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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]
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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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Photon BEC experiments

Pump beam Mirror

Vixy)

Camera/
spectrometer

@ Dye filled microcavity

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

Pump beam
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@ Dye filled microcavity
@ No strong coupling

[Klaers et al, Nature, 2010]
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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

@ Introduction: organic molecules

© Modelling photon BEC
@ Threshold behaviour
@ Time evolution
@ Pump-spot size dependence

@ Strong coupling: polaritons
@ Polariton spectrum nature
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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.)]

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

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

@ —0atlarge §
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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@(@Y ~ ba)]
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Microscopic model — calculating I'(9)

How to calculate I'(0)

@ Polaron transform (exact)
€
2
D, = exp [2@(@1 - ba)]

ha = 50% + g (Ymof Do + H.c.) + QbLb,,

@ 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
D, = exp [Z\FS(bL ~ ba)]

ha = 50% + g (Ymof Do + H.c.) + QbLb,,

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

@ Exponential of bosonic correlations (D (t)D,(0))
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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() = 2g2m/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%
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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
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Low loss: Thermal
[Kirton & JK PRL '13]
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Distribution gmnm

@ Master equation — Rate equation

@ Bose-Einstein distribution without losses
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1074 r, Iy ( Ly o
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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

Nm  _ e omtBu, efn = Ny M4+ 2 m [ (6m)Nm

Nm + 1 TN T A, T(0m)(Mm 4+ 1)
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Chemical potential?

@ Steady state distribution:

@ x < NrI(9), Kennard-Stepanov

Nm + 1 TN T A, T(0m)(Mm 4+ 1)

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

@ Steady state distribution:

@ x < NrI(9), Kennard-Stepanov

Nm  _ e omtBu, efn = Ny M4+ 2 m [ (6m)Nm

Nm + 1 TN T A, T(0m)(Mm 4+ 1)

@ Below threshold, i = kgT In[l'1/T ]
@ At/above threshold, 1 — dg
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Threshold condition
Use: max[nm] = 1/(Be) — kgTe = /6/m2eVN.

o = = = = DAl
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Threshold condition
—  kgT. = +/6/m2eV/N.

Use: max[nm] = 1/(Be)

[=—— K=10MHz —=— K=05GHz === K=5GHz |
600 - ",' E
I
500 - " b
Py / Compare threshold:
400 - '
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ul ! l)A 1 1
345 6 7

1 d ./ ul 1
107°107%107°107%2107" 2
FT/Pi A% Ntot

@ 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)

%00 100 _0 100 20
8 [THz]
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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—"

B‘ 300

200

i ul 1 1
107°107*107%1072107" 2 3

FT/Pi \/Ntot

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

Jonathan Keeling Photon condensates

Compare threshold:
@ Pump rate (Laser)

@ Critical density
(condensate)

%00 100 _0 100 20
8 [THz]
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Time evolution

@ Modelliing photon BEC

@ Time evolution

=] = = E = DA
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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

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

1
0.8
0.6
0.4
02

066 =100 0100200
& [THz]

(0m)(THz)

[Kirton & JK arXiv:1410.6632]
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Time evolution

1

0.8

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

066 =100 0100200
& [THz]

0.6
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1 L 1
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-200 0 200
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[Kirton & JK arXiv:1410.6632]
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Pump spot size

@ Modelliing photon BEC

@ Pump-spot size dependence

=} = = = = DAl
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Spatially varying pump intensity

e Consider effects of pump profile, [1(r) = 'y exp(—r?/2rg, )

Orpy(r) = =FL(Npr(r) + Fr(N)py(r))
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Spatially varying pump intensity

e Consider effects of pump profile, [1(r) = 'y exp(—r?/2rg, )

Orpy(r) = =FL(Npr(r) + Fr(N)py(r))
@ Varying excited density — differential coupling to modes

On= [ dtps(E)im(®F,  py+py = pm

NB I'(9) differs by area factor



Spatially varying pump intensity

e Consider effects of pump profile, [1(r) = 'y exp(—r?/2rg, )

Orpr(r) = =FL(Npr(r) + Fr(n)py (1))

@ Varying excited density — differential coupling to modes

Om = / drpr(B)[m(P)2,

pr+pL=Pm

@ Experiments: [Marelic & Nyman, arxiv:1410.6822]

— ! . S =
E 80| U = 300f
3 =1 T 2
o b7 T E
@ 6o N g
i af g 10
© . K a £
Ev - T 30
5 20 - Pump spot size 2

N (&)
E —  Expected thermal size

10
50 100 750 200 55

Pump spot size (zm)

NB I'(9) differs by area factor

60
Pump spot size (um)
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Spatially varying pump: below threshold

@ Far below threshold:

r(r)

» Excitation: p4(r) ~ pm— < pm

> If < pml (dm), - n:’_1 ~ @ Pm /dr
m

Jonathan Keeling Photon condensates
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=, lm()]
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Spatially varying pump: below threshold

@ Far below threshold:

N I
» Excitation: p4(r) ~ pm# < pm
1
Nm B6m r4(r) 2
SR pnl B e [ - n(r)

@ Resulting profile, I(r) = 3", Nm[v¥m(r)|?
Cloud profile
1 :

Pﬁmp shape ‘

Cy()/T1(0)
o

—o

I(r)

@ Thermal
=05
=
=
0 L
0 5 10 15 20
/o
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Spatially varying pump: below threshold

@ Far below threshold:

I Iy (r
» Excitation: p4(r) ~ pm# < pm
1
Nm B6m r4(r) 2
SR pnl B e [ - n(r)

@ Resulting profile, I(r) = 3", Nm[v¥m(r)|?
Cloud profile
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s Pump shape
z
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)
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Spatially varying pump: below threshold

@ Far below threshold:

I Iy (r
» Excitation: p4(r) ~ pm# < pm
1
Nm B6m r4(r) 2
SR pnl B e [ - n(r)

@ Resulting profile, I(r) = 3", Nm[v¥m(r)|?
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Spatially varying pump: below threshold

@ Far below threshold:

. r
» Excitation: py(r) ~ pm# < Pm
1
> If T(6m), ~ g P [ dr—0
K pal ), Gl
@ Resulting profile, I(r) = >, Nm|vYm(r)|?
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Near threshold behaviour

PP —— I(r)
r'ymMy ———  Thermal - - - -
0.08 \ : ‘ 10
@ Large spot, rspot/hio = 20 008 1 4
g S
6 0.04 1 15 é
a9
0.02 ¢
0 0
0 5 10 15 20
o

Jonathan Keeling Photon condensates Trento, January 2015 18



Near threshold behaviour

0.08

@ Large spot, rspot/ o = 20

Gain

0.02
0

0.06 1
0.04

PPy —— I(r)

r'ymMy ———  Thermal - - - -

‘ : : 10

15

o ———

: 0
0 5 10 15 20

o
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Near threshold behaviour

@ Large spot, rspot/ o = 20
@ “Gain saturation” at centre

0.08

0.06
0.04

0.02
0

PPy —— I(r)
r'ymMy ———  Thermal - - - -
‘ : : 10
~——__ s
—— 0
0 5 10 15 20
o
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Near threshold behaviour

@ Large spot, rspot/ho = 20
@ “Gain saturation” at centre

@ Non Boltzmann peak —
BEC

0.08

0.06 1
0.04
0.02 -

PPy —— I(r)
r'ymMy ———  Thermal - - - -
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Near threshold behaviour

@ Large spot, rspot/ho = 20
@ “Gain saturation” at centre

@ Non Boltzmann peak —
BEC

0.08

0.06 1
0.04
0.02 -

PPy —— I(r)
r'ymMy ———  Thermal - - - -
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Near threshold behaviour

PP —— I(r)
@My, ———  Thermal - - - -
0.08 : : :
@ Large spot, rspot/ho = 20 i} 0.06
@ “Gain saturation” at centre 5 004 |
@ Non Boltzmann peak — 0.02 |
BEC 0
o
pr(n) _ [4(r) + 3 Pl (O om(1) 2

Pm Cr(r) 4+ Ty + 30 [0ml (0m) + (Pm + 1) (=0m)] [¥m(r)[?
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Near threshold behaviour

PP —— I(r)

r'ymMy ———  Thermal - - - -

0.08
@ Large spot, rspot/bo =20 0.06
@ “Gain saturation” at centre 5 004 |
@ Non Boltzmann peak — 0.02 |
BEC 0
o
plr) _ 4(7) + 3 Pl (6m) (1)

Pm Cr(r) 4+ Ty + 30 [0ml (0m) + (Pm + 1) (=0m)] [¥m(r)[?

o lfthermal: (N + 1) (—dm) = Nl (6m)C "

Jonathan Keeling Photon condensates Trento, January 2015
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Near threshold behaviour

PPy —— I(r)
r'ymMy ———  Thermal - - - -

0.08

0.06 1

@ Large spot, rspot/ o = 20 .
i H ” £ L I
@ “Gain saturation” at centre & 004 E
a9

@ Non Boltzmann peak — 0.02 |

BEC 0

o

p1(r) _ r(r) + rphoton(r)
Pm F+(r) + Ty + (1 + ¢ lMphoton(r)

e Ifthermal: (N + 1) (—0m) = Npl (6m)¢
@ Saturation of pr = pm/(1 + ¢~') — spatial equilibriation
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Effect of spot size on threshold

Threshold power:

0.3 5
2 43
8 02t 5
2 302
& 2
o
g 2 3
B 01} | g
G 8
o 11 5
~ Peak power ——
Integrated power ===
O ! 1 1 0
0 5 10 15 20

rspol/ 1HO
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Effect of spot size on threshold

Threshold power:

0.3 5

5 02t =
g 13 2
5 2
(=¥
: 12 B
2 0.1 r gb
3 2
O 1 E
a Peak power ——

Integrated power ==»-:

o Leeraerp ‘ ‘ 0
0 5 10 15 20

rspol/ 1HO

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

Threshold power:

0.3 5
8 02¢ 5
z 13 %
& 2
o
: 12 %
B 01} g
G 2
S I 5
~ Peak power
Integrated power ===
O ! 1 1 0
0 5 10 15 20
rspol/lHO

@ Small spot, integrated power saturates
@ Large spot, peak power saturates
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Strong coupling: polaritons

e Strong coupling: polaritons

@ Polariton spectrum nature

o = = = = 9aQ
Jonathan Keeling Photon condensates



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; + q/ﬁs;)m {bgba +VS (bL + ba> sg}}

@ c=w-—A,

! Mott lobes if e < w — 2g

0.6
05 r 0.8
on | S @ Sreduces ges
’ 0.6§
=03 = 3
E S
02 04;‘3 2
8 w
01 02 0
0

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}}

@ c=w-—A,

! Mott lobes if e < w — 2g

0.6
05 r 0.8
oa b 2 @ Sreduces gef
0673
=03 b 3
04 2 I3
02 £ v
O
01 02 0
0

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
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'
=]
—_

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
451 0.15\5
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)=>_ ” _”Wn

n
[Cwik et al. EPL "14]
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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

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

1 T T T T T T
S=2, A=4, Q=0.1, g=2
08 r
0.6

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

S=2, A=4, Q=0.1, g=2

08 r

PPTEETE
ISISISISISISES)
HBEBE38]
RERRRY

0.6

04

02 r

Sideband spectral weight

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

@ Optimal T ~ 2Q

S=2, A=4, Q=0.1, g=2

08 r
0.6

T T T
g=2.5=2, A=4, Q=0.1

e

T=
T=
T=
T=
T=l
T=l
T=

0.6 0.5

04
041 =03

0.2

Sideband spectral weight

02 r

0.1

0 ¢ ‘
6 -5-4-3-2-12012 3 456
Absorbed phonons: g-p

[Cwik et al. EPL "14]
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Summary

@ Photon condensation and thermalisation

= 2 %\

o (THs) " iy

0
6 (THz)

[Kirton & Keeling, PRL ’13, arXiv:1410.6632]
@ Effects of finite spot size
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[Cwik et al. EPL 14]
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Extra Slides

e Ultra-strong phonon coupling?

© Anticrossing vs p

@ Vibrational reconfiguration
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Critical coupling with increasing S
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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

Photon condensates
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Explanation: Polaron formation

@ Unitary transform

H, — H, = efH,e "« K =+/SS%(b| —b,)

=} = = = = DAl

Jonathan Keeling Photon condensates



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
@ Coherent bosonic state

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

(a) Exact diagonalization (b) Ansatz
e N
N
@ Compares well at S>> 1 £
@ Coherent bosonic state .
% 4}1—0& 3 B 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{ [Q _gne—mn ; ”)} —Tln [2cosh (%)]}

Effective 2LS energy in field:

52:<€;M S(1—n)> +g°\%e —Sn?

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

=} = = = = DAl

Jonathan Keeling Photon condensates



Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators

Photon
1r Exciton -
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Polariton spectrum — coupled oscillators

Photon
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Polariton spectrum — coupled oscillators

Photon
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Vibrational reconfiguration

® H=Ho+Hi,Hi =Y, Gnk(fod +H.c)
@ Schrieffer-Wolff: admixture of excited state

g°N | {1 _VS(b+bh)

Heff,vacuum = HO_2(6 T w c+w

(2) 2]
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Vibrational reconfiguration

® H=Ho+Hi,Hi =Y, Gnk(fod +H.c)
@ Schrieffer-Wolff: admixture of excited state

2 1]
N {1_Qx/§(b+b)+0

H, = Hy—
eff,vacuum 0 2(6+w) c+w

(2) 2]

Reduced vibrational offset \ "
\Ih

® V5 V51— @N/(e +w))

@ Increased effective coupling:

gi = g° exp(—S)
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Vibrational reconfiguration

® H=Ho+Hi,Hi =Y, Gnk(fod +H.c)
@ Schrieffer-Wolff: admixture of excited state

2 1]
N {1_Qx/§(b+b)+o

H, = Hy—
eff,vacuum 0 2(6+w) c+w

(2) 2]

Reduced vibrational offset \ "
\Ih

° VS VS(1 - gN/(c )

@ Increased effective coupling:

95 = 9% exp(—S)
@ Numerically tiny effect, Q < ¢
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