
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[Marthaler et al PRL *11, Kirton & JK PRL *13]
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Modelling

Master equation

= =ilbe, ]~ Y-y Clim - 35 | G loi1 + Sl

2 2

0.6f

res) @ Kennard-Stepanov
F(46) ~ (—6)e?
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0.2
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0 100200
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[Marthaler et al PRL *11, Kirton & JK PRL *13]

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015

15



Distribution gmnm

@ Master equation — Rate equation

@ Bose-Einstein distribution without losses

[Kirton & JK PRL '13]
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Distribution gmnm

@ Master equation — Rate equation

@ Bose-Einstein distribution without losses

10° T T
(@) &
| F_ 0.1F
102 + oo
107

10" E
200

102\

-3 L
10~200 -150 -100 -50 0

0m (THz)

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

@ Master equation — Rate equation

@ Bose-Einstein distribution without losses

OEY S ez
2 r, oy 1 'y o1
10°fF + E 4
0.01
105k 0.01// i
g N
= of i
S T
100, xx X **
x"xxx
1050 150 100 50 0 1066 150 ~100 50 0
Low loss: Thermal High loss — Laser
[Kirton & JK PRL ’13]
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Chemical potential?

@ Steady state distribution:
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Chemical potential?

@ Steady state distribution:

@ x < NrI(9), Kennard-Stepanov

Mm_ _ gpomtbn  gu = M _

Nm+1

Jonathan Keeling Matter-light coupling & organic materials
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Chemical potential?

@ Steady state distribution:

@ x < NrI(9), Kennard-Stepanov

Mm_ _ gpomtbn  gu = M _

Nm+1

@ Below threshold, y = kg T In[+/T|]
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Chemical potential?

@ Steady state distribution:

@ x < NrI(9), Kennard-Stepanov

Mm_ _ gpomtbn  gu = M _

Nm+1

@ Below threshold, i = kgT In[l'1/T ]
@ At/above threshold, 1 — dg

Jonathan Keeling Matter-light coupling & organic materials

Tr + 2 m T (0m)Nm

o N¢ - F¢+Zm F(—&m)(nm—ir 1)
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Time evolution

e Weak coupling: Photon BEC

@ Time evolution
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Time evolution

@ Initial state: excited molecules

(0m)(THz)

150k -
200 1 1000 10
t(fs)

[Kirton & JK arXiv:1410.6632]
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Time evolution

1

0.8

@ Initial state: excited molecules
@ Initial emission, follows gain peak o

02

100 200

T
& [THz]

(0m)(THz)

E 1 L 1
200 1 1000 10°
t(fs)

-200 0
0m (THz)

[Kirton & JK arXiv:1410.6632]
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Time evolution

1

@ Initial state: excited molecules o8
@ Initial emission, follows gain peak o
@ Thermalisation by repeated absorption N

—%00 —10 00 200

0
& [THz]

107y

)
:510’6 =
g g
=107 §
10712 -
! 150 bt L L
200 0 200 1 1000 10°
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[Kirton & JK arXiv:1410.6632]
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Pump spot size

e Weak coupling: Photon BEC

@ Pump-spot size dependence

Jonathan Keeling

Matter-light coupling & organic materials




Spatially varying pump intensity

@ Consider effects of pump profile, [(r) = '+ exp(—r?/205,mp)
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Spatially varying pump intensity

@ Consider effects of pump profile, [1(r) = 'y exp(—r?/205,mp)

@ Experiments: [Marelic & Nyman,

arxiv:1410.6822]

b —+=
EBD . T +
° - t
o) .
=l g
g |
o —a 'u
o 40 0
&
m©
E 2 === Pump spot size
] p sp!
= .
= — Expected thermal size
50 100 150 200

Pump spot size (um)
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Spatially varying pump intensity

@ Consider effects of pump profile, [1(r) = 'y exp(—r?/205,mp)
@ Experiments: [Marelic & Nyman, arxiv:1410.6822]

0 } ,_§7
gso ) . +
° . +t
@ g0,
=l g
g | .
o —a ':
Ew .
®
E 2 = Pump spot size
] p sp!
= .
= — Expected thermal size
50 100 150 200

Pump spot size (um)

@ Varying excited density — differential coupling to modes

Dipr(r) = =FL(Npr(r) + F4(r)py (1))
OtNm =T (—=0m)Om(Nm +1) — [ + T(6m)(pm — Om)] Nm

On= [ drpi(8)lvmr

)E,  prtpL=pm
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Spatially varying pump: below threshold

@ Far below threshold:

» Excitation: p4(r) ~ pmﬂ < pm
n M4(r

> If k< pml (dm), - :’_1 ~ e Hm /dr%w)m(r)F
m

Jonathan Keeling Matter-light coupling & organic materials
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Spatially varying pump: below threshold

@ Far below threshold:

» Excitation: p+(r) ~ pm

> If s < pmr((Sm),

1

r(r)
ry
Nm

Nm+1

s Pump shape
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1 .
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S . Boltzmann -----
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Spatially varying pump: below threshold

@ Far below threshold:

» Excitation: p+(r) ~ pm

> If s < pmr((Sm),

1

r(r)
ry
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Nm+1

s Pump shape
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Spatially varying pump: below threshold

T1+(0)/T'1(0)

1(r)/1(0)

Jonathan Keeling Matter-light coupling & organic materials

@ Far below threshold:

» Excitation: p+(r) ~ pm

> If s < pmr((Sm),

@ Resulting profile, /
1 .

r(r)
ry
Nm

Nm+1

Pump éhape
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0
1 < : .
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0 : ==
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Spatially varying pump: below threshold

@ Far below threshold:

T1+(0)/T'1(0)

1(r)/1(0)

Jonathan Keeling Matter-light coupling & organic materials
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Spatially varying pump: below threshold

@ Far below threshold:

~ g F9m x /dr
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Near threshold behaviour
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Near threshold behaviour
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Near threshold behaviour

0.004 : . !

f(f) R
Pump == -~
Eqbm

@ Large spot, opump > Mo 0.002 |

Excited molecules, f

Photons
=}
W
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Near threshold behaviour

0.004 i i T f(‘) !
N ——
“ Pump - - - -
8 Eqbm
=
2
@ Large spot, opump > Mo § 0.002/—\

[5a)

0
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s
g 05}
>
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Near threshold behaviour

0.004 o
N —

o Pump ===~
8 Eqbm
3

o Lal'ge Sp0t, Upump > /HO -% 0.002/—\

@ Non Boltzmann peak — 3

BEC = .

g ! ‘ ‘ N 1) —
g 057 ‘. Boltz. ---- 1
£ - ‘ So
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Near threshold behaviour

0.004 . !
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- Pump - - - -
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) Large Spot’ Opump > /HO § 0.002/ ,\
@ Non Boltzmann peak — 3
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Near threshold behaviour

0.004 . !
(1) ———
“ Pump = ===
13 Eqbm
§ /--\-_:/\
@ Large spot, opump > Mo § 0-002/ \
@ Non Boltzmann peak — 3
BEC . |
@ “Gain saturation” atcentre ¢ ' . 1w —
g 0.5F " Boltz. ----
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Near threshold behaviour

0.004 . .
f(r) ——
“ Pump = - - -
13 Eqbm
8 /‘-\-_:/\
@ Large spot, opump > ho £ 0-002/ \
@ Non Boltzmann peak — 5
BEC . .
@ “Gain saturation” atcentre ¢ ' . 15 —
g o5t “.Boltz. - --- 1|
% - L S

0,
20 -15 -10 -5 0 5 10 15 20
/o

@ Saturation of f(r) = 1/(1 + e~#*) — spatial equilibriation
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e Ground state spectrum
@ Ultra strong coupling & reconfiguration
@ Vibrational sidebands in spectrum
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Ultra-strong coupling, changing configuration

@ Ultra-strong coupling: w, e ~ gv/N  v/concentration
@ Normal state: configuration of molecules

Cavity Resonance Molecular transition Hybrid states 10 X 104
- P* 1 h R
heo, - <::\ ml | & 8 I"|
N = P = O}
] '
ho, £ 6 i
4 E l
S, —— =S @ !
s = 8
4
8
@
~ T o
T 80f S / S 2
[
T 40t pr P.
= 0
500 540 580 620 660 700
0 600 700 A/nm —
Alnm —

[Canaguier-Durand et al. Angew. Chem. '13 ]

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015

25



Ultra-strong coupling, changing configuration

@ Ultra-strong coupling: w, e ~ gv/N  v/concentration
@ Normal state: configuration of molecules

Cavity Resonance Molecular transition Hybrid states 10 X 104
o = T ndr
hay P - —— 1, | 8 50
== p 2 X
ho 2 H
L g |
N = | = Y
’ 36 == )
2 4
73
o
80f S g 2
! £
Lal e b
= 0
500 540 580 620 660 700
0 600 700 Alnm —
Alnm —s

[Canaguier-Durand et al. Angew. Chem. '13 ]

» Polariton vs molecular spectral weight — chemical egbm
» Temperature dependent
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Ultra-strong coupling, changing configuration

@ Ultra-strong coupling: w, e ~ gv/N  v/concentration
@ Normal state: configuration of molecules

Cavity Resonance Molecular transition Hybrid states 10 X 104
o = T ndr
ha, PO —— m) | & 8 :'.
E=S N = O}
2 '
ho, £ 6 i
4 E l
A —% b Yy |
s = 8
o 4
o
@
o
T 80f S / ‘_g 2
[
L a0l pr p.
< 0 >
500 540 580 620 660 700
0 600 700 Alnm —
Alnm —s

[Canaguier-Durand et al. Angew. Chem. '13 ]
» Polariton vs molecular spectral weight — chemical egbm
» Temperature dependent
@ Questions:
» Microscopic picture?
» Vibrationally dressed spectrum + disorder
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):

T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)

50

2IN=03 eV —
40

30

20

Spectral weight

16 1.8 2 22 24 26 28 3 32
 [eV]
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@ Calculate Green’s function G (v):
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)

@ Ultra-strong coupling — renormalised photon

50

2IN=03 eV —
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40 2IN=07 eV —

30
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Spectral weight
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o[eV]
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)

@ Ultra-strong coupling — renormalised photon

50
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Spectral weight
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)

@ Ultra-strong coupling — renormalised photon

0.4 2IN=0.3 eV —
2IN=0.5 eV
2IN=0.7eV —

0.3

0.2

0.

16 1.8 2 22 24 26 28 3 32
o[eV]

Spectral weight

o
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)

@ Ultra-strong coupling — renormalised photon

0.4 2IN=0.3 eV — (*] Central peak
AN =
0.3 1
G(v) =
02 () v+ ik/2 — w — QQGExc (v)
| AW~ (5~ SlEE.1) |67

16 1.8 2 22 24 26 28 3 32
o[eV]

Spectral weight

o

[Houdré et al. , PRA "96]
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
Tv) < |GFRW)?,  A(v) x —=S[G(v)] + (interference)

@ Ultra-strong coupling — renormalised photon

0.4 g\/N 03 eV — o Central peak
SNty O
0.3 1
G(v) =
02 () v+ ik/2 — w — QQGExc (v)
) AW~ (5~ SlEE.1) |67

1.6 1.8 2 22 24 26 28 3 32

oVl [Houdré et al. , PRA "96]
@ Temperature independent (for kg T < gv'N)

Spectral weight
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Molecular reconfiguration

@ Central peak — depends on g, not T.

Jonathan Keeling
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Molecular reconfiguration

@ Central peak — depends on g, not T.
@ Can g depend on T?
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Molecular reconfiguration

@ Central peak — depends on g, not T.
@ Can g depend on T?

@ Rotational degrees of freedom

A D[+ Guacost0a)wh + v )+ Eo(0)
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Molecular reconfiguration

@ Central peak — depends on g, not T.
@ Can g depend on T?

@ Rotational degrees of freedom

A D[+ Guacost0a)wh + v )+ Eo(0)

@ Schrieffer-Wolff, sH = ", s gax (Vo +H.c.):

Hess = . +Z[Kocos )+ Eo(0 ], KO_Zware
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Molecular reconfiguration

@ Central peak — depends on g, not T.
@ Can g depend on T?

@ Rotational degrees of freedom

A D[+ Guacost0a)wh + v )+ Eo(0)

@ Schrieffer-Wolff, sH = ", s gax (Vo +H.c.):

Hess = . +Z[Kocos )+ Eo(0 ], KO_Zware

» No v/N enhancement — Kj small, independent of density
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

., &N _ QV/S(b+bh)
Hest = Ho —2(6+w){1 — 0

(2) 2}
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

Hett = H,

0_2(e+w) €+ w

@ Reduced vibrational offset

2 T
&N {1_Qx/§(b+b)+0

S— S(1-2K), K :Z(L
k

Jonathan Keeling Matter-light coupling & organic materials

Yale, February 2015
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

g°N {1 _VS(b+bh) |, (g){@”
€+ w € €

Heff = HO - m

@ Reduced vibrational offset

nuclear coordinate

S — 8(1 _ 2K1), K1 — Z m Photon
T e

{r

5%

» Increased effective coupling: g% = g* exp(—S)
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

2 Qv f Q\? gvN
Heﬁ:Ho_z(g_N{1_M+o (2) o
€+ w) e+w €

@ Reduced vibrational offset

Energy

2
|
S _> 8(1 - 2K1 )’ K1 = Z (w _:f 6)2 \phmm ‘ nuclear coordinate
A

|

1

» Increased effective coupling: g% = g* exp(—S)
» Again, K; < 1, independent of density.

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015
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Disordered molecules — vibrational mode

@ But: spectrum with vibrational sidebands, S = 0.02
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Disordered molecules — vibrational mode

@ But: spectrum with vibrational sidebands, S = 0.02

0.4 ¢ gVN=0.3eV —
g\IN=0.5eV —
gVN=0.7eV —

E 03
D
(5]
=
g o2t ||
3
o
wn
0.1
0

1.6 1.8 2 22 24 26 28 3 32
o [eV]
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Disordered molecules — vibrational mode

@ But: spectrum with vibrational sidebands, S = 0.02

04 r g\/N—O 3eV —
g\IN=0.5eV —
gVN=0.7eV o
= 03 =
= 3
- S
- E
g 02 | o
3 2
95]
0.1 | L jU |
LU J \
16 1.8 2 22 24 26 28 3.2
o [eV]
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature

0.1

Spectral weight

1.7 1.8 19 2 21 22 23 24 25
o [eV]
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature

0.1

Spectral weight

17 18 19 2 21 22 23 24 25
o [eV]
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature

0.1

Spectral weight

0
17 18 19 2 21 22 23 24 25
o [eV]
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature

0.1

Spectral weight

0
17 18 19 2 21 22 23 24 25
o [eV]
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature @ Stronger disorder &
S$=0.02,0 =0.01eV S=0.5,0 =0.025eV
12
0.05
1
! 5 os 0.04
_i 0.1 ; 0.6 kpT
g g [eV]
& & 04 0.03
0.2
0
17 18 19 2 21 22 23 24 25 1.7 1.8 19 2 21 22 23 24 25
o [eV] o [eV]
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Summary

@ Lasing, condensatlon superradiance

- polidion Nowoqors pataion” | [[Toer =
N g -
3 x .
g [t == o I 14
H =3 _/ .
2 P .
> . -
e - I ~.
< {
2 [Ccondenseq_ Sondensed) densed S 20N condensed , _ondense
o 0 2 B 0 o 1
e e Inversion, N

Gm T

R

0 o150 100 S0 R ) 50 200 0 2
S.n(THz) On(THz) S (TH2) 1(fs)

4 . [ (a) (b)
| -2
5 | w0 o =
N o === J = 50
P &
wf |« £
/ _ | Z-m
T " P : 125
L wh o w0 w1

[Kirton & JK, PRL "13, arXiv:1410.6632]
° V|brat|onal conﬂguratlon

[Cwik, Kirton, De Liberato, JK in preparation]
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Extra Slides

° Microscopic calculation of I'(9)
e Threshold vs temperature

@ Threshold vs pump size

e Strong coupling: polaritons

@ Anticrossing vs p
@ Polariton spectrum & sidebands

@ Ultra-strong phonon coupling?

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015
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Microscopic model — calculating I'(9)

How to calculate I'(0)

@ Polaron transform (exact)
£
2

ho = 02 + g (Ymod Do +H.c.) +Qblb,,
D, = exp [2@(@2 ~ ba)]
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Microscopic model — calculating I'(9)

How to calculate I'(0)

@ Polaron transform (exact)
£
2

ho = 02 + g (Ymod Do +H.c.) +Qblb,,
D, = exp [Z\FS(bL ~ ba)]

@ Correlation function:

r(6) = 2g2§}e/ dt(D! (1)D,(0)) exp [—(rT + rwé] o it
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Microscopic model — calculating I'(9)

How to calculate I'(0)

@ Polaron transform (exact)
£
2

ho = 02 + g (Ymod Do +H.c.) +Qblb,,
D, = exp [2\@(@1 — ba)]

@ Correlation function:
r(6) = 2g2§R/ dt(D! (1)D,(0)) exp [—(rT + rwé] oot

@ Exponential of bosonic correlations <DL(t)Da(O)>

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 34



Microscopic model — requirements for
Kennard-Stepanov

@ Correlation function

re) = 2g2gfa/dt<DL(t)Da(0)> exp [_(rT + D)é] oot
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Microscopic model — requirements for
Kennard-Stepanov

@ Correlation function
o2 t Bl st
r(8) = 2% [ at(DL(1)Da(0)) exp [—(T++T)5 |

@ Kubo-Martin-Schwinger condition:

(DL(t)Da(0)) = (DI(~t — i8)Da(0))
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Microscopic model — requirements for
Kennard-Stepanov

@ Correlation function

r() = 2g2m/dt<DL(t)Da(0)> exp [(rT i D)é oot

@ Kubo-Martin-Schwinger condition:

(DL(t)Da(0)) = (DI(~t — i8)Da(0))
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Microscopic model — requirements for
Kennard-Stepanov

@ Correlation function

r() = 2g2gfa/dt<DL(t)Da(0)> exp [(rT i D)é oot

@ Kubo-Martin-Schwinger condition:
(DL(1)Da(0)) = (DL(~t — i8)Da(0))
@ (4+6) =Tr(—06)e%

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015
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Threshold condition
Use: max[nm] = 1/(Be) — kgTe = /6/m2eVN.

u]
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"
S
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]
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Threshold condition
Use: max[nm] = 1/(Be) —  kgTs = +/6/m2eV/N.

[=—— K=10MHz —=— K=05GHz === K=5GHz |

600

500
Py Compare threshold:
é 400 @ Pump rate (Laser)
& 300 @ Critical density

200 (condensate)

Ly/Ty

@ Thermal at low x/high temperature
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Threshold condition

Use: max[nm] = 1/(Be) —  kgTs = +/6/m2eV/N.

[=—— K=10MHz —=— K=05GHz === K=5GHz |

600

500

~~
M 400

N—r

B‘ 300

200

Ly/Ty

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

Compare threshold:
@ Pump rate (Laser)

@ Critical density
(condensate)

~200  -100 SD[THziOO 201
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Threshold condition

Use: max[nm] = 1/(Be) —  kgTs = +/6/m2eV/N.

K=10 MHz === K=0.5GHz ==== K=5GHz |

600

500

~~
M 400

N—r

& 300

200

Ly/Ty

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

Compare threshold:
@ Pump rate (Laser)

@ Critical density
(condensate)

~200  -100 SD[THziOO 201

Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015
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Effect of spot size on threshold
exp(—(r/op)?/2)

Threshold power: T'+(r) =T

2\d/2
(27T0‘p) /
0.05 ———————2x107
I' ;=1 kHz, n=0.001
S 0.04 + =
an T
o =
z 003 | oy
] 3
% 1x10™ g
< 0.02 8,
-
4 3
= 0.01 &~
Integrated power ——
Peak power —— 0
0 L L L L L L 0 1
0 2 4 6 8 10 12 14 16

rspol/ 1HO
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Effect of spot size on threshold
exp(—(r/op)?/2)

Threshold power: I'+(r) = T4

) 2\d/2
(27mp) /
0.05 ———————2x107
I' ;=1 kHz, n=0.001
S 0.04 + =
= I
z 003 | oy
1 3 E
% 1x10™ g
= 0.02 + 8,
g 3
= 0.01 &~
Integrated power ——
Peak power —— 0
0 L L L L L L 0 1
0 2 4 6 8 10 12 14 16

rspol/ 1HO

@ Small spot, integrated power saturates
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Effect of spot size on threshold

Threshold power: I'+(r) = T4

0.05

o o o
(=) S (=)
[\ ] W S

Integrated power, I'p

=4
=]
—_

exp(—(r/op)?/2)

)

(27m,2,)d/2

‘ ‘ ‘ ‘ %1073
L I',,=1kHz, n=0.001
[ S
1)
z
7 / 1
1x10° 8
z
L 1<)
2.
3
[w
Integrated power ——
Peak power —— 0
s s ‘ ) s . 0x10
0 2 4 6 8 10 12 14 16

rspol/ 1HO

@ Small spot, integrated power saturates
@ Large spot, peak power saturates

Jonathan Keeling Matter-light coupling & organic materials

Yale, February 2015
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Strong coupling: polaritons

@ Strong coupling: polaritons

Jonathan Keeling
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Strong coupling phase diagram — mean field

@ Mean field — single photon mode

H— W¢T¢+Z [685 + Q(T/JS;— + q/;TS;)—FQ {b&ba +VS (bL + ba) SéH
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Strong coupling phase diagram — mean field

@ Mean field — single photon mode
H=wilp+y [esg n g(¢s; + ws;)m {bgba +VS (bL + ba> sg}}

@ c=w-—A,
! Mott lobes if e < w — 2g

0.6

05 - 0.8

oa b 2 @ Sreduces gef
0.63

=03 2 3

048 &

0.2 é w

o1 0.2 1
0

6 5 4 -3 2 -1 0 nuclear coordinats.
-, 2 U
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Strong coupling phase diagram — mean field

@ Mean field — single photon mode
H=wilp+y [esg n g(¢s; + ws;)m {bgba +VS (bL + ba> sg}}

Q@ c=w— A,
! Mott lobes if e < w — 2g

06
05 1 08«
oa b 2 @ Sreduces gef
063
03 | b 3
04 2 I3
02 £ v
&)
o1 02 1
0

6 5 4 -3 2 -1 0 nuclear coordinats.
o, 7 :

@ Reentrant behaviour — Min p at kgT ~ 0.1Q
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Polariton spectrum: photon weight

I
w

| T=0.4, S=2, A=4, Q=0.1, =2 |

I
o

o
=

Energy
IS
o
: =
Photon weight, Z,

IN

G

'
=]
—_

A
e ]
T T
'
j=]
[\S]

o
[98)

0 0.1 0.2
Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)

[Cwik et al. EPL '14]
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Polariton spectrum: photon weight

I
w

| T=0.4, S=2, A=4, Q=0.1, =2 |

I
o

o
=

Energy
IS
2N
: =
Photon weight, Z,

IN

G

!
=
—

A
e ]
T T
'
j=]
[\S]

o
[98)

0 0.1 0.2
Density p
@ Saturating 2LS: g2 ~ g?(1 — 2p)
@ What is nature of polariton mode?

[Cwik et al. EPL '14]
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Polariton spectrum: photon weight

: ——— g 03
44 | T=04,8=2,A=4,O=0T, =2 —— |
0.2
-4.5 N Olzi:
g -4.6 1 0 =
= g
47 L -0.15
0.2
48 t
¥ M 03
0 0.1 0.2
Density p
@ Saturating 2LS: g2 ~ g?(1 — 2p)
@ What is nature of polariton mode?
. Z
o GH(t) = —iw!'(w(0)), G(v)=>_ ” _”w”

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

=} = = = = DAl
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Polariton spectrum — coupled oscillators

Photon
1 L EXCitOl’l ...........
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0O 02 04 06 08 1 12 14 16 18 2
Coupling, g
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Polariton spectrum — coupled oscillators

Photon
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Exciton-Q se=seeeees

0
>
on
5
5 -1
2t LP .
3

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

u]
i}

I
ul
it

"

Matter-light coupling & organic materials

Jonathan Keeling



Polariton spectrum — coupled oscillators

Photon
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Polariton spectrum — coupled oscillators

Photon
1 +  Exciton-nQ ==

Energy

2 ———
‘\“‘
\

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

Yale, February 2015 41
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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

S=2, A=4, Q=0.1, g=2 T=0.00 —
08

0.6
04

02 r

Sideband spectral weight

6 -5-4-3-2-12012 3 456
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Polariton spectrum: what condensed

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

@ Optimal T ~ 2Q
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Critical coupling with increasing S

@ Re-orient phase diagram
@ gvsu, T
@ Colors — Jump of ()
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Explanation: Polaron formation

@ Unitary transform

H, — H, = efH,e "« K =+/SS%(b| —b,)
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Explanation: Polaron formation

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

H, = const. + ¢SZ +Qblb, + g [u;s;eﬁ(bl—ba) + H.c.}
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Explanation: Polaron formation

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

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

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

@ For ¢ # 0, competition
Variational MFT [¢)q ~ 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]
Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 45



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{ [Q _gne—mn ; ”)} —Tln [2cosh (%)]}

Effective 2LS energy in field:

52:<€;M S(1—n)> +g°\%e —Sn?

[Cwik et al. EPL '14]
Jonathan Keeling Matter-light coupling & organic materials Yale, February 2015 45



	Introduction
	Weak coupling: Photon BEC
	Model & threshold
	Time evolution
	Pump-spot size dependence

	Ground state spectrum
	Ultra strong coupling & reconfiguration
	Vibrational sidebands in spectrum

	Appendix
	Microscopic calculation of ()
	Threshold vs temperature
	Threshold vs pump size
	Strong coupling: polaritons
	Anticrossing vs 
	Polariton spectrum & sidebands

	Ultra-strong phonon coupling?


