Chemistry 1in optical microcavities:
Spectral fluctuations and energy transport
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Outline

* Motivations for investigating molecular systems 1n optical cavities
* Basics of strong light-matter interactions and theory challenges
* Photonic wire model for polariton chemistry

* Cavity effects on local density of states and coherent transport



New chemistry 1in optical microcavities

CHEMICAL PHYSICS

Intermolecular vibrational energy transfer enable

by microcavity strong light-matter coupling
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Exciting! But...
e What is the mechanism?

 What molecules are more or less susceptible to undergo
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Table 1. Enthalpy and entropy of activation under strong coupling.
AH* AS*
Products i t
Tock EXperinen (kJ mol™) U mol* K™Y
Product 1 Outside cavity 343 =173 =11
On-resonance Si-C 60 + 2 —95+7
On-resonance Si-O 57/ 2215 -106 17
Product 2 Outside cavity 281E3 -214+8
On-resonance Si-C GEEED! =617
On-resonance Si-O U227/ -39+24

Thomas et al., Science 363, 615 (2019)

changes in reaction, charge or energy transport dynamics?

 What optical cavities induce larger effects?

See recent reviews in Science

by Garcia-Vidal, Ciuti and

Ebbesen and in JACS by

Nagrajan, Thomas and
Ebbesen and in



Phenomenology of strong light-matter
interactions 1n optical microcavities
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A minimal model for strong light-matter interactions

a

g Tavis-Cummings model

Au mirror
,I,I UP
/fMQﬁV

U

U4
......OQI\--— [Slelelelelels
N emitters \\ IN -1dark  photon

Weak ]

coupling — Strong assumptions

' » Single-photon mode

I10) * No energetic or
structural disorder

N
o

Strong

o
oo

coupling

© o
A O

Absorption

o
N

00 . .. HlB (N) _ (
1950 1960 1970 1980 1990 2000 2010 2020 hgsVN  hwg



Successes of Failures of
minimal models minimal models
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Incompleteness of minimal models
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ground-state Wave vector
* Molecules are in highly disordered Disordered multimode
condensed-phase (e.g., liquid) Ex

* Energetic and structural disorder strongly
suppress polariton delocalization upper

polariton

* Polaritons are only well-defined on a By Al EiE
small interval of wave-vector space E0—< .
i | Eo- o
[ ] - (A)/ :
Dar.k states are actually weakly-coupled to Ec4"™ mvoion |
cavity |
SCR TN q

« Wave function localization and coherence
lengths span O(105 — 109 m) Agranovich, V.M. et al, PRB 67 (8) (2003): 085311.
Litinskaya, M., Reineker, P. PRB 74(16) (2006) 165320



Photonic wire model for chemistry in
optical cavities \

Develop a real-space thermodynamic limit
description of strongly coupled disordered
molecular ensembles and photonic devices

Identify conditions for largest cavity effects b 1,590 0 20

on coherent energy transport and spectral

properties of molecular systems S
£ 1,585
&
Compare to predictions of single-mode theories =

identifying their shortcomings 1,580

Ribeiro, R.F., “Strong light-matter interaction effects on molecular
ensembles", preprint available at https://arxiv.org/abs/2107.07032

Nat. Phys., 6, 860 (2010)



Effective Hamiltonian
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Ribeiro, R.F., “Strong light-matter interaction effects on molecular
ensembles", preprint available at https://arxiv.org/abs/2107.07032

2T kS
— 2 2
41 wq — qO + q
..\‘. n '.0‘..
%\ 3 ..\0. .o‘.'...
= 2 1.’."."."."".'.""'.’"."M."'."-"."."-".“."’.'.'I'
I 4
o T T T T T T T
-4 -3 -2 -1 o I 2 3 4
le7
q
Exciton energy distribution
600 1
)
= 5007
Z
S 400
£ ool
Z
-
S 200
o
100




Observables I. LDOS

Local density of states of
molecular excitations

pn(E) = (n|o(H — E)|n)

Average probability that a

molecule 1n 1ts excited-state will

be detected with energy E

p(E)

environment

Information entropy of
molecular LDOS

Slpl ==> _p(E) In [p(E)]
AS = S[p] - S[p)

Quantifies fluctuations in molecular
excited-state energies induced by
strong light-matter interactions
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Observables II. Survival and escape probabilities

Po(t) = | {nle™ " |n) |2

“n-th exciton survival probability at ¢’

I, = tlgglo P, (1)

1
1= g 11,
Ny
n=1
mean “survival (return) probability”
xm =1-=11
Escape probability

Tracks coherent energy
diffusion at long times

Localized (Bare) limit
Pn(t) =1, V ne [1,NM]
Il = 1, XM — O
Delocalized limit
Pn(t): >O, NM%OO
II = O, XM — 1




Thermodynamic Limit Convergence
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Ribeiro, R.F., “Strong light-matter interaction effects on molecular
ensembles", preprint available at https://arxiv.org/abs/2107.07032



Results. Detuning effects
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Energy transport and spectral fluctuations in single-
excitation sector of Hilbert space will be maximally enhanced
when cavity detuning is negative (redshifted cavity)

Ribeiro, R.F., “Strong light-matter interaction effects on molecular
ensembles", preprint available at https://arxiv.org/abs/2107.07032
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Enhanced excited-state delocalization with redshifted optical cavities

Ec(0)-Ep =0eV

Enhanced spectral overlap

Exciton energy distribution

Relative frequency
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Greater coherence length of
polariton excited-states due to

0q/q <1

for a larger number of
polariton states



Results. Density-dependence (with fixed Rabi)
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Comparison to single-mode theories

------- Bare ® Single-mode ® a=10nm
0.8
43/ ®
]
1o - 0.7
— <
a1 < < " Z0.61
g [
<
o o
3.9 @--- & @ g °
02 —01 0.0 0.1 0.2 04
Ec(0) —Em

4 a=25nm B 4=50nm

. T

... ~

O~-;:::~~‘\

h ;
________ ® .o B

o ¢ & °

—0.2 —0.1 0.0 0.1 0.2
Ec(0) — Em

« S[LDOS] is unaffected in single-mode

=
S

5.01

2.57

0.0-

single-mode

1.8

2.0

2.2

1 a =25 nm

multimode

1.8

2.0

E(eV)

2.2
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« Single-mode theory fails to identify any density dependence



Summary

Redshifted optical cavities are likely to exert stronger influence on
dynamical chemical processes

In systems with equal Rabi splitting, a lower density favors excited-state
delocalization and stronger cavity-induced energy fluctuations

Single-mode theories may lead to incorrect qualitative trends

Trends are universal for 1D systems, but theoretical arguments apply also to
2D and 3D geometries

Ongoing related research: ultrastrong coupling, incoherent vs. ballistic
transport, anomalous diffusion
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