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Interactions between a molecule and a photon

in free space in a cavity
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Strong coupling phenomenon

At the strong coupling, two hybrid states (polaritons) inheriting properties of both the
exciton and the cavity photon emerge.
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Strong coupling phenomenon

Theory Experiments
. . . J. Phys. Chem. Lett., 2019, 10,
- describes chemistry for a single (or several) molecule - deal with huge molecular ensembles 5476-5483
- N > ~1000 — too expensive - N < ~1000 — difficult to achieve

- usually a single cavity mode is treated

Nature, 2016, 535, 127-130

Theoretical studies < > Computefsimulations < — Experiments
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(QM/MM)

A system in study is separated in two parts:
- Quantum mechanical (QM) part — ab inito methods

- Molecular mechanical (MM) part — mechanical force fields
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Vam/mm = Vom + Vum + Vom-mm
Methods Mol Biol., 2013, 924, 4366.\
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(QM/MM)
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Motivation to study polariton transport
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Since cavities have dispersion, polaritons possess a group v%l%)city:
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Simulations of polariton transport

N N Hmol Hint
H = z VSTOI(RJ') + z VSo (Ri) + H = [(Hint)'l' pcav
J | L o | = ,
molecular grollnd |
part state

Rhodamine molecules in water solution

Classical subsystem «
$
(Amber03-ff)

Gaussian, Inc.

Quantum mechanical subsystem

(S, - RHF/3-21G, S1 - C1S/3-21G)



mirror

Simulations of polariton transport
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cavity part

Main parameters:

L, = 50 uym - cavity length

N ...= 1024 - number of molecules
N des = 160 (0<nN<159) - number of
modes

E_max ~ 5.5 eV - cavity energy cut-off

hv =4.18 eV - excitation energy of
Rhodamine

A = 370 meV - cavity detuning
hQg = 325 meV - Rabi splitting

Veav = 66.7 ps - cavity decay rate
Pt + A) = py(B)exp r—navzoxmwﬁaq 10



Simulations of polariton transport
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Simulations of polariton transport
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 total wave function is expanded in the basis of the polaritonic states: W(e)) = Z e () [p™)

m

Expanstion coefficients ¢, (f) are integrated in a (stable) /ocal diabatic basis”* :

c(t + At) = TTexp[—iZAt]c(t) with

T = S(STS) /%, where S, = (W™(O|W!(t + 40))

7= % [V(e) + H'9 (¢ + Ap)]

/N

eigenvalues of TV(t + At) Tt
H
%) J. CHem. Phys. 114 (2001) 10608 42



Simulations of polariton transport

Ehrenfest dynamics

Hellmann—Feynman theorem:

F, = _<‘1U(t)|l7aHTC|‘1U(t)>

non-adiabatic couplings are calculated:
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Results

1) Resonant (direct) excitation of polaritons
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Results

1) Resonant (direct) excitation of polaritons QM/MM simulations:
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2) Resonant excitation
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« ballistic transport of the initial wave
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12 I ] I .
& '
Eor )

6 = 3 -
7 Y
= 5 | |

0 " 1 1 1 2 1 2

0 50 100 150 200

Population, %

100

80

60

40

20

Results

—— Ground state
— Molecular
—— Photonic

50

100 150
t, fs

* transition to ballistic motion att ~ 40 fs

200

- . 50
5 10 15 200
k,-107% m™*!

MS3D (nm?)

MSD {nm?)

MSD {nm?)

75000 T

50000 +

25000

0 50 100 150 200
Pump probe delay (fs)

22500 +

15000 +

7500 L

0 50 100 150 200
Pump probe delay (fs)

16000 ¢

12000 +

8000 +

4000 +

0 50 100 150 200
Pump probe delay (fs)

Nat. Commun., 2021, 12, 6519

16



2) Off-resonant (indirect) excitation
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1. excitation
2. fast relaxation to E,
3. relaxation to the ground state

4. feeding upper and lower polaritons
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Polaritons (TM)
N (@)

Results
2) Off-resonant excitation
Cavity decay:
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 propagation is of the um-scale

 polaritons survive for much longer than ascribed by the cavity lifetime (7.,, = 15 fs)
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Summary % oy

Polariton propagation was studied by means of QM/MM simulations

The transport is of pm-range, which is 2—-3 orders of magnitude higher than the diffusion

length of typical organic materials

Polaritons can survive much longer than the cavity lifetime due to the dark

states

We believe that these findings will help rationally design of molecule-cavity

systems for achieving coherent long-range energy transport
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Results
1) Resonant excitation
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