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Cavity QED with Molecules
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Cavity-controlled chemistry: Early evidence
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SPI to MC rate suppression

SPI . P +)
\‘ 2 . ‘
y | r P : hQg I

] —Tr-)

0 0
T I Off resonance
+8-1 3.1
S 2
= .2 = 24 -
& o _
El '3' E -3- = W i _:. _
= < Cavity/ o=
£ -4{ cavity = oy = 4 Non-cavity - ---- o
. ; = '; s s s ‘_'. .'Z:.' . . . . PR |
0 40 80 120 0 20 40 60 80
Time / min — Time / min —

General trend confirmed by independent experiments (S. Kena-Cohen,... )



What is the mechanism??



Electron transfer in chemistry & biology
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« Marcus Theory: Electron transfer rate controlled by relative energetics of donor (D)
and acceptor (A) potential energy surfaces.
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« Reorganization energy E, is crucial parameter for control
[solvents, E-fields,...] R. A. Marcus, Rev. Mod. Phys. 65, 599, 1993



Test Case: Donor-to-charge-transfer states

« Charge Transfer (CT) states are the precursors of charge separation in organic photovoltaics.

« Photoinduced ET reactions involving Twisted-Intramolecular Charge Transfer (TICT) states,
where reducing S,-S;reorganization energy can have significant effects on reaction rate.
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See work by W. Rettig et al, Chemical Reviews, 103, 3899, 2003; Photochem. Photobiol. Sci. 4, 106, 2005



Polaron decoupling limit

« For Rabi couplings, the polariton spectrum simplifies and vibrations become separable
from electron-photon degrees of freedom in the lower polariton manifold.

« Inner-shell reorganization energy is collectively eliminated in an ensemble
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Cavity-enhanced electron transfer

« In the polaron-decoupling regime, the reorganization energy of a cavity-dressed donor manifold
is eliminated relative to the ground potential, enhancing donor-to-acceptor tunneling along

reaction coordinate.
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Where is the ET rate enhancement?

« Orders-of-magnitude rate enhancements for electron transfer have yet to be measured.

« Rate enhancement due to polaron decoupling is only moderate for higher thermal energies.
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A modeling challenge

[ Vibrational Reservoir ]

Vibrational Relaxation

7~1—10ps

Exciton Scattering

T ~ 10 ps

Vibronic Coupling Rabi Coupling

Vibrational Electronic
Mode 7~ 10fs Transition T~ 10 fs

Fluorescence

Transmission, Reflection
70 ~ 1 —10ns

Photoluminescence

7 ~ 100 fs

IR radiation

T~ 1—100 pus

[ Electromagnetic Reservoir ]




Complementary approaches

Full ab-initio:

« Field quantization consistent with Maxwell equations in dispersive and
absorptive media[Barnett, Welch, Drummond...]

« Atomistic treatment of large number of material degrees of freedom [QM/
MM, HEQM,...].

ab-initio Materials
+
ab-initio Quantum Optics




Semi ab-initio Full phenomenological

ab-initio Materials Model Materials
+ +
Model Quantum Optics Model Quantum Optics



ab-initio spectroscopy
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Model spectroscopy

» Displaced Oscillator Model accounts for coupling of a single high-frequency
intramolecular vibration (~180 -200 meV) with lowest singlet transition.

« Widely used model in physical chemistry to describe absorption lineshapes of a
large family of organic chromophores
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Low frequency vibrations

Weak coupling of electronic transitions with low-frequency modes with spectral
density J(w) modulate the dynamics of fluorescence Stokes shift S(t)
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The HTC model

with Frank Spano

Temple University




Holstein-Tavis-Cummings model

« The HTC model describes an ensemble of electronic transitions simultaneously
coupled with a high-frequency vibration and a quantized electromagnetic field.
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First used in: Cwik, Keeling et al. Eur. Phys. Lett. 105, 47009, 2014
F. C. Spano, J. Chem. Phys 142, 184707, 2015

Main Model Features

« Consistent with previous quasi-particle theories (Agranovich, La Rocca, Litinskaya,...).

« Novel photonic states dressed by intramolecular vibrations can also exchange energy with excited
electronic states.

« Coupling to a continuum of low-frequency vibrations is straightforward to implement.



Symmetries of the HTC Model

« For N =1, HTC Hamiltonian commutes with the generalized parity operator S.

« For N > 1, HTC eigenstates have a well-defined permutation quantum number.

Generalized Parity Transformation
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Two-particle Material States

« Excited electronic states coexist with one or more purely vibrational excitations in
a molecular ensemble.
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Diabatic Two-particle Polaritons

« HTC Hamiltonian couples two-particle material states with collective vibration-
photon states. Coupling can lead to the formation of two-particle polaritons.

Collective Vibration-Photon State
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Novel two-particle polaritons

« HTC excited states include conventional vibronic polaritons (e.g. Mazza, La Rocca,
Michetti), and also novel two-particle vibronic polaritons.
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Dark states with photon character

HTC Coupling Hierarchy

For intermediate Rabi frequencies, the so-called dark exciton reservoir can have a
significant photon character by admixing with diabatic two-particle polaritons.

Depending on total permutation symmetry, we classify the resulting eigenstates as
X-type or Y-type dark vibronic polaritons.
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Polaron decoupling limit

« For larger Rabi couplings, the HTC spectrum simplifies and vibrations separable from
electron-photon degrees of freedom in the lower polariton manifold.
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Does the HTC model work



Photoluminescence of HTC polaritons

PL is a quantum jump
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Photoluminescence of HTC polaritons

« Depending on the final vibrational system of the system after photon loss, we
distinguish two types of photoluminescence: direct PL vs indirect PL.
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Comparison with experiments

« HTC model with Lindblad optical dissipation and quantum regression theorem
agrees qualitatively with PL spectra measured by group of Bill Barnes in 2002.
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Comparison with experiments

« The HTC model also qualitatively agrees with measured stationary excitation
spectrum (action spectrum).
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Phenomenological models give us a
great initial vision of complex
quantum systems



Vibrational Polaritons in USC

arXiv:1906.04374, 2019

POSTER #12 by Federico Hernandez



Single Morse oscillator in an IR cavity

 Morse potential gives qualitatively correct bond dissociation dynamics.
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Coupling scheme

« An infinite number of Morse potentials can be defined, one for each cavity Fock state

« Corolary: Dissociation threshold depends on quantum state of the cavity field




Coupling scheme

Light-matter coupling in dipole approximation admixes anharmonic vibrational
manifolds. Morse potential breaks total parity.
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Multi-level Quantum Rabi Model

Transform classical field theory in minimal-coupling to a multipolar form using PZW
transformation:

Upyw = eifdx P(x)-A(x)

Ansatz: Impose single-mode quantization of dielectric displacement for a point-
dipole medium [yet to be proven correct].

Up to a vacuum-field-independent polarization self-energy, the resulting PZW
Hamiltonian is a generalized quantum Rabi model
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F. Hernandez and FH, arXiv:1906.04374



Vibrational polariton spectrum beyond RWA

« We focus on IR-active anharmonic modes without permanent dipole at equilibrium
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Molecular Quantum Technology
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Cavity Optomechanics Computational chemistry

Solid-state vacancies
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Vibronic and vibrational polariton modeling
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Vacuum-enhanced quantum nonlinear optics with molecules
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