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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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Dicke Holstein Model

@ Dicke model: 2LS <« photons
. —
AT

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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Three stories

0 Weak coupling: photon condensation

e Strong coupling: polaritons

9 Ultra strong coupling: vibrational reconfiguration
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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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Modelling
Master equation
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Distribution gmnm

@ Master equation — Rate equation
Otnm = —KNm + N [T (—8m)(Nm + 1)(0®) — T(6m)M(099)]

@ 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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Time evolution

@ Initial state: excited molecules

(0m)(THz)
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[Kirton & JK arXiv:1410.6632]
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Time evolution

1

0.8

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

1

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

e Strong coupling: polaritons
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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; + q/ﬁs;)m {bgba +VS (bL + ba> sg}}
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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}}
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Polariton spectrum: photon weight
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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]

Jonathan Keeling Weak, strong, ultra-strong Snowbird, January 2015 11




Polariton spectrum: photon weight
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Ultra strong coupling: vibrational reconfiguration

9 Ultra strong coupling: vibrational reconfiguration
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Ultra-strong coupling, changing configuration

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

Cavity Resonance Molecular transition Hybrid states X 10A

10
hgg——  + S, < g
R = p.
o,
—_— So =

@®

Fluorescence intensity —

500 540 580 62 660 700
Alnm —

Alnm —

[Canaguier-Durand et al. Angew. Chem. "13 ]
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Ultra-strong coupling, changing configuration

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

Cavity Resonance Molecular transition Hybrid states 10 X 10A

@®

hw,——— + S <o

T
Fluorescence intensity —

500 540 580 62 660 700
Alnm —

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

» Polariton vs molecular spectral weight — chemical egbm
» Temperature dependent

Jonathan Keeling Weak, strong, ultra-strong Snowbird, January 2015



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 10"

@®

hp———  + S,

T
Fluorescence intensity —

500 540 580 62 660 700
Alnm —

Alnm —

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

» Polariton vs molecular spectral weight — chemical egbm
» Temperature dependent

@ Questions:

» Vibrationally dressed spectrum + disorder
» Microscopic theory — changing configuration
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):

T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)
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Spectral weight
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 [eV]
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Disordered molecules — spectrum

@ 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
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Disordered molecules — spectrum

@ Calculate Green’s function G (v):
T(v) x |GRW)?,  A(v) x —S[GR(v)] + (interference)
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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
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2IN=0.5 eV
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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 — (*] 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 2IN=0.3 eV — (*] Central peak
AN =
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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Disordered molecules — vibrational mode

@ With vibrational sidebands, S = 0.02

0.4 | g\N=0.3eV —
gIN=0.5¢V —
gVN=0.7eV —

E 03
D
[
=
T o022} ||
3
o
n
0.1
0

1.6 1.8 2 22 24 26 28 3 32
o [eV]

Jonathan Keeling Weak, strong, ultra-strong Snowbird, January 2015 15



Disordered molecules — vibrational mode

@ With vibrational sidebands, S = 0.02

0.4 | g\N=0.3eV —
gIN=0.5¢V —
gN=0.7eV =
E 03 5
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o
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Disordered molecules + vibrations — vs temperature

@ vsvs temperature

0.1

Spectral weight
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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
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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
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Summary
@ Photon condenls‘atlon and thermalisation_

7 Y

0 it S 200 0 E T 100 100
6, (THz) 8, (THz) 5,m(THz) £(fs)

[Kirton & Keeling, PRL '13, arXiv:1410.6632]
@ Reentrance, phonon assisted transition, 1st order at S > 1

[Cwik et al. EPL '14]
) V|brat|onal conflguratlon

[Cwik et al. in preparation]
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Extra Slides

e Dye laser

© Photon BEC threshold

@ Photon BEC with spatial profile
ﬂ Ultra-strong phonon coupling?
e Anticrossing vs p

e Polariton spectrum nature

@ Vibrational reconfiguration
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Dicke-Holstein model: dye laser

4 Level Dye Laser
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Dicke-Holstein model: dye laser

4 Level Dye Laser

Energy

\ i
!y Cavity

vibrational
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Typical operation
@ No strong coupling

@ No electronic inversion —
vibrational inversion.

20

Jonathan Keeling Weak, strong, ultra-strong Snowbird, January 2015



Dicke-Holstein model: dye laser

4 Level Dye Laser

In this talk:
1 @ Multiple photon modes
' - » Condensate mode is not

Cavity — maximum gain
vibrationa » Gain/Absorption in balance

coordinate
» Thermalisation

Energy

Typical operation
@ No strong coupling

@ No electronic inversion —
vibrational inversion.
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Dicke-Holstein model: dye laser

4 Level Dye Laser

In this talk:
1 @ Multiple photon modes
' - » Condensate mode is not

Energy

—— maximum gain

i . . .

coordinate » Gain/Absorption in balance
» Thermalisation

@ (Ultra)strong matter-light
coupling

Cavity

Typical operation
@ No strong coupling
@ No electronic inversion —
vibrational inversion.

Snowbird, January 2015
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600 ",' E
I

500 " B
Py / Compare threshold:

400 P
\% 1 @ Pump rate (Laser)
& 300 ] @ Critical density

200 (condensate)

Ly/Ty
[Kirton & JK PRL "13]
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Spatially varying pump intensity

Opr = —T L (Npy + T+(r)(pm — p1)
a%zrmn/mmwam%w+n

Cloud width/ly

Cloud ——
Pump -~~~
Thermal -----

= (reT06m) [ 0Pl = pr)1l)2) L

Pump spot width/ly;o

S S
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Spatially varying pump intensity
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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

VO — 0 WA 0Oy
Jump in (¥ )
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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 [ws;e@bl—ba) + H.c.}

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

@ Unitary transform
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@ Optimal phonon displacements, ~ /S
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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
e N
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{ [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 Weak, strong, ultra-strong Snowbird, January 2015 25



Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators

Photon
1 L EXCitOl’l ...........

23 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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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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
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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 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
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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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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 = H0_2(

e+ w e+ 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:

g5 = 9° exp(—S)

@ Numerically tiny effect, Q < ¢
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