From weak to strong matter-light coupling with organic materials
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Paradigms & Models

@ Weakly interacting dilute Bose gas
H= [ i (=~ V)5 + U110
» Single field — assumes strong coupling

» Continuum model, hard to include molecular physics
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Paradigms & Models
@ Weakly interacting dilute Bose gas X

H= [ rdl (- = V%) + UG5
» Single field — assumes strong coupling

» Continuum model, hard to include molecular physics

o Laser rate equations X

» Emission, absorption — assumes weak coupling, lasing.

@ Complex Gross-Pitaevskii/Ginzburg Landau equations X
i) = (=Y + V() + U2 v + i (P(o 0. 1) = k)
» Applies to laser, condensate — fluids of light

» Continuum theory

@ Microscopic model ...
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Holstein-Tavis-Cummings model
Model capable of lasing & condensation

N
H=wala+) [wxa,*a,‘ +9g(oa+H.c.)

i=1

Cwik et al. EPL 105 ’14; Spano, J. Chem. Phys '15; Galego et al. PRX ’15; Cwik et al. PRA '16; Herrera &
Spano PRL ’'16; Wu et al. PRB ’16; Zeb et al. arXiv:1608.08929; Herrera & Spano arXiv;1610.04252; ...
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Holstein-Tavis-Cummings model
Model capable of lasing & condensation

N

H=wala+y [wxa,*o—, +9g(ofa+He) +w (B,Tf),- — Xooi o (B + B,-)) ]
i=1

@ Including molecular physics

Energy

!

P.hoton

\ 7/’nu_cl_e_ir coordinaté

Cwik et al. EPL 105 ’14; Spano, J. Chem. Phys '15; Galego et al. PRX ’15; Cwik et al. PRA '16; Herrera &
Spano PRL '16; Wu et al. PRB ’16; Zeb et al. arXiv:1608.08929; Herrera & Spano.arXiv;1610.04252; ... .
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Introduction and models

0 Introduction and models
@ Holstein-Dicke model

9 Weak coupling
@ Photon BEC

@ Strong coupling
@ Exact polariton states, scaling with N
@ Spectrum

e Ultra strong coupling
@ Vibrational reconfiguration
@ Vibrations and disorder
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Weak coupling

e Weak coupling
@ Photon BEC
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Photon: Microscopic Model

N

H = Zwmémém + Z

m i=1

wxo o +g (o] am+H.c.) +wy (E,TB,- — Xoof o7 (bl + B,-))]

@ 2D harmonic oscillator wm = weytoff + MwWH.0.
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Steady state populations and equilibrium
Rate equation: 0inm = —kNm + T(—=0m)(Nm + 1)Ny — T(6m)nmN,

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

Nm+1  k+T(6m)N,
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Steady state populations and equilibrium
Rate equation: 0inm = —kNm + T (—0m)(Nm + 1)Ny — T(0m)nmN,

@ Steady state distribution:

Nm+1  r+T(omN,

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

[(5) ~ 2¢% Re [ / dte"‘”{DL(t)Da(O))]

-400 200 0 200 400

[Kirton & JK PRL '13]
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Steady state populations and equilibrium

Rate equation: 81, = —knm + T(—0m)(Nm + 1)Ny — T () nmN,

@ Steady state distribution:

Nm+1  r+T(omN,

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

r(0) ~29°Re [ / dte—"“wg(t)oa(o»] D, = exp (2)\0(

» Equilibrium, — Kubo-Martin-Schwinger
condition:

[Kirton & JK PRL '13]
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(DL(t)Da(0)) = (DL(~t = iB)Da(0)) ¢ T(+6) =T(~5)e” Fo-om,
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Steady state populations and equilibrium
Rate equation: 0inm = —kNm + T (—0m)(Nm + 1)Ny — T(0m)nmN,

@ Steady state distribution:

Nm+1  r+T(omN,

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

r(6) ~29°Re [ / dte—’f‘fwg(t)oa(o»]

» Equilibrium, — Kubo-Martin-Schwinger
condition:

-400 200 0 200 400

(Di(t)D4(0)) = (Di(~t —iB)Da(0)) <+ T(+6) =T(-05)e” Fo-om
[Kirton & JK PRL '13]
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Strong coupling

e Strong coupling
@ Exact polariton states, scaling with N
@ Spectrum
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Strong coupling: One excitation subspace

N
H=wala+ Z

i=1

Strong coupling: fate of spectrum

1

I(-8)+
08 | T®x ,
£ o6 E
£
Zos
02 /

.,

wxoi o +g(ofa+He) +wy (B}LIAJ, — )\00,7"(7,-_(;r + B,)) }

<400 200 0 200 400
8=0- ozp
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Strong coupling: One excitation subspace

N
H=wata+ Z
=1

Strong coupling: fate of spectrum

1
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Strong coupling: One excitation subspace

N
H:wéTé-l—Z

i=1

wxoi o +g(ofa+He) +wy (f)ji), - )\Oo';i_O'i_(A;r + B,)) }

Strong coupling: fate of spectrum
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Jonathan Keeling

Photon

Exciion @ Restrict, a'a+ Y0/ 0; = 1.
@ Questions:

» Competition of gv/N vs wy, wy A2
» Scaling with N

Matter-light coupling with organic materials
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Exact solution, N = 20
@ Vibrational Wigner function:

W(x,p) = / dy(x +y/2|plx — y/2)i€", <

b+ bf
I\/§I> |X>i:X|X>i
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Exact solution, N = 20
@ Vibrational Wigner function:
i),' + BIT

Wix.p) = [ dylx-+y/2lx—y/2e. (2
@ Conditioned on Photon |P)/Exciton at /, | X),/Other site | X),;

Ix)i = X[X);

|P) |X); 12X i

i 0.16 NZzO,W:WXaOJREg/\/N:1
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Exact solution, N =20

@ Vibrational Wigner function:
W(x,p) = | dy(x+y/2|p|x —y/2);€"", 7 X)i = X|X)i

@ Conditioned on Photon |P)/Exciton at /, | X),/Other site | X),;

|P) |X); 12X i

) 0.16 NZzO,W:WXaOJREg/\/N:1
@ Use permutation symmetry
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Extending to arbitrary N, polaron ansatz

@ Polaron transform, D;(\) = exp (A(E}L - B,-))
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Extending to arbitrary N, polaron ansatz

@ Polaron transform, D;()\) = exp (A(E,T - B,-))
@ N site polaron ansatz

p
W) = |a|P) || Di(ra) + —= D _1X); Di(As) | | Di(Ac) | 10)
1;[ ] \/NZ,: L[I ] %4

[Wu et al. PRB 16, Zeb et al. arXiv:1608.08929]
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Extending to arbitrary N, polaron ansatz

@ Polaron transform, D;()\) = exp (A(E,T - B,-))
@ N site polaron ansatz

_ . B D,
V) = al”)l;[D/(Aa)Jr \/NEI:IX%D/(M)

[Wu et al. PRB 16, Zeb et al. arXiv:1608.08929]

> Allows distinct Wigner functions |P) , [X);, [X),;
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Extending to arbitrary N, polaron ansatz

@ Polaron transform, D;()\) = exp (/\(E;r - B,-))
@ N site polaron ansatz

B
W) = a|P>HDj(/\a)+\/N§ 1X); Di() [[ Di(A0) | 10)y
j i J#i
[Wu et al. PRB 16, Zeb et al. arXiv:1608.08929]

> Allows distinct Wigner functions |P) , [X);, [X),;

Ox + & Gx + op\2
» Polaron energy: E;p = X2 P_ (X F’) + iR

N

Ox = wx + wy(A2 — 22X + (N = 1)A2),  @p = w + wy N2
o = whexp [_()\a = Ap)? = (N=1)(\a— )\0)2]

Jonathan Keeling Matter-light coupling with organic materials APS March Meeting 2017



Polaron ansatz energy
@ Polaron energy:

x = wx + wv()\bQ —2XoAp + (N — 1)/\02), wp =w+ va)\aQ
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]
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Polaron ansatz energy
@ Polaron energy:

x = wx + wv()\b2 —2XoAp + (N — 1)/\02), wp =w+ wVN)\aQ
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]

@ EP: At N — oo Suggests A\g = A¢ ~ 1/vV/N =0
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Polaron ansatz energy
@ Polaron energy:
x = wx + wv()\b2 —2XoAp + (N — 1))\02), wp =w+ wVN)\aQ
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]

@ EP: At N — oo Suggests A\g = A¢ ~ 1/vV/N =0
@ PP: If wp > wy, suggests Ay = \p = A\¢ ~ 1/v/N — factorisation
@ Minimisation:

0 r u u u 1

0.8

0.1} PP: }"az}"bz)"c - 06
5 EP: 7\,3=7\.C=0 — 04} 1

- .
02l 0.2 ]
6 or 6
N=‘10 ,0)R=l ‘ ‘ 021 N=10", Ay=1 ‘ |
0 0.5 1 1.5 2 25 0 0.5 1
Ao Wr
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Polaron ansatz energy
@ Polaron energy:
Ox = wx + wr(Ap2 —2XAp + (N — 1)A2), @p = w + wyNA2
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]
@ EP: At N — oo Suggests A\g = A¢ ~ 1/vV/N =0

@ PP: If wp > wy, suggests Ay = \p = A\¢ ~ 1/v/N — factorisation
@ Minimisation:

0

-0.1¢ PP: }"az}"bz)"c I
5 EP: 7\,3=7\.C=0 — 0.4
e .
02l 0.2
ol A
N=20, og=1 N=20, A =1
O ‘ ‘ 02t 0. %=1 i
0 0.5 1 1.5 2 25 0 0.5 1
Ao WR
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Polaron ansatz energy
@ Polaron energy:

x = wx + wv()\b2 —2XoAp + (N — 1))\02), wp =w+ wVN)\aQ
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]
@ EP: At N — oo Suggests A\g = A¢ ~ 1/vV/N =0

@ PP: If wp > wy, suggests Ay = \p = A\¢ ~ 1/v/N — factorisation
@ Minimisation:

0

-0.1¢

ELP

-0.21

O L
N=20, Ag=1 b
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Polaron ansatz energy
@ Polaron energy:

x = wx + wv()\b2 —2XoAp + (N — 1))\02), wp =w+ wVN)\aQ
% = whexp [~(Aa— Ao)? = (N = 1)(As = \c)?]
@ EP: At N — 0o Suggests Az = A\c ~ 1/v/N — 0

@ PP: If wp > wy, suggests Ay = \p = A\¢ ~ 1/v/N — factorisation
@ Minimisation: Multipolaron ansatz: bimodal Wigner

0‘ 1

0.8+

01t 0.6
3 04} |

m

oal 0.2% = ]

O L

N=20, A=1
. . . . 02t . 1
0 0.5 1 1.5 2 25 0 0.5 1
Ao WR

Jonathan Keeling Matter-light coupling with organic materials APS March Meeting 2017



Strong coupling

e Strong coupling
@ Exact polariton states, scaling with N
@ Spectrum
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Tavis-Cummings-Holstein spectrum

@ Direct calculation
DR(t) = —i <o

[é(t), éT(O)] ‘ o> o(t)
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Tavis-Cummings-Holstein spectrum

@ Direct calculation
DR(t) = —i <o

[a(t), éT(O)] ( o> o(t)

@ Time-evolve [tg) = &'|0).
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Tavis-Cummings-Holstein spectrum

@ Direct calculation
DR(t) = _i<0 [é(t),éT(O)} ‘ o> o(t) o 08
o
_ X 0 0.6
@ Time-evolve [tg) = &'|0). 3
©
504
O
()
o
n 0.2
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Tavis-Cummings-Holstein spectrum

@ Direct calculation

DR(t) = _i<0 [é(t),éT(O)} ‘ o> o(t) o 08

o
_ X 0 0.6

@ Time-evolve [tg) = &'|0). 3
@ Mean-field Green’s function g 0.4

1 o

DR(v) = — @

v+ik/2 —2wP+Z);(z/) UC'})-O.Z
o wglfm(Xo)|
zX(V)_ Zl/—i—f’y/z—wm

m

(Classical expression)
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Tavis-Cummings-Holstein spectrum

. . — N=10 M=3
@ Direct calculation — N220 WR=25u
DR(t) = _i<0 [a(t),éT(O)] ‘ o> o(t) 08 Po=1 |
o
: . v 0.6
@ Time-evolve [tg) = &'|0). 3
@ Mean-field Green’s function g 0.4
1 o
DR () = - o
v+ik/2 —2wp+z);(z/) ‘%0.2
wilfm(Ao)|
5 - _ _ZRIMZO/T
x(w) Zl/—i—i’y/Z—wm

m

(Classical expression)
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Tavis-Cummings-Holstein spectrum

@ Direct calculation
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@ Mean-field Green’s function g 0.4

1 o
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Tavis-Cummings-Holstein spectrum

@ Direct calculation
DR(t) = _i<0 [é(t),éT(O)} ‘ o> o(t) o 08
o
_ X 0 0.6
@ Time-evolve [tg) = &'|0). =
@ Mean-field Green’s function g 0.4
1 O
DR(v) = — @
v+ik/2 —2wp+Z);(z/) UC'}’-O.Z
wilfm(Ao)|
s - _ _FRUMZOJT
X(V) Zl/—i—f’y/z—wm

m -4
(Classical expression)

Exciton

@ Multiple excitation ~ 1/N, o AN

APS March Meeting 2017 17
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Ultra strong coupling: vibrational reconfiguration

6 Ultra strong coupling
@ Vibrational reconfiguration
@ Vibrations and disorder
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Vibrational reconfiguration

@ Many photon modes, beyond RWA perturbatively

H= ZwkaTak-l—Z

wxo o} —I—ng( ak-|—ak)+Hc)

[Cwik et al. PRA '16]
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Vibrational reconfiguration

@ Many photon modes, beyond RWA perturbatively

H= ZwkaTak-l—Z

wxo o} —I—ng( ak-|—ak)+Hc)

[Cwik et al. PRA ’16]

Aegrlrio
-~
)MolHO
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Vibrational reconfiguration

@ Many photon modes, beyond RWA perturbatively

H= ZwkaTak-l—Z

wxo o} —I—ng( ak-l—ak)+Hc)

@ Reduced vibrational offset

: |
)\0 — )\0(1 — K1), K1 = Z (wk fkwx)z ‘.‘

» Increased effective coupling: g2 = g2 exp(—X%;)

[Cwik et al. PRA '16]

)»(,,, HO
-~
)\4() lHO
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Vibrational reconfiguration

@ Many photon modes, beyond RWA perturbatively

H= ZwkaTak-l—Z

wxo o} —I—ng( ak-l—ak)+Hc)

@ Reduced vibrational offset

. |
Yo (1K), K= D0 T

» Increased effective coupling: g2 = g2 exp(—X%;)
» But, no collective effect: 6H ~ KiN
[Cwik et al. PRA "16]

)»(,,, HO
-~
)\4() lHO
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Bumps in the middle of the spectrum

@ Orgin of bumps in middle of spectrum: Disorder

0.4 0z=0.3 eV —
W=0.5eV —
Wp=0.7 eV —
= 03
.20
o
z
T 02
3
(=%
w

WL U

1.6 1.8 2 22 24 26 28 3 32
o [eV]
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Bumps in the middle of the spectrum

@ Orgin of bumps in middle of spectrum: Disorder

o4 oty — @ Central peak:
Wp=0.7 eV —
E‘) 0.3 1
z DFi’ —
T 02 2 v+ik/2 —wk + Zx(v)
5 WH’fm Ao)?
0.1
W L == o TR
0

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

Gaussian p(x), variance o [Houdré et al. , PRA '96]

Jonathan Keeling Matter-light coupling with organic materials APS March Meeting 2017 21



Disorder + Vibrations + Strong coupling

@ Disordered spectrum + vibrations,
M =0.02< 1,00 =0.01eV

0.4 | 0=0.3 eV —
0p=0.5 eV —

Wp=0.7 eV'u:—
03t
0.2 r

LA U

16 18 2 22 24 26 28 32
o[eV]

Spectral weight
Bare molecul

[Cwik et al. PRA "16]
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Disorder + Vibrations + Strong coupling

@ Disordered spectrum + vibrations, @ Stronger disorder,
A2 =0.02< 1,0 =0.01eV A2 =0.5,0 =0.025eV
04 0p=0.3 eV — 1 0.05
Wz=0.5 eV— 1t
0 =07 eV 5~ -
= DT = L
g % 3 08 0.04
= g — 06 | kpT
g 02} 2 g V]
o m Q
& & 047 0.03

p 1 L s

O L L L L L L
16 18 2 22 24 26 28 32 1.7 18 19 2 21 22 23 24 25

o[eV] o [eV]

[Cwik et al. PRA "16]
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Conclusions

@ Matter-light coupling & organic molecules: Holstein-Tavis-Cummings model
° Photon BEC and thermahsahon [Kirton & JK, PRL "13, PRA '15]

G TR AT

@ Strong coupling, one excitation ° V|brat|ons + dlsorder + USC

» Exact solution & Polaron Ansatz y
000 I SR I
: . . . . .

[Cwik et al. PRA '16]
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> VaI|d|ty of mean- fleld Green S functlons

]

[Zeb, Kirton, JK, arxiv:1608.08929]
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Conclusions

© Photon BEC Chemical potential
e Spatial profile

@ Spectrum

u]
]
I
w
iht
ut
N
yel
2

Jonathan Keeling Matter-light coupling with organic materials



Chemical potential?

@ Steady state, thermalised:

Nm T(=0m)Ny ~ g Bom B, o —

nm+1 - l‘i—i-r((sm)NJ, B

[Kirton & JK, PRA ’15]
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Ne _

T 42 [ (Om)Nm

N, T+ 30T (—0m)(nm + 1)
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Chemical potential?

@ Steady state, thermalised:

Mm__ T(0mNe | pomisn gBu =

Nm+1 " k+T(6mN, -

@ Below threshold,

= kgTIn[l4/T]

[Kirton & JK, PRA ’15]
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Ne _

T 42 [ (Om)Nm

N, T+ 30T (—0m)(nm + 1)
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Chemical potential?

@ Steady state, thermalised:

Mm__ T(0mNe | pomisn gBu =

@ Below threshold,
p=kgTIn[[4+/T]

@ At/above threshold, 1 — dg

[Kirton & JK, PRA ’15]
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Chemical potential?

@ Steady state, thermalised:

Nm _ M(—0m) Ny ~ @ Pom+Bu
Nm+ 1 k4 T0OmN, ’

@ Below threshold,
p=kgTIn[l4/T]

@ At/above threshold, 1 — dg

[Kirton & JK, PRA ’15]
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Matter-light coupling with organic materials

g N TS M)
Ny T4+ 2 nT(=0m)(Mm + 1)
10°F
=
10°L
__ 100} /’,/”
EN -200} =
\5: =300 /
—400 = - v Pyl 2
10 10 10 10 10
1—“r/Fthresh

APS March Meeting 2017 26



Spatial profile, pump-spot dependence

o S T
g L T
, Frexp(—r2/202 R
@ Dependence on pump profile, I'+(r) = T ( 5 d//2 p) gaof ™
(277‘7p) 5
[Marelic & Nyman, PRA *15] §ao Pump spot size
o — Expected thermal size
o

50 100 150 200
Pump spot size (pm)
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Spatial profile, pump-spot dependence

Eoo S T
3 e ST
I exp(—r?/203) N
@ Dependence on pump profile, I'+(r) = 5 P Sal +
d/2 ;
(27rap) / % ;

[Marelic & Nyman, PRA ’15]

[N
=1

-~ Pump spot size
— Expected thermal size

o

50 100 150 200
Pump spot size (pm)

@ Use Gauss-Hermite modesAy I(r) = 3=, nim|im(r)[?

w_
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Spatial profile, pump-spot dependence

[y exp(—r?/20%)
(2770%)‘1/2

@ Dependence on pump profile, I'+(r) =
[Marelic & Nyman, PRA ’15]

@ Use Gauss-Hermite modesAy I(r) = 3=, nim|im(r)[?
@ Varying excited density — differential coupling to modes

On= [ drpr(Mlum()2 o1+ o= pm
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E 20 - Pump spot size
@
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= K — Expected thermal size

G 50 100 150 200

Pump spot size (zm)
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Spatial profile, pump-spot dependence

.

@
=]
F}i

<2 FET

@
S

[y exp(—r?/20%)
(2770%)‘1/2

@ Dependence on pump profile, I'+(r) =

s
=1

[N
=1

- Pump spot size
— Expected thermal size

Thermalised cloud size (;:m)

[Marelic & Nyman, PRA ’15]

0 50 100 150 200
Pump spot size (um)

@ Use Gauss-Hermite modesAy I(r) = 3=, nim|im(r)[?
@ Varying excited density — differential coupling to modes w v e

On= [ drpr(Mlum()2 o1+ o= pm

Aupr(r) = —F (V1) + Fr(N)py(1))
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Spatially varying pump: below threshold
@ Far below threshold:

> 1f k<< pl (6m), dlu

Nm+ 1

1
= e x [ drpn()im()
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Spatially varying pump: below threshold

@ Far below threshold:

> 1 5 < ol (6m), fim

Nm + 1

=& [ o (Olum(n)

@ Resulting proflle Iry=>, nm|¢m( )[2
1

Pump shape

T4(r)/T4(0)
()
(9]

0
1 T
I(r)
@ N Boltzmann -----
=05 «
= \\
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Spatially varying pump: below threshold

@ Far below threshold:

> 1 5 < ol (6m), fim

Nm + 1

=& [ o (Olum(n)

@ Resulting profile, I(r) =", nm|¢m( )[2
1 ‘

Pump shape

T4(r)/T4(0)
()
(9]

—_—O

N ‘ 1)
. Boltzmann

I(r)/1(0)
(=)
9,
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Spatially varying pump: below threshold

@ Far below threshold:

> 1 5 < ol (6m), fim

Nm + 1

=& [ o (Olum(n)

@ Resulting profile, I(r) =", nm|¢m( )[2
1 ‘

Pump shape

T4(r)/T4(0)
()
(9]

—_—O
/

~ ‘ 1)
N Boltzmann

I(r)/1(0)
(=)
9,
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Spatially varying pump: below threshold

@ Far below threshold:

Nm
> If k< pul (6m), ~ g 0m x /dr—m 0)|tbm(r)[?
Nm +1
@ Resulting profile, I(r) =", nm|¢m( )2
—~ 1 j
S Pump shape 6
vl
S 05 5
z
~ 9 j L e
1~ \ ‘ = 3
1) s
s . Boltzmann ----- o 2
EOS \\ Ocloud
= NN 1 Spump
= N 0 ‘ ‘ ‘ ‘ e
0 ‘ LY . 0O 2 4 6 8 10 12 14 16
0 5 10 15 o—|
r/]HO pump’ "HO
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Near threshold behaviour

0.004 i T ; f(') .
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Near threshold behaviour

0.004 T T T

T

f(r)
Pump ==~ -
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0.002 1

Excited molecules, f
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Near threshold behaviour

0.004 ‘ :
f(r)
“ Pump - - -~
3 Eqbm
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g 0.002 /._c\
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@ “Gain saturation” at centre
@ Saturation of f(r) = 1/(1 + e~#*) — spatial equilibriation
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Near threshold behaviour
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Jonathan Keeling

Matter-light coupling with organic materials

20

APS March Meeting 2017

29



Near threshold behaviour
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Calculating spectra: Input-Output formalism

@ Obsevable features: absorption spectrum, A(v) =1 — T(v) — R(v)
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Calculating spectra: Input-Output formalism

@ Obsevable features: absorption spectrum, A(v) =1 — T(v) — R(v)
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Calculating spectra: Input-Output formalism

@ Obsevable features: absorption spectrum, A(v) =1 — T(v) — R(v)

@ Scattering matrix gives:

A(v) = e [2Im[DR(W)] + (st + 1) DR(v) 2]
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Calculating spectra: Input-Output formalism

@ Obsevable features: absorption spectrum, A(v) =1 — T(v) — R(v)

@ Scattering matrix gives:
A(v) = e [2Im[DR(W)] + (st + 1) DR(v) 2]

@ Green'’s function:

[a(t), éT(O)] ‘ 0)6(t)
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Tavis-Cummings-Holstein vs Coupled Oscillators

@ Diagrammatic approach — equivalent to coupled oscillator model:

H= wpéTé-i-Z
i

w N
\/_7;\/ (azn: fa(Ao)o™ + H.c.) + wna,’-m]

wn = wx + My, fo(Ao) = (n|D(A0)[0)
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Tavis-Cummings-Holstein vs Coupled Oscillators

@ Diagrammatic approach — equivalent to coupled oscillator model:

w N
\/_7;\/ (azn: fa(Ao)o™ + H.c.) + wna,’-m]

Exciton

H= wpéTé-i-Z
i

Photon

wn = wx + My, fo(Ao) = (n|D(A0)[0)

APS March Meeting 2017

Jonathan Keeling Matter-light coupling with organic materials



Tavis-Cummings-Holstein vs Coupled Oscillators

@ Diagrammatic approach — equivalent to coupled oscillator model:

w N
\/_7;\/ (azn: fa(Ao)o™ + H.c.) + wna,’-m]

Exciton

H= wpéTé-i-Z
i

Photon

wn = wx + My, fo(Ao) = (n|D(A0)[0)

@ Corresponds to classical susceptibility,
wzFf |fa(Xo) |2

==

n
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Tavis-Cummings-Holstein vs Coupled Oscillators

@ Diagrammatic approach — equivalent to coupled oscillator model:

H= wpéTé-i-Z
i

w N
\/_7;\/ (azn: fa(Ao)o™ + H.c.) + wna,’-m]

Exciton

Photon

wn = wx + My, fo(Ao) = (n|D(A0)[0)

Il

@ Corresponds to classical susceptibility, o Ignores ground state vibrations

.
.

111111111111111111111

W fa(No)|?
W=7 +H”"7/(2(2’Wn

=25

n
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