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Inorganic materials
Wannier-Mott excitons

Organic materials
Frenkel excitons
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Excitons in organic molecules

magnetic field



1. Excitons in organic semiconductors

Excitons in organic molecules

Singlets: bright, nanoseconds

Triplets: dark, microseconds
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1. Photoexcitation 2. Ultrafast SF

~fs—ps
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Exciton diffusion
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Exciton diffusion

Why singlet fission?

• 2 excitons per photon
• Singlets live nanoseconds
• Triplets live microseconds!

promote

prevent
J. Phys. Chem. Lett. 2015, 6, 2367−2378 ACS Energy Lett. 2017, 2, 2, 476–480Nature Physics, volume 13, pages182–188 (2017)
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Guidelines for optimal SF in organic materials

✅ ✅ ✅

gas/liquid
low 

concentration
small 

correlated

extended
solids

?

Nature Chemistry, volume 11, pages821–828 (2019)

Nature Physics, volume 13, pages182–188 (2017)

J. Phys. Chem. Lett. 2015, 6, 2367−2378

ACS Energy Lett. 2017, 2, 2, 476–480
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Optimal SF in molecular dimers

• Exciton delocalisation 
• Exciton-exciton interactions 
• Strong exciton-phonon couplings
• Non-Markovian exciton dynamics

Challenges in extended solids

Tree Tensor Networks 
with TDVP Dynamics

Non-perturbative exciton-
phonon dynamics
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The system: 1D rings



Many-body model of singlet fission

J. Chem. Phys. 143, 044118 (2015)

Excitons:

3. Optimising singlet fission in 1D rings

S1 energy

T1 energy

S1 hopping

T1 hopping T1T1 interactions

S1- T1T1 coupling

Conserved quantity



3. Optimising singlet fission in 1D rings

Vibrational modes:

Open dynamics (exciton-phonon couplings)
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Initial state: bright (delocalised) singlet exciton 

1. Coherent exciton dynamics (no phonons)

2. Open dynamics (exciton-phonon)
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1. system
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1. system 2. model
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1. system 2. model 3. solver
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1. system 2. model 3. solver

4. optimisation
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Objective function:

Parameters

Coherent exciton dynamics (no phonons)
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Objective function:

Parameters • Singlet delocalisation
• Fast triplets 
• Repulsive triplet-triplet interaction
• Disorder in triplet hopping

Coherent exciton dynamics (no phonons)
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Scaling with the system size

• Singlet delocalisation = more pairs 
of sites where to split

• More sites = triplet re-encounters 
are less likely
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Scaling with the system size

• Singlet delocalisation = more pairs 
of sites where to split

• More sites = triplet re-encounters 
are less likely

Effect of disorder

• Poincare return theorem: Initial 
singlet state must reform.

• Disorder makes recurrences less 
likely in the ultrafast time scale.
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Dissipative dynamics (exciton-phonon couplings)
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• Why non-perturbative approach: Efficiency 
depends on coupling strength 

• Computationally demanding: Equivalent 
number of qubits

Can reach 100% efficiency

Dissipative dynamics (exciton-phonon couplings)



Summary

Singlet fission efficiency in extended solids increases with: 

• singlet delocalization,
• triplet-triplet repulsive interaction,
• disorder in triplet hopping.

If exciton-phonon couplings can be tuned,  unit efficiency 
maybe achieved.

Outlooks

• Towards thin films (2D) and molecular crystal (3D)

• Optimisation of other optoelectronic devices

• Quantum analog simulations



Trapped ion simulations of electron transfer 

Phys. Rev. Lett. 126, 233404 (2021)
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Exciton in molecular aggregates

dark exciton

bright exciton

J-aggregate
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Exciton in molecular aggregates: Vibrational modes

Franck-Condon Principle



2. Overview of singlet fission

Triplet pair (9 states)

efficient when

“quintet states”

“triplet states”

“singlet state”

common basis for
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Brightness of singlet eigenstates

• tangentially aligned dipoles
• transverse dipoles
• tilted dipoles

bright ground statedark ground state



3. Optimising singlet fission in 1D rings

Triplet separation dynamics

limited separation = low efficiency large separation = high efficiency 


