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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 T~0
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[Hepp & Lieb, Ann. Phys. '73]
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“Textbook” BEC

@ Non-interacting viewpoint 10
» BE distribution' 1< w
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“Textbook” BEC

@ Non-interacting viewpoint 10
» BE distribution' 1< w
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> To= m fd
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@ Interacting approach (WIDBG)
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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

. Density
@ Interacting approach (WIDBG)

H= Zwkwk¢k+ Y gtk gUkiqtk

k k,7q

» Mean field: [/|? = (1 — wo)/g
» 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—TPU;r)

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

STANT AN
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@ Coherent state: |W) — e'+797|Q)
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“Textbook” Dicke-Hepp-Lieb superradiance

STANT AN

H= waw + Zeaé +g (dJTU; —l-?PU;r)

@ Coherent state: |W) — e'+797|Q)
@ Small g, minat \,n =0

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

STANT AN

H= waw + Zeaé +g (1/;[0; —l-?PU;r)

3 i3 SR

@ Coherent state: |W) — e +197|Q)
@ Small g, minat \,n =0 0 SN

Spontaneous polarisation if: Ng? > we J

[Hepp, Lieb, Ann. Phys. 73]
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Coupled matter-light system: polaritons
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Coupled matter-light system: polaritons
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Motivation: polariton condensates

@ Anthracene Polariton Lasing
T ~ 300K

[Kena Cohen and Forrest, Nat.
Photon ’10]
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Motivation: polariton condensates

@ Anthracene Polariton Lasing Q1. Vibrational replicas?
T ~ 300K Q2. Relevance of disorder?
SR Q3. Lasing vs
condensation?

[Kena Cohen and Forrest, Nat.
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Motivation: polariton condensates
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Motivation: polariton condensates

@ Anthracene Polariton Lasing Q1. Vibrational replicas?
T ~ 300K Q2. Relevance of disorder?
= Q3. Lasing vs
condensation?

[Kena Cohen and Forrest, Nat.

Y Photon ’10]

. Frenkel to Wannier
crossover?

. Optimal vibrational
properties?
. Nonlinearities?

[Plumhoff et al. Nat. Materials '14, Daskalakis
et al. ibid "14]
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Motivation: vacuum-state strong coupling

@ Linear response (no pump, no
condensate): effects of
matter-light coupling alone.

[ 2 rom
a1

[Canaguier-Durand et al. Angew. Chem. '13;
Baumberg group]
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Motivation: vacuum-state strong coupling

@ Linear response (no pump, no Q1. Can ultra-strong coupling
condensate): effects of to light change:
matter-light coupling alone.

v

charge distribution?

» vibrational configuration?
molecular orientation?
crystal structure?

v

\4

. Are changes collective
(+/N factor) or not?

[Canaguier-Durand et al. Angew. Chem. '13;
Baumberg group]
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Motivation: photon condensates

@ Photon Condensate T ~ 300K

[Klaers et al. Nature, *10, Marelic et al. '15]
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Motivation: photon condensates

@ Photon Condensate T ~ 300K Q1. Relation to dye laser?
Q2. Relation to polaritons?

Q3. Thermalisation
breakdown?

[Klaers et al. Nature, *10, Marelic et al. '15]
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Overview

@ Introduction
@ Condensation, lasing and superradiance
@ Modelling photon BEC & organic polaritons

9 Weak coupling: Photon BEC

@ Homogeneous model & threshold
@ Spatial profile and dynamics

e Strong coupling
@ Superradiance transition
@ Vibrational dressing in normal-state spectrum

e Ultrastrong coupling: vibrational reconfiguration
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Toy models

@ Full molecular spectra electronic
structure & Raman spectrum
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Toy models

@ Full molecular spectra electronic
structure & Raman spectrum
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© Focus on low-energy effective theory \/ il

@ Two-level system, HOMO/LUMO See also [Galego, Garcia-Vidal,
@ Single DoF PES Feist. PRX '15]
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Toy models

@ Full molecular spectra electronic
structure & Raman spectrum
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. nuclear coordinaté
© Focus on low-energy effective theory %/— il
@ Two-level system, HOMO/LUMO See also [Galego, Garcia-Vidal,
@ Single DoF PES Feist. PRX *15]

© Simplified archetypal model: Dicke-Holstein

@ Each molecule: two DoF

» Electronic state: 2LS
» Vibrational state: harmonic oscillator
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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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Weak coupling: Photon BEC

9 Weak coupling: Photon BEC
@ Homogeneous model & threshold
@ Spatial profile and dynamics
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Photon BEC experiments

Pump beam Mirror

Dye

Vix.y)

Camera/

spectrometer
x

@ (Curved) microcavity
@ R6G dye (in solvent)

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

Pump beam Mirror
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Photon BEC experiments

Pump beam Mirror
Dye
5 I
=
Camera/
spectrometer

x

@ (Curved) microcavity

@ R6G dye (in solvent)

@ Thermalisation of light

@ Condensation at P > Py,

[Klaers et al, Nature, 2010]
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Photon: Microscopic Model

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

@ 2D harmonic oscillator
Wm = Weutoff T MWH.O.
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Photon: Microscopic Model

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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Photon: Microscopic Model

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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Microscopic model — all orders in S
@ Polaron transform (exact), H = 3=, wm®htom + 3, Pas

ha—2 o4 + 9 (Ymog Do +HC)+leba, Da:ez\@(bl*ba)

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 16



Microscopic model — all orders in S
@ Polaron transform (exact), H = 3=, wm®htom + 3, Pas

ha—2 02 + g (Ymot D, +H.c.) +Qblb,, Da:ez\@(blfba)

@ Master equation

= =ilbous] + 3 5 LTl + X | Lot + el ]

N e (L e ]
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Microscopic model — all orders in S
@ Polaron transform (exact), H = 3=, wm®htom + 3, Pas

ha = <02+ g (bmod Do + Hee.) + QbLb,, D, = €2V/S(0h=bo)

@ Master equation
. . r r _
= =ilbous] + 3 5 LTl + X | Lot + el ]
m o

N e (L e ]

@ Correlation function:

r(6) = 2g°% [ / dte"ét‘(rT+r¢)’/2<Dj¥(t)Da(0)>]

/ 1 [Marthaler et al PRL ’11, Kirton & JK PRL "13]

b L A
200 -100 O 100 200
& [THz]
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Steady state populations and equilibrium
@ Rate equation:

[m] = = =
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Steady state populations and equilibrium
@ Rate equation:
OtNm = —KkNm + T (=0m)(Nm + 1)NT — F(dm)an
@ Steady state distribution:

Nm+1  k+T(0m)N,
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Steady state populations and equilibrium
@ Rate equation:
OtNm = —KkNm + T (=0m)(Nm + 1)NT — I'((Sm)nmN¢
@ Steady state distribution:

@ Microscopic conditions for equilibrium:
» Emission/absorption rate:

F(5) = 2g?R [ Jatem -t (1D, (0)
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Steady state populations and equilibrium
@ Rate equation:
OtNm = —KkNm + T (=0m)(Nm + 1)NT — I'((Sm)nmN¢
@ Steady state distribution:

@ Microscopic conditions for equilibrium:
» Emission/absorption rate:

F(5) = 2g?R [ Jatem 01002001 (9D, 0)
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Steady state populations and equilibrium
@ Rate equation:

OtNm = —KkNm + T (=0m)(Nm + 1)NT — F(ém)an
@ Steady state distribution:

@ Microscopic conditions for equilibrium:
» Emission/absorption rate:

F(5) = 2g?R [ Jatem 01002001 (9D, 0)

» Equilibrium, — Kubo-Martin-Schwinger condition:

(DL(1)Da(0)) = (D}(~t — i3)Da(0))
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Steady state populations and equilibrium
@ Rate equation:

OtNm = —KkNm + T (=0m)(Nm + 1)NT — F(ém)an
@ Steady state distribution:

@ Microscopic conditions for equilibrium:
» Emission/absorption rate:

(o) =29°R [/dte"”(“”L“/z(DL(t)Da(O))
» Equilibrium, — Kubo-Martin-Schwinger condition:
(DL(1)Da(0)) = (DL(~t — i3)Da(0))
> [(+6) =T(—6)e*



Steady state populations vs loss
@ Steady state distribution:

Nm o T(=0m)N; _ 56
Nm+1 w4+ T(6m)N, M(+0) =T(=9)e

[Kirton & JK PRL ’13]
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Steady state populations vs loss
@ Steady state distribution:
M T(=0m)Ny

@ Bose-Einstein distribution without losses
10° T T T

[(+0) = r(—6)e”

-3 1 1 1
10-200 -150 100 -50 0

8, (THz)

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



Steady state populations vs loss
@ Steady state distribution:
Nm F(—0m)Ny
Nm+1  x+T(0m)N,
@ Bose-Einstein distribution without losses

109-(

[(+0) = r(—6)e”

10°F
g
QE 10°F
(=) x*
100, x X% *%
x"xxx
10 ™ 950 100 50 0 10500 150 —100 =50 0
Sy (THz) 5, (THz)
Low loss: Thermal High loss — Laser

[Kirton & JK PRL '13]
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Chemical potential?
@ Steady state distribution:

@ k < NI'(9), Kennard-Stepanov

Nm
Nm-+1

Ny

[Kirton & JK, PRA *15]

— e_ﬁém"rﬁﬂf’ eﬂ/J' = _1 =

1073
~200 -150 -100 ~50

m (THz)

Tr + 2 m T (0m)Nm

Ny T+ 30T (=0m)(nm + 1)
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Chemical potential?

@ Steady state distribution:

@ k < NI'(9), Kennard-Stepanov

Mm _ somtbn o= M Tt 2 m(Om)m
m 1 | Ny T+ 30 T (=0m)(nm + 1)

@ Below threshold,

pw=kgTIn[l4+/I]

[Kirton & JK, PRA "15]
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Chemical potential?
@ Steady state distribution:

@ k < NI'(9), Kennard-Stepanov

Nm
Nm-+1

Ny

@ Below threshold,

p=kgTIn[l+/T]

@ At/above threshold, 1 — dg

[Kirton & JK, PRA *15]

Tr + 2 m T (0m)Nm

_ e PomtBu gfn= M
Ny T+ m T (=0m)(Nm +1)
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Chemical potential?
@ Steady state distribution:

@ k < NI'(9), Kennard-Stepanov

nmni1 _ g Oontbu B = % _
@ Below threshold,
o= KgTIn[M/T]
@ At/above threshold, 1 — dg

[Kirton & JK, PRA *15]

Tr + 2 m T (0m)Nm

T+, T(=6m)(Nm + 1)

10"°F T T T
IODI

-100 ”,,f”
-200
-300 _—
400
10° 10" 10° 10' 10°
I'4/Tthresh

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 19



Weak coupling: Photon BEC

9 Weak coupling: Photon BEC

@ Spatial profile and dynamics
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Spatially varying pump intensity

. _ Iy exp(—r?/203)
@ Consider effects of pump profile, I'+(r) = (2r02)d72
yixe
p
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Spatially varying pump intensity

. _ Iy exp(—r?/203)
@ Consider effects of pump profile, I'+(r) = (2r02)d72
yixe
p

@ Experiments: [Marelic & Nyman, PRA *15]

.

=]
=]

S
Lot

)
.

[}
(=]

S
o

n
S

---- Pump spot size
— Expected thermal size

Thermalised cloud size (um)

50 100 150 200
Pump spot size (um)
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Modelling spatial profile.

o = = = = DAl
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Modelling spatial profile.

@ Gauss-Hermite modes

I(r) = 3= 1y Ao (P2

w_

=} = = = = DAl
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Modelling spatial profile.

@ Gauss-Hermite modes

I(r) = 3= 1y Ao (P2

__w._

I

@ Varying excited density — differential coupling to modes

On= [ dtpy(®NimOF, o1+ 0. = pm

Jonathan Keeling Weak to ultrastrong coupling

Birmingham, March 2016
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Modelling spatial profile.

@ Gauss-Hermite modes @ Use exact R6G spectrum
/(r) = Zm nm‘wm(r)|2 1 Ty
og | @ f
_w_ £ 06 2
f@ 0.4 / %
-400  -200 0 200 400

=0 - ozpp,

@ Varying excited density — differential coupling to modes

On= [ dtorlim®E o1y =pm
Drpr(r) = =T (Npr(r) + Fr(npy(r))

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016



Spatially varying pump: below threshold

@ Far below threshold:

Nm
> If k< pml (0m),

Nm+ 1

~ e 0n x / At (1) (1) 2
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Spatially varying pump: below threshold

@ Far below threshold:

Nm
> Ik < pml (Om), = &7 x /drPT om(r)?
Nm + 1
@ Resulting profile, I(r) = 3=, Nm|¥m(r)[?
S ! ‘ Pump shape ‘
2
% 0.5
z
= 0
! " 1)
@ . Boltzmann -----
=05 N
. | N
0 5 10 15
o
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Spatially varying pump: below threshold

@ Far below threshold:

Nm
> Ik < pml (Om), = &7 x /drPT om(r)?
Nm + 1
@ Resulting profile, I(r) = 3=, Nm|¥m(r)[?
S ! ‘ Pump shape ‘
2
gos
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Spatially varying pump: below threshold

@ Far below threshold:

Nm
> Ik < pml (Om), = &7 x /drPT om(r)?
Nm + 1
@ Resulting profile, I(r) = 3=, Nm|¥m(r)[?
S ! ‘ Pump shape ‘
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Spatially varying pump: below threshold

@ Far below threshold:

Nm
b 1 5 < pl (Om), =~ e~ x / dtpi (1) m(P)?
Nm +1

@ Resulting profile, I(r) = 3=, Nm|¥m(r)[?
~ 1 ‘ ‘ ‘
S Pump shape 6

>
o5t 5+
=)

— L
= _% L

1 = . : =
10 3
~ N Boltzmann ----- o 2t
e ~ G
=051 N cloud
= AN 1 Spump
= el 0 ‘ ‘ ‘ ‘ Op -----
0 S 0 2 4 6 8 10 12 14
0 5 10 15 cpump/lHO
/o
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Near threshold behaviour

0.004 ; ; : . . f(‘) :
T
by Pump = -~-~-
8 Eqbm
=
2
=] L 4
g 0.002
o
2
5 /_\
=
0
? L L L L L L L
g 7\ 1) —
§ 05F by L Boltz. - - -~ 1
= ‘ ‘ s

0 ‘ ‘
20 -15 -10 -5 0 5 10 15 20
/o

@ Large spot, op > ho
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Near threshold behaviour

0.004 \ \ ‘ : :

£(r)
Pump - - - -
Eqbm

0.002 | 1

Excited molecules, f

0 L L L L L L L

1 I(‘) .
I

0.5r . \\Boltz, ---- 7

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

@ Large spot, op > ho
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Near threshold behaviour

0.004

Excited molecules, f

0

Photons

1 —
I ENEET)
05} ’,'/\\‘Boltz.

@ Large spot, op > ho
@ “Gain saturation” at centre

0 ‘
20 -15 -10 -5

10 15

20

@ Saturation of f(r) = 1/(1 + e #*) — spatial equilibriation
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Near threshold behaviour

0.004

Excited molecules, f

£(r)
Pump - - - -
Eqbm

0

Photons
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@ Large spot, op > ho
@ “Gain saturation” at centre
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@ Saturation of f(r) = 1/(1 + e #*) — spatial equilibriation
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Near threshold behaviour

0.004

0.002 /

Excited molecules, f
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Eqbm
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@ Large spot, op > ho
@ “Gain saturation” at centre
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@ Saturation of f(r) = 1/(1 + e #*) — spatial equilibriation
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Off centre pumping; oscillations

@ Experiments [Schmitt et al. PRA '15]

Position, x (um)
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Off centre pumping; oscillations

@ Experiments [Schmitt et al. PRA '15]

0 50
x (um)

Position, x (um)

@ Oscillations in space — beating of normal modes
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Off centre pumping; oscillations

@ Experiments [Schmitt et al. PRA '15]

0 50
x (um)

Position, x (um)

@ Oscillations in space — beating of normal modes
@ Thermalisation depends on cutoff

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 25



Limit of rate equations

Position, x (um)

0 100 200 300
Time, t (ps)
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Limit of rate equations

Position, x (um)

SR TR R e oy

Emission into Gauss-Hermite mode m:

0 100 200 30

Time, t (ps) ° /(X) = Z an’m(X)’z
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Limit of rate equations

Position, x (um)

SR TR R e oy

Emission into Gauss-Hermite mode m:

0 100 200 30

Time, t (ps) ° /(X) = Z an’m(X)’z

@ Oscillations: beating of modes.
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Limit of rate equations

Position, x (um)

B, Do e s o vooond

Emission into Gauss-Hermite mode m:

0 100 200 30

Time, t (ps) ° /(X) = Z an’m(X)’z

@ Oscillations: beating of modes.

Emission must create coherence between non-degenerate modes. J
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Limit of rate equations

Position, x (um)

B, Do e s o vooond

Emission into Gauss-Hermite mode m:

0 100 200 30

Time, t (ps) ° /(X) = Z an’m(X)’z

@ Oscillations: beating of modes.

® Need /(x) = 3 1 v My ¥m(X) o (X)
@ Thermalisation from I'(+4)

Emission must create coherence between non-degenerate modes. J

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 26



Modelling

@ Following toy model, use Redfield theory:

atp =—i

Z wmamamv

+ K(—6m)[éina—fﬁ, émﬁf]) + H.c. + (pumping, decay . . .),

Y ¢m/(r,)( (5B 3 5, 87

m,m’ i

@ K(9) analytic continuation of I'(¢).
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Modelling

@ Following toy model, use Redfield theory:

Op =—i

3 U)o () (KOO a9, 2

m,m’ i

> Wmalmam, p
m

+ K(—&m)[éi,,a—fﬁ, émﬁf]) + H.c. + (pumping, decay .. .),

@ K(9) analytic continuation of I'(¢).
@ Not secular approximation

» Must have emission into m, m’ superposition
» Must have K = K(d) (Kennard-Stepanov)
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Modelling

@ Following toy model, use Redfield theory:

Op =—i

3 U)o () (KOO a9, 2

m,m’ i

> Wmalmam, p
m

+ K(—&m)[éi,,a—fﬁ, émﬁf]) + H.c. 4+ (pumping, decay . . .),

@ K(9) analytic continuation of I'(¢).
@ Not secular approximation

» Must have emission into m, m’ superposition
» Must have K = K(d) (Kennard-Stepanov)

@ Semiclassical equations for ng, v = (aﬁnam,> and f(r).
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Dynamics from model

Longer cavity Shorter cavity

Y proton intensity I(r)

3x10°

2x10°

AERERRARARE
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Dynamics from model
Longer cavity

Y proton intensity I(r)

3x10°
2x10°

SV

0

0 50 100 150 0 50 100
@ Origin of thermalisation — reabsorption, see (%)
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Dynamics from model
Longer cavity Shorter cavity

10 Photon intensity 1(r) 10 Photon intensity I(r)

vadt 4x10°
X
o 2x10¢ °
< I
) ‘ il i B 2x10°
‘ARARRRALALE
10 -10
0 50 100 150 0 0 50 100 0
@ Origin of thermalisation — reabsorption, see (%)
10 Dye excitation f(r) 10 Dye excitation f(r)
0.01 0.01
£ E:
- 0.005 h 0.005
10 -10
100 50  © 50 100 50  ©
tlpg tlpg
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Thermalisation at late times
@ Reabsorption “fills-in” excited molecules

Dye excitation f(r)

0.005
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Thermalisation at late times

@ Reabsorption “fills-in” excited molecules
@ Reach thermal equilibrium, f = [e=#% + 1]~1

Dye excitation f(r) t=5ps ——
— =50 ps ——
001 g 0027 =150 ps —
e =600 ps ——
2 Eqbm
8
% 001
0.005 o
>
[a] J
o STy 5 0 3 10
100 1/,
t[ps| “HO
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Thermalisation at late times

@ Reabsorption “fills-in” excited molecules
@ Reach thermal equilibrium, f = [e=#% + 1]~1

Dye excitation f(r) =5ps ——
- =50 ps ——
001 £ 0021 =150ps —
g t=600 ps ——
2 Eqbm
E
% 001
0.005 s
[a] J
o RS TOR 0 3 10
1 150 10
t[ps| tHo
@ Photon occupation thermalises later
t=5ps x
t=50ps ®©
= % t=150ps
= x =600ps =
§ Y, * BE fit (,T) ——-
2 10
g Ll
& 10
10°
lO—l 5 —
3250 3260 3270 3280 3290 3300
Mode frequency: o, (21 x THz)
Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016
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Strong coupling

@ Strong coupling
@ Superradiance transition
@ Vibrational dressing in normal-state spectrum

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 30



Strong coupling phase diagram — mean field

@ Mean field — single photon mode
H=wilyp+) [%ag + g(gba;r + wTa;)JrQ {bgba +VS (bL + ba) ag}]

@ Dicke phase diagram vs p

1 unstable

(-w)/g

[Cwik et al. EPL '14]
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Strong coupling phase diagram — mean field

@ Mean field — single photon mode
H=wilyp+) [%ag + g<¢a; + wTa;)+Q {bgba +VS (bL + ba) ag}]

@ Dicke phase diagram vs p

0.6 ; ; : 1 2
@=2.8=0, A=4, 0=0.1
05 F 08 1 unstable
Z .
04
06% 2 5 s
=03 b g n
04 8 22
0.2 T2 3
(=
ol 02% 4 4
-5
0 0 -4 3 -2 1 0 1 2
6 -5 4 3 2 0 (- g

@ Sreduces ge

[Cwik et al. EPL "14]
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Strong coupling phase diagram — mean field

@ Mean field — single photon mode
H=wilyp+) [%ag + g<¢a; + wTa;)+Q {bgba +VS (bL + ba) ag}]

@ Dicke phase diagram vs p

0.6 ; : ! 1 )
2=2. 8=2, A=4,Q=0.1
05 0.8 1 unstable
s e
04 = e
0675 2 SR
=03 b bst B T
04 8 22
0.2 T2 3
(=
0.1 02° -4 4
5
0 0 4 3 2 1 0 1 2
6 5 4 3 2 -1 0 (e- w)g

@ Sreduces ge
@ Reentrant behaviour — Min p at kg T ~ 0.1Q2

[Cwik et al. EPL "14]
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Strong coupling

@ Strong coupling

@ Vibrational dressing in normal-state spectrum

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 32



Strong coupling experimental features

@ 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 ]
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Strong coupling experimental features

@ 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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Strong coupling experimental features

@ 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

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016
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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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Disordered molecules — spectrum

@ Calculate Green’s function G (v):

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

50

2IN=03 eV —
% 2IN=05evV —

30

20

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

50
2IN=03 eV —
2IN=05evV —

40 2IN=07 eV —

30

20

Spectral weight

10

16 1.8 2 22 24 26 28 3 32
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

2IN=03 eV —
2IN=05eV —

40 2IN=07 eV —

30

20

Spectral weight

10

16 1.8 2 22 24 26 28 3 32
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

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 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

@ But: spectrum with vibrational sidebands, S = 0.02

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 35



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

0.4 ¢ gVN=0.3eV —
gIN=0.5eV —
gVN=0.7eV o
£ 03 2
z g
= 02t | o
o <
23 [a}
95]
0.1 | J L jU |
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]

u]
i}
I
ul
it
"
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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

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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Ultrastrong coupling: vibrational reconfiguration

° Ultrastrong coupling: vibrational reconfiguration

[m] = = =

Jonathan Keeling Weak to ultrastrong coupling



Molecular reconfiguration

@ Central peak — depends on g, not T.

=} = = = = DAl
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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.

Jonathan Keeling Weak to ultrastrong coupling

Birmingham, March 2016
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Rotational reorientation

@ Rotational degrees of freedom

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 39



Rotational reorientation

@ Rotational degrees of freedom

o Effective Hamiltonian

A D[+ Guacos(0a)wh + v )+ Eo(0)
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Rotational reorientation

@ Rotational degrees of freedom

o Effective Hamiltonian

A D[+ Guacos(0a)wh + v )+ Eo(0)

@ Schrieffer-Wolff, 6H = >, , Gox(Vlod +He.):

Hef = . +Z[ Kocos?(6,) + Eo(0 }, KO_Zware
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Rotational reorientation

@ Rotational degrees of freedom

o Effective Hamiltonian

A D[+ Guacos(0a)wh + v )+ Eo(0)

@ Schrieffer-Wolff, 6H = >, , Gox(Vlod +He.):

Hef = . +Z[ Kocos?(6,) + Eo(0 }, KO_Zware
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Rotational reorientation

@ Rotational degrees of freedom

o Effective Hamiltonian

A D[+ Guacos(0a)wh + v )+ Eo(0)

@ Schrieffer-Wolff, 6H = >, , Gox(Vlod +He.):

Hef = . +Z[ Kocos?(6,) + Eo(0 }, KO_Zwk+€

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

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016 39



Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

., &N _ QVS(b+b)
Hett = Ho —2(6+w){1 ot + O

3.2

€ €

}
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

2 T
N {1_Qx/§(b+b)_|_0

Heﬁ:HO_Z(e—i—w) €+w

3.2

@ Reduced vibrational offset

) @ =
S— S(1-2Kq), K —;m Sealo
. VSigo
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Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

2 T
N {1_Qx/§(b+b)_|_0

Heff:HO_Z(e—i—w) €+w

@ Reduced vibrational offset

3.2

2
S S(1-2K). Ki=> i

K Wk + 6)2 g\/ScfleO

» Increased effective coupling: g% = g2 exp(—S)

Jonathan Keeling Weak to ultrastrong coupling

Chd

Birmingham, March 2016

40



Vibrational reconfiguration

@ Schrieffer-Wolff — mixes vibrational states

g°N {1_Qx/§(b+bT)+O <g)2’ﬂ

€

Heff:HO_Z(e—i—w) €+w

@ Reduced vibrational offset

) @ ?"
S— S(1-2Kq), K —Ek:m Sealo
. VSlio

» Increased effective coupling: g% = g2 exp(—S)
» Again, Ki < 1, independent of density.
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Summary

) Photon\condensatlon_and thermalisation

P oty " (T

[Kirton & JK, PRL *13, PRA ’15]
@ Photon condensation, pattern formation physics

[JK & Kirton, PRA '16]
° V|brat|onal dressing, and p033|ble reconflguratlon

[Cwik et al. PRA '16]
Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016
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Extra Slides

e Toy problem — two bosonic modes

@ First order transitions due to phonons

=] = = E = DA
Jonathan Keeling Weak to ultrastrong coupling



Toy problem: two bosonic modes

@ Basic problem: Emission from thermal bath

.........

H = wadlid, + wb?ﬁwb + Haath

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016

E J(v) + (9027#;% + WZ%DZ giéi + H.c.
' i
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Toy problem: naive solutions

@ Two “expected” behaviours:
» At resonance: “weak lasing” — coupling to bath dominates

d ~ n * 7 * 7
i = T Lleaba+ ool + T Llpzbh + b))

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016
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@ Two “expected” behaviours:
» At resonance: “weak lasing” — coupling to bath dominates

d ~ n * 7 * 7
i = T Lleaba+ ool + T Llpzbh + b))

» Far from resonance: pointer states are eigenstates

O =Y rheld] + i)

i=a,b
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Toy problem: naive solutions

@ Two “expected” behaviours:
» At resonance: “weak lasing” — coupling to bath dominates

d ~ -~ * 7 * 7
i = T Lleaba+ ool + T Llpzbh + b))

» Far from resonance: pointer states are eigenstates

O =Y rheld] + i)

i=a,b

@ Explicit derivation — Redfield theory

Op = ~ilH, pl + D L} (20,00] — o, TZ;,TTZ;j]Jr)
-

+> L,Tj (Zﬁpﬂgi —lp, 12/1/3;]+) :
;

Jonathan Keeling Weak to ultrastrong coupling Birmingham, March 2016

45



Toy problem: exact solution

~

@ Solve via Laplace transform. Find Fj(t) = (@2}(1‘) (1))

[m] = = =

Jonathan Keeling Weak to ultrastrong coupling



Toy problem: exact solution

@ Solve via Laplace transform. Find Fj(t) = (ﬂ(t) (1))

@ Steady state: 2107 — ] ‘ 1
=
< \
S 1x1072| ]
~ Fyp —
0 L
Ee}
2 02k
5 F. —
Sl
0 L
-0.4 0.2 0 0.2 0.4
-A=2(wy,-0,)
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Toy problem: exact solution

@ Solve via Laplace transform. Find Fj(t) = (ﬂ(t) (1))

@ Steady state: 10— | ‘ ]
; 3 —
» Singularat A =0 B 102 ]
22 Fyp —
0 ‘
S 02F
8 Faa -
= 0 Fob ‘
0.4 0.2 0 0.2 0.4
-A=2(wy,-0,)
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Toy problem: exact solution

~

@ Solve via Laplace transform. Find Fj(t) = (ﬂ(t) (1))

@ Steady state: 10— | ‘ ]
; 2 —
» Singularat A =0 02} ]
. . ~ R
@ Time evolution — oL T
2
Fan(t) ~ exp(—aA=t)
Fap 0 0.05 01 o2 02k
[ 1 I ] ::g Faa —
2000 w R
0 ‘ ‘
-0.4 -0.2 0 0.2 0.4
1500 A=2(,-0,)
o
£ 1000
F
500 A

0
-0.4 -0.2 0 0.2 0.4

A=2(w,-0y)
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Toy problem: exact solution

@ Solve via Laplace transform. Find Fj(t) = (ﬂ(t) (1))

@ Steady state: X107 | ‘ ]
> Singularat A =0 S| R
e Time evolution — = e
Fap(1) ~ exp(—aA?t)
Fap 0 0.05 01 o2 02k
|, I — 5 Fpu —
2000 - Fop
(—)0.4 02 0 012 0.4
1500 -A=2(wp-00,)
2 1000 @ Always some coherence
= » (individual always wrong)
500 h
= S

-0.4 -0.2 0 0.2 0.4
A=2(w,-0y)
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Toy problem: exact solution

@ Solve via Laplace transform. Find Fj(t) = (ﬂ(t) (1))

@ Steady state: X107 | ‘ ]
X ] e
» Singularat A =0 02} ]
. . 22 R
@ Time evolution — oL T
Fab(t) ~ exp(—ai?t)
Fap 0 0.05 01 o2 02k
[ S— j | 5 Fpu —
2000 - Fop
(—)0.4 -0.2 0 0.2 0.4
1500 -A=2(0y,-0,)
£ 1000 @ Always some coherence
= » (individual always wrong)
500 A @ Fap~ Faa, Fpponlyat A =0
. N

-0.4 -0.2 0 0.2 0.4
A=2(w,-0y)
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Toy problem: Redfield theory

Unsecularised Redfield theory:

atp = —I[H ,0] + Z 901 @j |: (W’,/WT [p7 wij]-i-)

ff

K] (28]t~ 1 bid]1) |
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Toy problem: Redfield theory

Unsecularised Redfield theory:

atp = —I[H p] + Z QOI @j |: (2¢,P¢T [p7 wij]+>

ff

@ Compare to exact solution: Fj = (1)1
0.1 ‘
t=200 X 0.011) A=0.2
2 L f 7 2 I.'" .{‘, NA A
= 005 . = oll [l [\ \\N v As~——
[5) I [3) 1 Ty v
& | ~ 1R' Exact
ok | AAAA Redfield
' ] YV 001}
04 02 0 02 04 0 200 400 600 800
A=2(w,-y,) Time
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Toy problem: Secularisation

@ Secularisation (in eigenbasis of H): Ll* — Lj*6; — Fap =0
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Toy problem: Secularisation

@ Secularisation (in eigenbasis of H): Ll* — Lj*6; — Fap =0

@ Secularisation often invoked to cure negative eigenvalues of L}’i.

— Non-positivity of density matrix,
— Unstable (unbounded growth).

@ Check stability: consider f = (Faa, Fop, R[Fab], S[Fan)])

oif = —Mf + 1y
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Toy problem: Secularisation

@ Secularisation (in eigenbasis of H): L,Tj’i — L;’ié,-j — Fap=0

@ Secularisation often invoked to cure negative eigenvalues of L}’i.

— Non-positivity of density matrix,
— Unstable (unbounded growth).

@ Check stability: consider f = (Faa, Fop, R[Fan], S[Fan))

8tf = —Mf + fo

0.02

@ Eigenvalues of M exist in closed form:

Z 001
z

» Unstable (negative only if dJ(v)/dv > 1
— Markov breakdown)

0
0 02 04 06 08 1 12 14
v
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Toy problem: Secularisation

@ Secularisation (in eigenbasis of H): L,Tj’i — L;’ié,-j — Fap=0

@ Secularisation often invoked to cure negative eigenvalues of L}’i.

— Non-positivity of density matrix,
— Unstable (unbounded growth).

@ Check stability: consider f = (Faa, Fop, R[Fan], S[Fan))

8tf = —Mf + fo
0.02
@ Eigenvalues of M exist in closed form: \
» Unstable (negative only if dJ(v)/dv >1 2 °"
— Markov breakdown)
00 6.2 6.4 6.6 08 1 12 14

v
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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
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Explanation: Polaron formation

@ Unitary transform

H, — H, = efH,e "« K =+/SS%(b| —b,)

=} = = = = DAl
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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]
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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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