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The theory of open quantum systems describes the emergence of irreversible quantum dynamics from the 

unavoidable microscopic coupling of quantum objects to the fluctuations of their surrounding media. This 

causes energy and information to bleed rapidly from a system into its macroscopic ‘environment’, leading to 

decoherence and thermalisation, and the destruction of non-classical effects required for quantum computing, 

sensing and metrology, etc. However, it has recently been appreciated that energy harvesting nanodevices – 

which are necessarily ‘open’ to multiple solar, thermal, magnetic…environments – may in fact be able to exploit 

the quantum nature of system-environment dynamics. Indeed, biology provides some beautiful examples of 

how structured nano environments (proteins) can co-ordinate intricate, spatio-temporal sequences of 

quantum processes across both time and space, resulting – for example - in the light-powered, multi-electron 

catalytic events in photosynthesis. Understanding how strong environmental interactions can be ‘weaponized’ 

in the context of optoelectronics is the ultimate goal of this project, and to achieve this, the candidate will 

develop computational tools that present a truly microscopic, real-time description of how energy, information 

and quantum correlations are dynamically exchanged and lost within non-Markovian environments. Critically, 

this project will investigate how these dissipative phenomena impact on the correlations between fermions 

that give rise to emergent energy harvesting excitations such as excitons and charge transfer states.  

Unfortunately, such a description poses a daunting theoretical challenge.  As typical environments contain a 

macroscopically large number of excitation modes, the underlying wave functions of fermion-environment 

states are exponentially gigantic, and simulating their evolution appears to be a hopeless task. However, the 

recent application of powerful many-body simulation techniques based on DMRG, Matrix product and tensor 

network states has begun to break through these constraints, offering profound insights into the origins and 

uses of quantum dissipation. We have recently developed tensor methods to handle realistic, ab initio models 

of molecules, and have employed machine learning techniques that allow us to follow the real-time dynamics 

of both excitonic and environmental dynamics of photoexcited objects.  This rich and novel view of non-

equilibrium dynamics has recently been demonstrated in our work on the processes of singlet fission – a 

process that allows a single photon to generate two photoexcitations in organic materials. Such excitation 

multiplication offers a route to surpass the famous Shockley-Queisser limit for the efficiency of solar cells. 

In this project, the candidate will develop and explore an all-fermion (electron-hole) model of multiple Frenkel 

excitons interacting with a dissipative molecular environment, going beyond the previous models that treat 

excitons as single-particle (bosonic ) states. Using our Tensor Network algorithms as a base, the candidate will 

create new code enabling the simulation and understanding of dissipative, non-perturbative fermionic 

processes, such as real-time exciton formation, charge separation at donor-acceptor interfaces and the key role 

of spin entanglement in biexcitonic binding and recombination. The presence of a magnetic (local spin) 

environment on triplet excitons will also be explored. These processes will be investigated in the context of 

several novel 1D systems that will be studied by our experimental partners at INSP and in the UK. 

 [1] Schröder, F.A.Y.N., Turban, D.H.P., Musser, A.J. et al. Tensor network simulation of multi-environmental open quantum 

dynamics via machine learning and entanglement renormalisation. Nat Commun 10, 1062 (2019). 

https://doi.org/10.1038/s41467-019-09039-7 

[2] Schnedermann, C., Alvertis, A.M., Wende, T. et al. A molecular movie of ultrafast singlet fission. Nat Commun 10, 4207 

(2019). https://doi.org/10.1038/s41467-019-12220-7 

 

   

https://doi.org/10.1038/s41467-019-09039-7
https://doi.org/10.1038/s41467-019-12220-7

