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Abstract

I investigate the dynamics of multi-state central systems coupled bilinearly to an external
oscillator bath within the noninteracting-blip approximation. I focus on both a 3-site
configuration, as well as a 2-site model for the central systems of interest. The 2-site
model, dubbed the dual-coupling spin-boson (DCSB) model, includes both diagonal and
non-diagonal system-bath couplings, whereas the 3-site model considers only diagonal
couplings. The bath spectral densities considered in this work include both Ohmic and
super-Ohmic forms, as well as single optical phonon peaks. This work is motivated by the
recent observance of long-lived quantum coherence effects in the photosynthetic organism
known as the Fenna-Matthews-Olson (FMO) complex. The models investigated in this
thesis are applied to this system in an attempt to explain its remarkably efficient exciton
transfer mechanism, as well as to shed light on the functionality of coherence. The DCSB
model is shown to reproduce the rapid exciton transfer times as well as the relatively long
coherence times observed in the FMO complex. The non-diagonal system-bath coupling
is shown to play a crucial role in this process. This can be attributed to the inelastic
phonon-assisted tunnelling (IPAT) mechanism arising from the presence of significant
non-diagonal system-bath interactions. Conversely, the 3-site model predicts rapid but
incoherent exciton transfer. This can be attributed to the presence of a resonant state in
the 3-site architecture, resulting in a relatively slow exciton transfer mode in the system.
Therefore efficient exciton transfer requires a careful configuration of the chromophore
energy landscape to avoid a resonant 3-site-V configuration. Furthermore, I conclude
that coherence effects arising from excitons delocalised across multiple chromophores,
promotes IPAT processes arising from non-diagonal system-bath couplings, producing
rapid exciton transfer between chromophores. This offers a potential explanation as to the

functional role that coherence plays in the energy transfer mechanism of photosynthesis.
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Lay summary

A number of landmark experiments in the last decade have suggested that quantum
mechanics may be responsible for the remarkably efficient energy transfer in photosyn-
thesis. Theoretical research has ensued hoping to explain the role of quantum mechanics
in this process; however, the exact mechanism responsible for these observations remains
unexplained. In this thesis I investigate certain mathematical models that could poten-
tially explain this mechanism. I compare the results of these calculations with those
determined experimentally on certain photosynthetic organisms. In doing so I manage
to closely reproduce the observed coherence times with a model that incorporates critical
physical features that, as of yet, have not been applied to the photosynthesis theoretical
modelling process. Nature has managed to produce remarkably efficient light harvesting
organisms. A better understanding of the underlying mechanisms responsible for this may
enable us to harness this knowledge towards the improvement of our own light-capturing

technologies.
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Preface

This thesis includes both original work, as well as introductory material based upon a
summary of the relevant literature. The work presented in Chapters 3, 4 and 5 is origi-
nal, unpublished work, carried out by the author, Leonard Ruocco, under the guidance
of supervisor Prof. Philip Stamp. The work presented in Chapters 4 and 5 is under

preparation for publication in the near future.
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Glossary

Antenna complex: A system containing many individual chromophores which acts

as the first point of entry for photon absorption in photosynthesis.

Bacteriochlorophyll A (BChla): The principle light harvesting molecule present in
green sulfur bacteria. Contains a magnesium atom at its centre, surrounded by 4

nitrogen atoms. A delocalised m-electron spans the entire molecule.

Bath correlation function: Determines how the environment fluctuations affect the
central system through the system-environment coupling A\. This tells us how a
perturbation of the environment caused by the central system through A, affects
the system at a later time through A. Fluctuations of the bath coupled to the

central system at some time are correlated with fluctuations at some later time.

Boson: A particle with integer spin that obeys Bose-Einstein statistics, so there is

no restriction of the number of them occupying the same quantum state.

Coherence: Describes a degree of correlation between physical quantities of a sin-
gle wave, or between several waves. In in the context of wave mechanics, and
by extension the wave-like aspect to quantum mechanics, coherence describes the
constructive interference of waves (wavefunctions). Therefore coherence depends
on the relative phase of the two waves. Temporal/spatial coherence describes the
correlation beween waves observed at different moments in time/points in space.
Therefore coherence between energy states in a quantum mechanical system de-
scribes the overlap of the wavefunctions corresponding to each state. A particle
tunnelling coherently between states is said to be ’delocalised’ across the states

involved in the tunnelling process.

Central system: In the language of open quantum systems, the central system de-

scribes the system of interest. It usually contains only a few degrees of freedom

XV



compared to its environment which contains many. We are usually interested in
observing physical quantities pertaining to the central system under the influence
of its environment. Therefore the variables pertaining to the environment are ’in-
tegrated out’, leaving our dynamical equations in terms of variables corresponding

to the central system only.

Chromophore: A light-absorbing-conjugated molecule that contains extended -
orbitals, the energy difference of which falls within the visible spectrum. Often

interchanged with "pigment’.

Cut-off frequency w.: A high frequency mode of the bath that regularises the bath
spectral density to negligibly small values for w > w.. This fixes the ultra-violet
divergences present in power-law spectral densities and represents a physical limit

to the frequency of bath fluctuations.

Dark state: A term coined in quantum optics, a dark state, represents an atom or
molecule that cannot absorb or emit photons. In the molecular context, a dark-
state represents an eigenstate of a molecular system (or interacting molecules), that
doesn’t couple to any external bath. Therefore an exciton that occupies the dark-
state will remain 'trapped’. The external bath does not 'see’ the dark-state, as it
does not couple to it, and therefore offers the exciton no means of leaving that state

within the system.

Decoherence: The loss of quantum coherence from a central system of interest
due to interactions with an external environment. In the language of quantum
measurement theory, decoherence represents the process of wavefunction collapse

within the central system due to measurements made by an external environment.

Density matriz: A quantum mechanical operator, or matrix, that describes the sta-
tistical state of a system. The density matrix is capable of describing a statistical
mixture of states whereas the quantum mechanical state vector can only describe
a 'pure state’” with no mixture. Mixed states arise in situations where the experi-
menter does not know which particular states are being manipulated. Therefore the
density matrix contains information regarding superpositions of states and there-
fore quantum mechanical coherences. The diagonal elements of the density matrix
represent the probability of finding the system in a particular state, and are there-

fore dubbed the "populations’. The off-diagonal elements on the other hand contain
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information regarding interference effects and are correspondingly dubbed ’coher-
ences’. A particularly illuminating form for the density matrix comes by way of
the path-integral formalism of quantum mechanics. In this case the density matrix
represents two independent paths including possible interference effects between
them. Therefore the diagonal elements represent both paths starting and ending
in the same state, whereas the off-diagonal elements represent different endpoints

of the paths and therefore superpositions between states.

Diagonal coupling: A system-environment interaction that couples the environment
to the diagonal elements of the Hamiltonian. Therefore the diagonal coupling
corresponds to fluctuations in the on-site (or kinetic energies) of the central system.
Often referred to as 'local’ coupling due to the environment coupling to quantities

pertaining to individual states in the system..

Dimer: A molecular aggregate containing two constituent molecules, one acting as

the ’donor’ and the other the ’acceptor’.

Direct-Coulomb interaction: A pair interaction term in the Hamiltonian. It de-
scribes the classical Coulomb interaction between charge densities due to electrons
occupying orbitals on different molecules. For the long range Coulomb interaction,
the point-dipole approximation is invoked which results in the dipole-dipole ap-
proximation of pair interactions. In molecular transport theory, retention of only

this potential term in the Hamiltonian results in Forster theory.

Donor/acceptor molecules: A donor molecule represents the point of entry of an
exciton to the system. The acceptor molecule, coupled to the donor, represents the

additional state in the two-level system that the exciton can tunnel to.

Dual-coupling-spin-boson model (DCSB): An extension to the well known Spin-
boson (SB) model that includes both diagonal and non-diagonal system-bath cou-

plings. The SB model only includes diagonal couplings.

Environment (bath): The environment surrounding the central system of interest,
usually composed of a very large number of degrees (d.o.f) of freedom with respect
to the central system d.o.f. When coupled to the central system, the bath d.o.f in-
fluence the dynamics, and quantum properties like coherence, of the central system
d.o.f. Usually one is concerned with the time-evolution of the central system d.o.f

only, so the bath d.o.f are ’integrated out’.
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Ezciton: A bound state of an electron-hole pair. The electron and hole interact
via the Coulmomb interaction forming a charge-neutral quasiparticle that has less
energy than the unbound electron and hole. Exciton’s can be highly delocalised due
to the screening force of surrounding electrons. However, in amorphous biosystems,

exciton delocalisation is suppressed due to disorder by way of Anderson localisation.

Exchange interaction: A pair interaction term in the Hamiltonian that includes
an appreciable overlap of neighbouring molecular wavefunctions. Inclusion of this
term permits inelastic tunnelling processes involving particle exchange. Unlike the
direct-Coulomb interaction, this term has no classical analog. With the inclusion
of an external bath coupled to the system, this term permits tunnelling processes

involving particle exchange with the bath.

Fenna-Matthews-Olson complex: A water-soluble light-harvesting complex that ex-
ists in green sulfur bacteria. It is composed of BChla molecules and mediates the
energy transfer from light-harvesting chlorosomes in the antenna complex to the

reaction center.

Fermion: A half-integer-spin particle that is subject to the Pauli exclusion principle

and therefore obeys Fermi-Dirac statistics.

Fermi’s Golden Rule (FGR): A formula describing the transition rate from one
energy eigenstate of a quantum system to a continuum of energy eigenstates. The
formula is derived using time-dependent perturbation theory in the tunnelling ma-
trix element between initial and final states. Therefore it is assumed that the
tunnelling time is much longer than the transition time to the continuum which

puts the theory in the regime of very strong system-bath coupling.

Forster theory: A molecular theory of energy transport between two chromophores.
A donor molecule may transfer an exciton to an acceptor molecule via the direct-
Coulomb interaction (dipole-dipole coupling). With the inclusion of spectral broad-
ening to the spectral lineshapes of the donor and acceptor molecule, the equations
of motion are derived with use of a FGR approach, treating the exciton tunnelling
term as a perturbation. Forster theory therefore describes incoherent hopping of

an exciton between chromophores.

Green sulfur bacteria: Photosynthetic organisms that contain the FMO complex

as part of their light-harvesting mechanism. They can be found living in the low-
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est light intensity regions of any known photosynthetic organism and exhibit a
remarkably efficient energy transfer process, from the point of photon capture to

photochemsitry.
Green’s function: See Propagator.

Hamiltonian: A quantum mechanical operator, or matrix, corresponding to the

total energy of the system.

Highest-occupied-molecular orbital (HOMO): A molecular orbital representing the

highest energy state of the molecule occupied by an electron.

Ideal-dipole approximation: An approximation valid when the wavelength asso-
ciated with the energy of the dipole is much larger than the size of the atom.

Therefore the dipole is considered to be a point in space.

Inelastic scattering process: A scattering process in which the kinetic energy of a
particle is not conserved. The energy can be lost or increased by exchange with its

environment.

Instanton: A semi-classical solution to the equations of motion regarding tunnelling
between potential wells. In the path integral formalism, the instanton solution

describes instantaneous jumps between potential wells, hence the name.

Light-harvesting complex/molecule (LHC): A photosynthetic complex of subunit
proteins that may be part of a larger supercomplex. A LHC therefore forms part of
the functional process of photosynthesis. They contain a number of chromophores,
used to capture a photon of light and/or shuttle an exciton through the complex

to the next part of the photosynthesis process.

Localisation: The process by which an atomic or molecular wavefunction is confined
to the atom or molecule due to wavefunction collapse. This is the opposite of the
delocalised limit where a wavefunction spans several or more atoms or molecules
and retains coherence effects. Localisation therefore reflects the incoherent limit of

particle hopping.

Lowest-unoccupied-molecular orbital (LUMO): A molecular orbital representing the
lowest energy state of the molecule’s excited states. The LUMO state is unoccupied
in the ground state of the molecule, and occupied by an electron in the 1st-excited

state.
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Markovian approzximation: An approximation used to simplify the equations of
motion for an open quantum system. It assumes that the correlation time of the
bath dynamics is much smaller than the characteristic timescale of central system
dynamics. Therefore 'memory effects’ induced by the bath are neglected. In other
words a bath mode excited by the central system immediately relaxes to its ground
state, from the perspective of the central system, and does not affect the central

system dynamics at a later time.

Monomer: A single molecule that is classified in this way as it can undergo "poly-
merisation’ in certain circumstances leading to polymer formation involving multi-

ple monomers.

Non-diagonal coupling: A system-environment interaction that couples the envi-
ronment to the off-diagonal elements of the central system Hamiltonian. Therefore
fluctuations in the environment modulate the tunnelling matrix elements (potential
energy terms/transfer integrals) of the central system. Often referred to as 'nonlo-
cal’ coupling due to the environment coupling to quantities pertaining to transitions

between states in the system.

Non-interacting-blip approximation (NIBA): An approximation used to simplify the
equations of motion (e.o.m) of a central system interacting with its environment
(bath). A general e.o.m will include bath correlations that extend to ¢ — oco. In
a diagrammatic language this means that all higher order system-bath interaction
diagrams as well as bath-bath interaction diagrams are considered. NIBA uses
the assumption that the system spends vastly more time in diagonal states of
the reduced density matrix for the system, than off-diagonal states. In a path
integral language, it permits the system to spend one time block’ in an off-diagonal
state before returning to a diagonal state. In a diagrammatric language NIBA
retains only the self-interaction term of the bath correlation function and excludes
any higher order bath-bath interaction diagrams. The approximation also retains
the system-bath interaction diagram pertaining to neighbouring interactions only.
Since these diagrams are exponentiated in the propagator describing the central
system dynamics, they are still considered to all orders in the system-bath coupling
energy. Therefore NIBA represents a non-perturbative, quasi-coherent limit to the

dynamics of the system.

Ohmic/super-Ohmic/Optical phonon spectral density: Ohmic and super-Ohmic de-
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scribe algebraic frequency dependence of the spectral density with linear order
and powers higher than one respectively. A regularisation function with a high-
frequency cut-off is required to avoid the ultraviolet divergences. An optical spectral
density represents a peak in the profile. The peak is centered around a particular
frequency and therefore represents a collection of bath excitations with just one

frequency. Hence the application to optical phonon spectral densities.

On-site (bias) energy e: The kinetic energy term in the Hamiltonian. For interacting
molecules in the two-state limit, the on-site energy represents the energy difference

between the two molecules LUMOs, which form the basis for the interacting system.

Open quantum system: A global quantum system that involves some ’central sys-
tem’ of ’interest’, and a classical or quantum environment that may be coupled to

the central system.

Oscillator bath: An environment (bath) surrounding a central system, comprised

of a large number of simple-harmonic oscillators.

Path-integral: An alternative to the classical single trajectory of a system. Instead
the trajectory involves a sum, or functional integral, over an infinite number of

possible trajectories permitted by quantum mechanics.

Perturbation theory: An approximate solution to a system where the full, com-
plex, system has a small quantity relative to other comparable quantities. The
small quantity is considered separately first, with the remaining part of the system
containing a known solution. Then the small quantity is reintroduced, and the ap-
proximate solution to the full problem is calculated using the fact that correction

is a 'perturbation’ from the known solution.

mw-bond/m-electron: A covalent bond where two 'lobes’ of an orbital on one atom
is shared with two lobes on another atom. m-bonds tend to be much weaker than

other covalent bonds and can result in a delocalised m-electron across the molecule.
Pigment: See Chromophore

Phonon: acoustic: An ’in-phase’ collective motion of atoms out of their equilib-
rium position. Acoustic phonons exhibit a linear relationship between frequency
and phonon wavevector for long wavelengths which tends to zero for the longest

wavelengths; the limit relevant to amorphous materials.
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Phonon: optical: An ’out-of-phase’ collective movement of atoms where one atom
moves in the opposite direction to its neighbour. Optical phonons show no dis-
persion, and therefore constant energy, in the long-wavelength limit which is the
limit relevant to amorphous materials. In molecular theory, optical phonons inter-
acting with a molecule, usually come from intramolecular bonds. For e.g. BChla
molecules contain a Carbon-Carbon bond that oscillates within the optical range

and couples strongly to delocalised 7-electron over the molecule.

Phonon-assisted tunnelling (PAT): A tunnelling process that is assisted by inter-
actions with phonons in the environment. PAT is usually characterised as elastic
or inelastic phonon-assisted tunnelling. Elastic PAT results from only diagonal
system-bath couplings in a certain parameter space where the tunnelling rate is fa-
cilitated by the bath. Inelastic PAT arises from non-diagonal system-bath couplings

which permits a tunnelling process via phonon exchange.

Polaron: A quasi-particle formed from an electron and phonon ’cloud’. As an
electron moves through a solid, it displaces the atoms around it from their equi-
librium positions, dragging them along with it. This results in a bound state of
the electron-phonon cloud, lowering the energy compared to the non-interacting

system.

Propagator: A function that specifies the probability amplitude of a particle to go
from one state to another. State in this case is purely general and could describe
anything from position to abstract energy eigenstates. Propagators in the context

of quantum field theory are often referred to as Green’s functions.

Quantum beating signal: Time-dependent oscillations in the cross-peak correla-
tions measured using 2D-spectroscopy. Quantum beating signals are interpreted as

measuring coherence in a system.

Quantum master equations (QME): A completely general QME simply represents
the dynamics of the density matrix as opposed to just a quantum state vector. This
way coherences, as well as site populations, can be tracked over time. The term
QME are often however used interchangeably with Lindblad, or Redfield, equations
and therefore represents a restricted class of equations subject to the secular and

Markovian approximations.
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Reaction center (RC): A sub unit of the photosynthesis mechanism of Green sulfur
bacteria. It is situated after the FMO complex, harvesting the exciton to create
a charge separation. This provides the energy required for the photochemistry
pertaining to photosynthesis. The RC therefore represents the target destination

of the exciton.

Redfield equation: An approximate QME that utilises the Markovian and secular

approximations.

Relazation time: The timescale associated with the inverse of a decay rate. The
pure relaxation time refers to the inverse of the decay rate out of the high-energy
state to the lower-energy state. Dephasing time is the timescale associated with

the decay rate of oscillatory terms in the exciton dynamics.

Reorganisation energy: The energy associated with the bath reconfiguration back to
equilibrium. This is a measurable quantity in many cases, and is the energy emitted
by the bath upon relaxing to its ground state after excitation due to interaction

with an exciton.

Resonance/exciton-enerqy transfer (RET/EET): A process describing energy, or
exciton, transfer from one (donor) molecule to an (acceptor) molecule in biological

light-harvestin complexes.
Resonant states: A condition when two energy eigenstates are equal.

Secular approrimation: An approximation to the dynamics of a central system
in which rapidly oscillating terms in the Markovian quantum master equation are

disregarded.

Solvent: The liquid solution that permeates the surrounding regions of the chro-
mophores in photosynthetic organisms. Usually constitutes water and electrolytes

giving the solvent dialectic properties.

Spectral broadening: The broadening of an unphysical delta function peak in a
spectrum to a physical peak with some finite linewidth. The linewidth comes from
interaction processes with external systems, representing an exchange of energy
with the environment. A delta function peak is said to be unphysical in principle

because a quantum system can never completely isolated from its environment.
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At the very least, there will also exist some broadening due to the Heisenberg

uncertainty principle.

Spectral density: A function that maps out the system-environment interactions
across the range of bath frequencies. It therefore depends on the distribution of
bath frequencies, the density of states, and the system-bath interaction energy to
each bath mode.

Spin-boson model (SB): A mathematical model that includes a spin-1/2 particle
(two-state system) coupled non-perturbatively to an oscillator bath. NIBA is in-
voked to close the system of equations of motion and achieve results in various lim-
its, and for various bath spectral densities. The spin-boson mode is valid in large
regions of the parameter space due to the non-perturbative path-integral techniques
employed. However, for arbitrary system-bath couplings, it can generally be said

that the SB model is valid for large bias energies relative to tunnelling energies.

Three-site-V system: A quantum mechanical central system that contains three
states, two of which permit tunnelling between them. Configured in a V shape, the
upper two sites are non-interacting and no tunnelling can occur between them. The
lower site is coupled to a continuum of states, or in the context of quantum optics,
a laser field. In either case the lower site can be depleted due to its interaction with

an external source.

Transition dipole moment: An electric dipole moment associated with the transition
between two states. Molecular orbitals have different charge distributions and thus

two orbitals, or states, will have a transition dipole moment associated with them.

Trimer: A molecular aggregate containing three units, each unit containing one or

more molecules.

Tunnelling matrixz element A: A term in the central system Hamiltonian represent-
ing a coupling between different states. Often used interchangeably with transfer

integral or inter-state coupling.

Two-dimensional spectroscopy: Correlates excitation and emission energies of a
sample as a function of delay time between events. Spectra are plotted as a func-
tion of absorption and emission where diagonal peaks represent on-site energies

and cross-peaks represent transitions. This essentially measures the Hamiltonian.
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The time-dependence of cross-peak rephasing can be observed to measure coher-
ence. This essentially measures the density matrix and the off-diagonal components

identified as 'quantum beating signals’.
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Chapter 1

Introduction

1.1 Background and motivation

Understanding the role of quantum coherence effects in molecular systems has been the
subject of intensive research for a number of decades. The obvious applications to quan-
tum computing [1] and energy-transport mechanisms at the nanoscale [2] have been a
primary motivating factor, not to mention the general interest that physicists have in
understanding the quantum-to-classical transition. Quantum coherence effects are well
understood at the atomic scale, and it is generally accepted that they can manifest at
the molecular scale under optimum conditions. However for most systems comprised of a
large number of molecules, in contact with a densely packed local environment at physi-
ological temperatures, we expect quantum coherence effects to be absent. The ‘hot” and
‘messy’ environments that characterise many molecular systems involve a large number
of rapidly fluctuating degrees of freedom which overall lead to a relatively strong system-
environment interaction. These are far from optimal conditions for quantum coherence
effects and one would expect molecular wavefunctions to be fairly well localised on each
molecule, representing the incoherent regime of energy transport. In other words, the
timescale for coherence effects should be relatively short compared to the timescale of
dynamics of energy transport and thus coherence effects are not expected to play a sig-
nificant role in the process. This is indeed the case for systems such as betaine dye
molecules [3] and charge transport in trans-polyacetylene [4], which see coherence times
of the order of femtoseconds, in line with inter-molecular transfer times. As a result, a
classical description of the energy transfer mechanisms usually suffices in such systems

and the role of quantum coherence effects can largely be ignored.



A landmark experiment performed by Engel et al. in 2007 [5] reported the discovery of
relatively ‘long-lived quantum-beating signals’ in the prototypical photosynthetic system
Chlorobaculum tepidum (green sulfur bacteria) at cryogenic temperatures. Other exper-
iments found similar coherence effects in the system Rhodobacter sphaeroides [6], also at
cryogenic temperatures, and furthermore, subsequent experiments [7, 8] found coherence
effects persisted even at physiological temperatures. To this date, the functional role of
quantum mechanics in the energy transport process of these particular photosynthetic
systems remains unclear [9], and considering the delicate nature of quantum coherence
effects at such scales and temperatures, it is a surprising discovery to find the presence
of these so-called ‘quantum-beating signals’ in biomolecules.

It has long been known that certain photosynthetic organisms can harvest sunlight
with near perfect efficiency; however, the application of classical energy-transport models
has proven unsuccessful at reproducing the observed efficiencies [10, 11, 12, 13, 14]. The
question remains, to what degree do quantum effects play a functional role in optimising
the photosynthesis process?

Since the publication of the experiments mentioned above, a plethora of theoretical
work has ensued aiming to understand these findings. However, the degree to which
quantum coherence effects actually facilitate the energy transfer process in photosyn-
thesis remains controversial. Recently a number of theoretical studies have suggested
that quantum effects might actually play a key role in optimising the efficiency of energy
transfer in biomolecules [15, 16, 17, 18, 19, 20, 21, 22, 23]. Most theoretical work to
date has relied upon a number of assumptions that are arguably invalid when it comes
to the specific systems of interest: the mathematical models employed have either been
perturbative, or assumed incoherent energy transfer dynamics from the outset. Neither
are able to predict the relatively long coherence times observed in experiment.

The task of including the full breadth of coherence effects in such a complex system
is formidable, and most studies so far have resorted to fairly extreme approximations in
order to make the problem tractable. These approximations tend to exclude any possibil-
ity of coherent dynamics from the outset, producing models that are ill-equipped to find
coherent behaviour. Attempts to go beyond these limiting models have had promising re-
sults [24, 25, 26, 27], and the predicted coherence times are now comparable to those seen
in experiments. However, much of this progress has so far been facilitated to a greater
or lesser extent by numerics, and a rigorous analytical framework of understanding is
lacking. While the numerical results are in accordance with observation, the underlying

physical mechanisms remain elusive and a deeper analytical understanding is required.



One mathematical model that treats the interaction of a central spin-half system with
its environment non-perturbatively is the spin-boson (SB) model. Originally introduced
by Emery and Luther 28] to shed light on the Kondo problem, they demonstrated that
the phase space of the low-temperature Kondo model can be understood with the use
of the equivalent SB model. Caldeira and Leggett [29, 30, 31, 32|, as well as a number
of contemporaries [33, 34, 35, 36], used the model to study the effects of dissipation in
the dynamics of a particle hopping between two states. The model used the influence
functional technique developed by Feynman and Vernon [37] to analyse the effects of
the environment non-perturbatively on the central two-state system. Functional integral
methods were also employed to study a particle tunnelling in a periodic potential inter-
acting with its environment [38].

Quantum coherence effects are retained up to a certain degree in the SB model, and
it has been a powerful tool for modelling 2-state systems interacting with their environ-
ments. The model has had many applications ranging from quantum computation [39]
to condensed matter and solid-state physics [40]. It has also seen some cursory appli-
cations to the photosynthesis mechanism [41, 42, 43, 27]. Here, certain 2-level systems
with appreciable wavefunction overlap and the appropriate parameters were selected from
specific photosynthetic systems. It was also found recently that in a slight extension to
the SB model, where certain higher order coherence effects were taken in to account,
decoherence times calculated in the system matched those observed experimentally [27].

Such a direct application of the results of the SB model to photosynthesis is of course
restricted to just two states interacting with a shared environment. The energy-transport
structure in photosynthesis generally involves more than just two sites and the larger,
more representative structure, has generally been approached numerically due to its com-
plexity. It has however been argued that for the photosynthetic systems of interest, the
full multi-level structure effectively reduces to a 3-site model [44, 45]. Furthermore, ex-
citon wavefunctions in the FMO complex have been shown to be delocalised across two
to three molecules at a time [46]. Therefore in the interest of accurately modelling the
energy transport mechanism in photosynthesis analytically, we propose the extension of
the SB model to three sites for one model of study in this thesis. This will not only
model coherent effects analytically in photosynthesis, but will give a more accurate rep-
resentation of the structure of the photosynthesis mechanism.

Another limiting aspect of the SB model is the fact that it only considers ‘diagonal’
system-environment couplings. This kind of system-environment interaction couples the

environment to the diagonal elements of the central system Hamiltonian only. In other



words, the diagonal interaction induces fluctuations in the potential energy terms of the
two-state system, but not the kinetic energy terms, which constitute the non-diagonal
components of the Hamiltonian. In the original theoretical treatment of the SB model,
it was argued that one can ignore couplings to the non-diagonal-Hamiltonian elements,
provided the tunnelling matrix elements—the kinetic energy terms—are small compared to
the on-site energies—the potential energies. These non-diagonal couplings were first intro-
duced by Holstein in 1959 [47] in the context of polaron motion within a one-dimensional
crystal lattice. Later they would be discussed in the context of the Peierls transition
[48] and subsequently in the Su-Schrieffer-Heeger model of polyacetylene [49]. These
non-diagonal couplings correspond to transitions in the central system that involve an
absorption or emission of a boson from the environment. As the non-diagonal system-
environment coupling energy should be proportional to the tunnelling energy [50], one
expects these couplings to be relatively small in the limit of small tunnelling energy.
Indeed, the limit of large on-site energy to tunnelling energy is also the limit in which
the noninteracting-blip approximation—one of the key approximations used to solve the
SB model—is valid.

The problem with this heuristic justification for the exclusion of the non-diagonal
couplings in the original SB model is that, while the tunnelling energy is indeed small
relative to the bias energy, it is not negligibly small. In fact, the SB model is consid-
ered such a powerful model because it retains coherence effects (up to a degree), and
contributing to this, is a small but significant tunnelling energy. Numerical studies mod-
elling polaron formation on a lattice, with the inclusion of both non-diagonal as well as
diagonal couplings, demonstrated how even small values of the non-diagonal coupling
strength greatly alter the polaron properties [50]. Experimental evidence for significant
non-diagonal exciton-phonon couplings in photosynthetic systems has also surfaced [51].
Despite this, the inclusion of non-diagonal couplings in theoretical modelling of photo-
synthesis has largely been ignored. As Mahan [52] remarked, the system-environment
couplings of this type are usually excluded due to the difficulty of obtaining reliable so-
lutions with them [53].

Some preliminary theoretical work has been done exploring the role that non-diagonal
couplings play in photosynthesis [18, 53]. However, in these cases, some fairly limiting
assumptions were employed. In [18] each state in the system was assumed to interact
only with its own local, and independent, environment—meaning that the possibility of
environment induced transitions between states was ignored. For the effects of non-

diagonal couplings on coherent dynamics to be truly resolved, one needs to consider a



shared environment between the states in the system, as is done in this work. In [53],
a shared environment was included, however a quantum-master-equation approach was
used, assuming that the system-environment interaction could be treated perturbatively.
A perturbative approach has been argued to be valid for strong diagonal system-bath
couplings modelling the residual system-bath interaction for a system transformed into
the polaron frame [54]. However, the inclusion of non-diagonal system-bath couplings—
which can be much smaller than diagonal couplings—can render this approach invalid.
Therefore a non-perturbative approach, even in the polaron transformed frame, is neces-
sary. The importance of non-diagonal couplings in the photosynthesis modelling process
is apparent now, however a proper treatment of the system-environment interaction in-
cluding these couplings is still lacking.

Aside from the general interest that one might have in the inclusion of non-diagonal
couplings to the SB model and photosynthesis, the need for such an extension to the
model has found applications in other areas too, for example in the modelling of charge
transfer in polymeric solar cells (PSC) [55]. Non-diagonal couplings have also been shown
to play an important role in charge trasnfer modelling of organic semiconductors [56].
Recent experiments performed on PSC’s have found ‘ultrafast quantum beating signals’
with surprisingly short periods [57] not unlike those found in photosynthesis. It has been
suggested that phonon-assisted transfer may be responsible for this, as the tunnelling
energies present in the system cannot account for the ultrafast oscillation frequencies
alone [58]. Perhaps the same mechanism is responsible for the long-lived coherence ef-
fects observed in photosynthesis too?

One major question that arises from all these considerations is: to what degree does
coherence play a functional role in exciton transport in biomolecules? While it is de-
sirable to explain the emergence of coherence in photosynthesis, the coherent nature of
transport in these systems could be just a coincidence unless a specific functional role
is identified. Coherence-enhanced functionality in biological systems has been discussed
previously involving constructive interference of exciton pathways through molecules,
leading to improved transfer efficiency [59]. However, how these phenomena apply to
photosynthesis remains unclear. In this work, the importance of non-diagonal couplings
in modelling exciton transfer is demonstrated. Since couplings of this nature arise when
there is appreciable exciton wavefunction overlap across neighbouring molecules, the func-
tional role of coherent exciton dynamics is possibly due to this effect. In other words, the
propagation of coherent excitons through the system, facilitates the process of phonon-

assisted-transport between molecules, greatly improving transport efficiency.



In summary, the original work presented in this thesis primarily constitutes the fol-
lowing: a new analytical model for the photosynthesis mechanism involving a dimer non-
perturbatively coupled both diagonally and non-diagonally to an oscillator bath, and a
3-site model non-perturbatively coupled diagonally to an oscillator bath. Both models
shed light on important processes present in the photosynthesis mechanism. The dual
coupling dimer model, where both diagonal and non-diagonal system-bath couplings are
included, reveals the importance of non-diagonal couplings in not only assisting exciton
transfer through the system, but also retaining coherence effects at the same time. The
3-site model demonstrates the potential importance of the dark-state in the photosyn-
thesis mechanism. The dark-state is a state intrinsic to the 3-site-V configuration, and
the application of this model to the FMO complex reveals this state to have the longest
relaxation times in the system.

Relaxation times in both models are found to be comparable to those observed ex-
perimentally. The inclusion of non-diagonal couplings is shown to have a particularly
strong influence on both the rate of exciton transfer through the system, as well as the
coherence of the exciton. Three different spectral densities, that characterise the envi-
ronment, are used and their effects on exciton dynamics explored. These constitute two
low-frequency distributions of the environment oscillator modes: known as Ohmic and
super-Ohmic, and one discrete optical mode with spectral broadening. The inclusion of
optical phonons in the environment is shown to be especially important for the FMO
complex, which exhibits an experimentally determined spectrum with multiple discrete
peaks. Both optical and acoustic phonons are shown to aid in exciton transfer through
a photosynthetic dimer system. The non-diagonal system-bath coupling is shown to not
only decrease exciton transfer times for relatively large coupling strengths, but also in-
troduce a further decoherence mechanism in to the system. However, while the exciton
coherence is shown to decrease with increasing non-diagonal coupling, the coherence time
remains longer than the exciton transfer time. This indicates that the exciton motion
through the dimer remains coherent for its full duration.

An additional novel feature of the present work involves the retention of the on-site
energies in modelling the photosynthesis mechanism with a dual coupling approach. The
spin-boson model, with diagonal couplings only, is often simplified to the resonant case
where the energy difference between the two central system states is zero [33, 60, 61].
Resonant two-level systems, coupled diagonally to the bath, produce a simple, quadratic
pole structure to the propagator which is easily dealt with analytically. Dual coupling

models for photosynthesis have also looked at the resonant case [53], however the validity



of such a simplification is dubious. The non-diagonal coupling serves to renormalise the
on-site energies in the polaron frame, and setting these energies to zero after the polaron
transformation trivialises the non-diagonal interaction. In this work, the on-site energy
is retained, and the cubic pole structure of the propagator evaluated analytically. The
cubic formalism also serves as the solution to the pole structure of the 3-site configuration
in this work.

This thesis is organised as follows: the rest of the introduction chapter will introduce
the biological system of interest, the FMO complex, and review some of the ways it
has been modelled so far. I discuss why they are lacking in their application to pho-
tosynthesis and motivate a more advanced approach. Finally I motivate the study of
a 3-site system to model the photosynthesis mechanism and discuss the experimental
signatures for a dominant 3-site system operating within the larger seven-site system.
In Chapter 2 I introduce the mathematical models to be used in later chapters, and the
path integral techniques used to analyse their dynamics. In Chapter 3 I analyse first the
‘bare’ 3-site model i.e. just 3-sites and their respective tunnelling terms, isolated from
any environment; and I then incorporate the environment perturbatively. In Chapter
4, 1 treat the system-environment interaction non-perturbatively, producing my general
results for the 3-site-boson model. In Chapter 5 I look at the inclusion of non-diagonal
system-bath couplings to a 2-site model. At the end of each results chapter, I apply my
results to the case of photosynthesis. This involves identifying the parameters relevant
to the respective model and calculating the relevant relaxation times, decay rates and
coherent-incoherent phase spaces of the system. In Chapter 6 I summarise my findings,
draw some conclusions and suggest avenues of future work. Appended at the end of this
thesis is a section on nomenclature. Due to the interdisciplinary nature of this thesis
and the many esoteric concepts introduced and referenced later on, an alphabetical list

where each term is summarised is included to assist the reader.

1.2 Quantum phenomena in photosynthesis

One of the key motivations of this thesis is to understand the emergence of quantum
effects in photosynthetic biological systems. While there have been a number of photo-
synthetic organisms shown to exhibit quantum effects at the molecular scale, I focus my
study on one such organism, namely that of green-sulfur bacteria Chlorobaculum tepidum.
Green-sulfur bacteria has been extensively studied using state-of-the-art spectroscopy

measurements and much is known about its internal energetic structure therefore. It is
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also one of the key photosynthetic organisms known to exhibit very high energy-transfer
efficiency as well as long-lived quantum coherence effects in certain parts of its exciton

transfer pathway.

1.2.1 Light-harvesting molecules

Every photosynthetic organism contains light-harvesting complexes (LHC) comprised of
chromophores: light-absorbing molecules attached to a protein structure holding them in
place. These molecules typically consist of a small collection of atoms with separations
between molecular-orbital energy levels that fall within the visible spectrum [46, 62, 11,
12]. There are various photosynthetic organisms with different structural arrangements;
however, the general process starts with the absorption of light by a chromophore in
an antenna-like structure consisting of many individual chromophores. In Figure 1.1 one
important chromophore—the bacteriochlorophyll A (BChla) molecule—and its molecular

arrangement are depicted.

OCHs

BChla

Figure 1.1: Single BChla chlorophyll molecule.
Adapted and reprinted with permission from [63]. (©
2018 DOAJ

BChla is the principle chlorophyll-type pigment in the majority of photosynthetic bac-
teria [12]. Spanning around 10A on its side, it contains a magnesium atom in the center
and is surrounded by four nitrogen atoms. An extensive delocalised m-electron system
extends over the molecule. The chlorophyll contains two major absorption bands, one in
the near ultra-violet region and one in the near infra-red region. These absorption bands

come from the molecular transitions within the molecule. Each transition arises due to



different electron density distributions across the molecule, resulting in different dipole
moments. In BChla these charge density distributions are primarily governed by the
acetyl group at the C-3 position in the molecule, and the single bond in ring B between
C-7 and C-8 [12]. This reduces the degree of conjugation as well as the symmetry of the
molecule.

The spectra are understood theoretically using a 4-molecular-orbital model. These
are made up from the two highest occupied molecular orbitals (HOMOs) and the two
lowest unoccupied molecular orbital (LUMOs). While this picture is an approximation
of a complex relationship between electronic states and orbital energies, it is generally
understood that two dominant transitions arise from these states [12]. Associated with
each transition is a transition dipole moment with different strengths. Spectroscopic data
of the BChla molecule resolves two fairly dominant peaks for intramolecular transitions
corresponding to the HOMO and LUMOs of the molecule and hence form the basis for
the 2-state model considered for each chromophore [12, 64].

The photons absorbed in the antennae chromophores create a molecular excitation
known as an exciton [65]. The exciton is a bound state created from the transition from
one molecular orbital to another; an electron found in the LUMO and an electron hole
found in the HOMO, bound together via the Coloumb interaction [66, 67]. After its
creation by photon absorption in the antenna complex, the exciton travels through a
number of structures, eventually reaching its target destination where it creates a charge
separation used for the biochemistry of photosynthesis [11]. This final destination is usu-
ally known as the Reaction Center (RC) and the biological structures preceding it serve
to ‘funnel’ the captured photon energy to the RC in as efficient a manner as possible.

Molecular excitons typically have characteristic lifetimes on the order of nanoseconds,
after which relaxation to the ground state of the molecule occurs with photon or phonon
emission. Associated with each molecular state is a specific electronic density and thus
different charge distributions across the molecule. This gives rise to a transition dipole
moment that interacts with either the photon of light incident on a LHC or with the dipole
moment of a neighbouring chromophore. The chromophore can therefore be modelled
as a two-level system and for example, two interacting chromophores would comprise a
4-D Hilbert space with states [LUMO), , [HOMO), ,|LUMO), , [HOMO), corresponding
to the ground (HOMO) and excited (LUMO) states of chromophores 1 and 2. Typi-
cal relaxation times of chromophore excited states (radiative lifetime) are of the order
Trad ~ 10ns whereas inter-chromophore excitation transfer 7 ~ 10ps happens on the order

of picoseconds for BChla molecules in the light harvesting complex LH-2 [68]. Therefore



the ratio 7yaq/7 > 1 tells us that we can exclude the ground states and consider only the
interactions between excited states, effectively truncating the Hilbert space to include
only the LUMOs of each chromophore.

It turns out that almost every exciton created in the antennae complex by photon
absorption eventually makes it to the RC [12]. This is the ’quantum efficiency’ usually
quoted in the literature pertaining to photosynthesis; the ratio of excitons that reach the
RC over the number created by photons. This is simply reflected in the fact that the
radiative lifetime (or recombination time) of the exciton 7,4 is very large compared to
the exciton transfer time. In this sense, we can see that the quantum efficiency of photo-
synthesis is facilitated by the processes that lead to making the ratio 7,,4/7 so large. We
will see in this thesis that the presence of non-diagonal couplings is one of the driving
mechanisms in reducing the exciton transfer time 7. Perhaps a more meaningful measure
of the efficiency of photosynthesis is the percentage of energy absorbed by a photosyn-
thetic organism that is eventually stored in the RC. This number is actually around 27%
[12], which is comparatively low compared to the 'near unity quantum efficiencies’ quoted
in the literature. Therefore the results of this thesis make progress towards explaining

the quantum efficiency of photosynthesis more so than the energy efficiency.

1.2.2 The Fenna-Matthews-Olson complex

One such example of an intermediate sub-system that exhibits remarkably efficient ex-
citon transfer in photosynthesis is the Fenna-Matthew-Olson (FMO) complex, named
after the researchers who discovered and determined its structure [69]. Forming part of
the full light-harvesting infrastructure of Chlorobaculum tepidum, it essentially serves as
a ‘molecular wire’, transferring an exciton created by photon absorption in the antenna
complex to the RC (see Figure 1.2). The FMO complex has long been known to ex-
hibit near unity exciton transfer efficiency! [12] to the RC; however our understanding

of exactly how this high efficiency is achieved is lacking.

'The ‘near unity’ quantum efficiency usually quoted in the literature refers to the ratio of photons
absorbed to excitons that reach the RC. The amount of energy that reaches the RC compared to that
absorbed is actually much lower, reflecting the dissipative effects that happen along the way. This can
be anywhere from 30%-50% in the literature [12], however this is still remarkably high and unexplained
by the exciton transfer modeling techniques to date.
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Figure 1.2: Composition of light harvesting systems
within Chlorobaculum tepidum

The FMO complex consists of a trimer, formed of three identical monomers, each con-
taining seven BChla molecules as depicted in Figure 1.3. An eighth site has recently been
identified with energy ~ 500cm ™, which sits close to the antenna complex and possibly

acts as the entry point to the system [70].

Figure 1.3: Structural depiction of the Fenna-Matthew-
Olson complex from Chlorobaculum tepidum. (a) Full
view of FMO trimer including 3 monomer subunits. (b)
Single view of monomer sub unit plus surrounding pro-
teins (grey lines). (c) Single monomer of 8 BChla pig-
ments excluding surrounding protein scaffold. Reprinted
with permission from [71].

As the couplings between BChla molecules in neighbouring monomers are negligible
compared to couplings between chromophores in the same monomer, exciton transfer is
only modelled through an individual monomer [72, 46]. The trimer therefore is considered
to contain 3 independent paths of energy transfer to the RC complex.

We see in Figure 1.3 how the eight chromophores in the FMO complex are situated
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inside a protein scaffold indicated by the grey lines surrounding the chromophores. This
protein structure surrounding the chromophores serves to hold the chromophores at the
right distances and orientations for efficient energy transfer [46]. In addition to this
local environment of proteins is a surrounding aqueous solvent that permeates the whole
structure [73].

It is the FMO complex that was investigated in the landmark 2007 paper by Engel and
Fleming [5], which reported on experimental observations of long-lived coherence effects
in the exciton transfer pathways. Here, using 2D femtosecond nonlinear spectroscopy,
they observed quantum coherence effects in the energy transfer process to persist for
~ 660fs at 7" = 77K [5] and 300fs at 7" = 300K [7, 8.

2928 200 ! : s
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o, (cm™) 2,050 15050 12.200 12350 12,500
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Figure 1.4: Quantum beating signatures for a 77 K
FMO 2D spectrum. Axes w; and w; represent the Fourier
transformed excitation and detection pulses respectively,
of a pump and probe laser directed on the FMO sample.
The third, vertical axis, wr, represents the Fourier trans-
form of the signals evolving over time. The presence of
cross-peak frequencies, evolving over time indicates exci-
ton delocalisation across pigments, and thus coherence.
Reprinted with permission from [74].

In Figure 1.4 we see an example of 2D spectroscopic FMO data that is interpreted as
evidence of coherence in the system. The w, and w; axes represent the Fourier trans-
formed excitation and detection pulses respectively, of a pump and probe laser directed
on the FMO sample. Frequencies where w, = w, are associated with chromophore on-site

energies and the cross-peaks w, # w; represent tunnelling energies in the system. The
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plane w,,w; therefore maps out the Hamiltonian of the FMO complex. The third axis,
wr, represents the Fourier transform of the signals evolving over time. Time evolution of
the cross-peaks is interpreted as a ’quantum beating’ signal and thus evidence of exciton

delocalisation across chromophores.

1.3 Microscopic origin of chromophore-environment

interactions

The BChla molecules of the FMO complex exist not only in an aqueous solution but
are also embedded in a protein scaffold. The effect of this is to shift the excitation en-
ergies of the BChla molecules as well as modulate the distance between the molecules.
For the solution surrounding the molecule, it is the solvent’s dialectric that changes its
energy, and for the protein scaffold it is predominantly charged amino acids that interact
with the molecule [46]. The interaction of the chromophores with the various parts of
their local environment leads to fluctuations of not only the excitation energies, but the
couplings between chromophores too. On the one hand, environmental changes induce
fluctuating local electric fields that induce a Stark shift in the excitation energies and
thus the transition dipoles of the chromophores to fluctuate. This results in the diago-
nal system-environment coupling. On the other hand, changes in the environment will
affect the relative spacing of the chromophores, introducing a fluctuating component to
the inter-chromophore couplings. This results in the non-diagonal system-environment
coupling.

While most studies to date have focused on the diagonal couplings, a number of recent
studies have indicated the importance of including both types of coupling in photosynthe-
sis [75, 76]. While it should be noted that some experiments have found the non-diagonal
couplings to be small compared to the diagonal ones [77], it has nonetheless been demon-
strated that even small non-diagonal couplings can have a considerable impact on the
exciton dynamics [78, 53]. Furthermore, in the study of polaron dynamics, Marchand et
al found similarly strong effects arising from non-diagonal couplings to phonons [79, 50].

It is worth remarking at this point that determining the exact size of the system-
environment coupling parameters from experiments of the FMO complex is difficult.
Analysing spectroscopic data requires complex fitting algorithms based upon models of
system-environment interactions [46, 14]. The size of the parameters obtained are highly

dependent on the models employed. Furthermore, non-diagonal couplings are usually
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excluded from these models meaning that the magnitudes of these couplings are undeter-
mined. This also highlights an issue with the sizes of the diagonal coupling parameters
determined to date. If non-diagonal couplings should be present in the models, and the
two types of couplings distinguished, then the models that assume only diagonal cou-
plings have presumably determined the size of a composite diagonal and non-diagonal

coupling parameter instead.

1.3.1 Diagonal and non-diagonal couplings in chromophores

Two interacting chromophores will have associated with them: excitation energies per-
taining to each molecule and tunnelling energies between the molecules. The effect of the
environment induces fluctuations in the chromophore’s energies, which leads to a dynam-
ical modulation of these parameters. Therefore we can think about two distinct types of
system-environment interactions. The first type of interaction is one that modulates the
excitation energies of the chromophores. This is known as a ‘diagonal’ interaction as the
environment is coupling to the diagonal elements of the central system’s Hamiltonian.
The second type of interaction is the ‘non-diagonal’ interaction, where the environment
modulates the tunnelling energies between chromophores. In this section I discuss the
microscopic origin of these two types of interaction in the context of biomolecules.

As T discussed in Section 1.2.1, chromophores contain two dominant molecular states:
the HOMO and LUMO, which form the basis for their ground and excited states re-
spectively. We recall that the radiative lifetime of the excited (LUMO) state of each
chromophore relaxing to their ground (HOMO) state is orders of magnitude smaller than
the interchromophore transfer time. Therefore we only consider the interaction of two
chromophores” LUMO states. Associated with each chromophores” LUMO states is a
dipole moment. If the chromophore’s surrounding environment, comprised of a solvent
and protein scaffolding, is sufficiently far away, we can treat the chromophore within
the dipole approximation. This leads to a central assumption in the Forster picture of
energy transfer between chromophores, which we discuss below. Charges present in the
chromophore’s environment, coming from the surrounding solvent or amino acid residues
in proteins, produce an electric field. This leads to a fluctuating energy term for the

exciton of the form

1 qﬁ .f..
AE, == Lk T 1.1
€ R3. (1.1)

J 4
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where fi; is the dipole moment of an exciton on the ith chromophore, € is the optical di-
aletric constant, R;; the distance from the center of the chromophore to the environmen-
tal charge, and x;; is the fluctuation about the equilibrium position of the chromophore.
Since the fluctuating energy shift depends on the relative distance between chromophores
and amino acid residues, we see how phonon vibrations present in the surrounding protein
structure couple to the system as they modulate this distance. In a second quantised
language the site displacement operator for the phonon z, = \/m(bq + bf]) (see
Mahan [52]) gives

AE, = aglbg + b)) (1.2)
q

where « here labels a chromophore and ¢ a phonon mode of the bath. The chromophore-
bath coupling A, 4, is a function of the charges present in the surrounding medium and
is therefore thought of as a backreaction resulting from the polarisation of the environ-
ment by the chromophore (see section 2.5.1.2 in [64]). This is the origin of the diagonal
couplings.

We now turn to the microscopic origin of the non-diagonal chromophore-environment
couplings. Provided the interchromophore spacing is large compared to the width of a
chromophore i.e. more than several Angstroms [12], then the exciton transfer between
chromophores can be considered a long range dipole-dipole interaction. This leads to the
ideal-dipole approximation of molecular interactions often employed in the literature,
where non-diagonal couplings can be excluded. If however the interchromophore spacing
is such that there exists appreciable wavefunction overlap between molecular orbitals
then this approximation breaks down.

Calculations performed using the ideal-dipole approximation of chromophore-chromophore
interaction, compared to experiment, demonstrate the failure of the ideal-dipole approx-
imation for BChla molecules [80]. The sizes of the chromophores in this case are ~ 9A,
which is comparable to the inter-chromophore distance determined to be ~ 15A, which
puts the system out of the range of applicability of the ideal dipole approximation.

Wavefunction overlap of neighbouring chromophores contains an exponential depen-
dence on separation distance. Vibrations in the local environment can cause the two
chromophores to move closer or further away from each other, thereby modulating the
separation distance. For an environment with quantised vibrations, this introduces a
process by which an exciton can hop between chromophores by way of an inelastic scat-

tering process [52]. Phonons are not conserved in this case and an exciton can tunnel

15



between chromophores by absorption or emission of phonons. Since the tunnelling term
depends exponentially on separation now due to the molecular wavefunction overlap of
the two interacting chromophores, it follows that the tunnelling frequency between donor

d and acceptor a molecules A4 is modulated by

Ay = Aggexp [— Z Fad’qx (1.3)

hw, !
q q

where Fiq, is the force between the two chromophores due to the displacement z,, and ¢

labels the phonon mode. In a second quantised language the site displacement operator
for the phonon position x4 = \/h/2Mw,(by + b}) gives us

(1.4)

- V.
Acwl = AadeXp [_ Z %q(bq + b:;)
q q

with V; representing the product of the force applied by the phonon mode ¢ and the
distance between the two chromophores, with w, the frequency of phonon mode ¢, and
by, bjl the destruction/creation operators for the phonons. We can expand this to linear
order in V, /Aw,, provided the phonons modulate the distance between chromophores only

slightly. In this case we have

AoLd - AGLd - Z )\ad,q(bq + b!;) (15)

q
where the coupling strength M., is now a function of the tunneling matrix element
between the donor and acceptor molecules and the phonon frequency. So we see that the
phonons modulate the distance between chromophores, thereby modulating the tunneling

amplitude. This is the origin of the non-diagonal coupling between chromophores.

1.4 Exciton dynamics in photosynthetic systems: tra-

ditional theories and their limitations

I now discuss the conventional theories of excitation energy transfer (EET) that use the
molecular parameters described above to obtain rate constants determining dynamics
within FMO and associated relaxation effects. There is of course no general theory (yet)
that applies across the whole parameter space, but the choice of theory depends on the

relative strength of pigment-pigment and pigment-environment couplings.
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Traditionally, EET in FMO has been modelled in two limits. One limit, known
as Forster theory, considers small chromophore-chromophore couplings A compared to
chromophore-environment couplings A (I define the coupling here to be A in anticipation
of its relationship to the experimentally determined reorganisation energy of the bath).
In this case the exciton is localised on each chromophore and A can be treated perturba-
tively. In the opposite limit, the exciton-bath coupling A is treated perturbatively, leading
to Redfield theory. Associated with each of these couplings are therefore two separate
timescales. One is the inverse of the bath coupling 1/A, which describes the timescale
over which energy is transferred to the environment. The other is the inverse of the
exciton-exciton coupling 1/A, which describes the timescale of exciton transfer between
chromophores. Therefore in the Forster limit 1/A < 1/A we have a rapid energy loss
to the environment occurring over a timescale much shorter than the inter-chromophore
transfer. Conversely in the opposite limit, exciton transfer occurs at a much faster rate
than dissipation to the environment.

In the case of FMO the tunnelling energies are of order A ~ 1meV corresponding to
a transfer time 7 ~ 4ps, while reorganisation energies are found to be around A ~ 4meV
corresponding to a dissipation time 75 ~ 1ps[62]. The reorganisation energy is an ex-
perimentally determined value related to the system-bath coupling strength (see Section
2.3) So we see that in FMO the size of these parameters are actually similar and one
must therefore go beyond the limiting cases and utilise a non-perturbative theory. It
was shown by Sharp et al. [81] as well as Ishizaki et al. [24] that a calculation of the
2D optical spectrum assuming weak coupling to the environment fails to reproduce the
oscillations seen by Engel et al. [5]. Therefore the application of these models to date has
been arguably inappropriate to the FMO complex, and a non-peturbative analysis such
as the one I have employed here is warranted. Nonetheless I briefly summarise some of
these traditional methods before discussing the results of my non-perturbative methods
and their application to FMO.

1.4.1 Resonance Energy Transfer

First I will describe the process of exciton couplings across different chromophores. This is
known as resonance energy transfer (RET) and describes the transfer of energy from one
molecule (the Donor) to another (the Acceptor) in biological chromophores. A molecule
(or chromophore) is initially excited by a laser pulse in a lab setting or a monochromatic

light source in a natural setting, creating an exciton on the first molecule. Splitting the
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chromophore coupling into its long and short range components, i.e. dipole-dipole V. and
exchange terms V,, respectively, reads
V=V, + V. (1.6)

It is assumed in RET that the exciton is transferred between molecules via a dipole-dipole

interaction, therefore V ~ V, where

_ 1 ruppa
© dwey R3

(1.7)

where K = pp - pta — 3(up - R)(pua - R) is an orientation factor that reflects the fact that
no interaction is observed between perpendicularly oriented chromophores. R is the sep-
aration vector between the molecule’s centres and fiy and /i, are the donor and acceptor
transition dipole moments respictively. The transition probability is proportional to |A|?
and therefore goes as 1/RS. The dipole-dipole interaction expression is obtained from
the expansion of the Coulomb interaction in the acceptor-donor distance parameter to

get a multipole series, while retaining only the dominant term.

1.4.2 Forster theory

Forster theory presented a key step in the understanding of EET at the molecular scale
when it was introduced in the last century [82]. Its applications have had success not
only in understanding light-harvesting mechanisms in biochemistry but also in the de-
velopment of artificial organic-based light-emitting diodes [83]. Its application to the
experimental sphere facilitated the development of fluorescence-resonance-energy trans-
fer (FRET) [67], a technique that has been widely used to detail the structure of biological
systems. Central to the theory, however, is the approximation of weak inter-chromophores
coupling Ay, (between donor and accepter chromophores) compared to environmental
couplings ~. Forster therefore derived his EET rate expression with the use of the Fermi-
Golden-rule approach, treating A as the perturbation in time-dependent perturbation
theory. The rate of exciton transfer between donor and acceptor states was derived by
Forster [82] to be

hisa = A2, / M Re{Aa}Re{F,) (18)

where Ay and F), are the absorption and fluorescence lineshapes of the donor and acceptor

chromophores. The resulting rate expression is expressed as the overlap integral between
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the fluorescence spectrum of a donor and the absorption spectrum of an acceptor [84].
The limitations of this approach to modeling EET rest upon some key, rather limiting
assumptions. The donor and acceptor molecule must be coupled sufficiently weakly
compared to chromophore-bath coupling such that Fermi’s Golden Rule applies. This
leads to incoherent hopping between donor-acceptor molecules such that the dissipation
to the bath is one-way. No feedback to the system from the bath is permitted and the
theory excludes possible coherence effects in principle due to the assumption of very

strong system-bath coupling relative to the tunnelling energy.

1.4.3 Quantum master equations in molecular systems: the
Redfield equation

In the opposite limit to Forster theory, quantum master equations are used to describe
exciton dynamics. The fundamental assumptions here are that the exciton-environment
coupling is small compared to inter-molecular interactions and so the system-environment
coupling is treated perturbatively. The most commonly used version of this approach in
the context of biomolecules is the Redfield equation [64, 85]. Master equations have also
seen widespread application in the field quantum optics [86].

Derivations of quantum master equations for specific systems usually start from the
Liouville equation [87]

i
Ohp(t) = )
where p(t) is the time-dependent density matrix of the entire system: central system S
plus bath B such that the Hamiltonian is H = Hg + Hg + H; where H; is the system-

bath interaction. The Liouville equation is essentially the density matrix form of the

[, p] (1.9)

Schrodinger equation and so allows the time-evolution of a statistical mixture of states.
One is generally interested in the dynamics of the central system so we trace over the

bath degrees of freedom

ps(t) = Trulp(t)). (1.10)

In deriving the Redfield equation one starts from the assumption that the initial system

and bath states factorise

p(0) = ps(0) ® pp (1.11)



This assumption is valid in the context of exciton dynamics as the creation of the exciton
in the system at t = 0 is incredibly fast compared to the inverse bath couplings. We
recall that in light-harvesting complexes, an exciton is created either by the sudden
absorption of light, or the injection of an exciton from the antenna complex. Another
key assumption in Redfield theory takes the system-environment coupling to be weak and
second-order perturbation theory is used accordingly. In addition to these assumptions
is the use of the Markov approximation, which makes the master equation local in time.
This latter simplification, it should be noted, removes any possibility for feedback in to
the central system from the bath i.e. any energy transfer to the bath is one way and
cannot re-enter the central system at a later time. The relevant physical condition for
the Markov approximation is when the memory timescale 75 of the bath is very small
compared to the timescale ¢ of the dynamics of the central system. This means that the
bath correlation function decays sufficiently during an appreciable timescale over which
the central system evolves, removing the possibility for bath memory effects [88]. The

resulting Redfield equation is [24]

Oupap(t) = —iasp(t) + 3 Roparspor (1) (1.12)
CYI“BI

where hw,s = €, — € describes the energy gap between chromophores and the indices
a, f run over chromophore sites. The second term describes the relaxation dynamics

where the Redfield tensor is given by

Raﬁ,a’ﬁ’ - F5/67aa’ + Fz’a,ﬂﬁ’ - 556/ Z FO‘H,HO/ - 50(0/ Z FE“7N’5/ (113)
H H

The damping terms are given by

1
Pasarsy = 75 > Xasadapg Cog (W) (1.14)

a9’
where A\og, = (a| \,|5) are the chromophore-bath couplings. The Fourier transformed

bath correlation function is defined as

Coy(w) = /O dte™ Cpy (1) (1.15)

where the time-domain correlation function is
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Coy () = ;/oo dwJ g (W) [n(w) + 1]e ™" (1.16)

o0
and n(w) = 1/(e’™ —1) is the Bose-Einstein distribution function and .J,, (w) the spectral
density of the bath (see Section 2.3). An additional approximation applied to equation
1.12, which casts it in the quantum master equation form commonly used in the liter-
ature [88, 64], is known as the secular approximation. This amounts to neglecting the
rapidly oscillating terms that contain €' ~«#) which effectively amounts to a Rotating
Wave approximation. This is generally justified under the Riemann-Lebesgue-Lemma
that states that the integral of a rapidly oscillating function goes to zero in the limit
when in this case w; — wy — 0.

Along with the fundamental assumption that the system-bath interaction is perturba-
tive to second order, we see that the Redfield equation describes a fairly restricted class
of systems. Despite the popularity of quantum master equation approaches to modelling
photosynthesis [15, 23, 16, 17], a number of studies have shown explicitly the failure of
this approach [24, 84, 89] in the context of photosynthesis.

There have been some attempts to go beyond the traditional theories described how-
ever, often these changes have involved small deviations from the master equations models
[21, 84]. In this case non-Markovian effects are reintroduced, however the system-bath
coupling is still treated perturbatively. Some analytical studies on photosynthetic sys-
tems have utilised non-perturbative methods. The spin-boson model, with just diagonal
system-bath couplings, was applied to the FMO complex and found persistent oscillations
in the exciton dynamics in accordance with the experimentally determined values [27].
However, this model assumes a relatively large tunnelling energy between chromophores
which can account for the predicted rapid exciton transfer rates. Furthermore, the model
assumes just an Ohmic form for the bath spectral density in order to utilise the results
from the spin-boson literature. Despite these limitations the initial success of utilising
non-perturbative methods in studying the FMO system is promising.

In the next chapter, I set up the path-integral approach to analysing exciton dynamics.
In subsequent chapters, this will be used to model the FMO system in photosynthesis
with the intention of accurately predicting relaxation rates compared to experiment as

well as providing a better understanding of the underlying physics.
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1.5 3-site configurations in the Fenna-Matthew-Olson

complex

I now turn to the motivation behind studying a 3-site model in the context of photosyn-
thesis in more detail. I begin with some preliminary, qualitative considerations: looking
at the energy structure of the FMO system and how the branched nature of the system
leads to an intuitive 3-site reduced model. I also look at some spectroscopic data, which
has hinted at the presence of a dominant 3-site structure in the system. While there
have been a number of studies investigating a 3-site-ladder model for the FMO complex
[44, 90], where the site energies are therefore different, here we focus on the 3-site-V
configurations [45].

To see how a 3-site-V configuration can be effective at modelling the dynamics of
the full FMO system, we first look at the on-site energies and transition matrix ele-
ments between sites (dipole-dipole couplings between chromophores), established from

spectroscopic data [46].

26.7 —129 06 —05 47 —0.58 —1.0
~13.0 273 40 09 07 1.0 0.1
06 40 0 —58 012 —1.0 0.63
Heyo=1| —05 09 —58 155 —88 —1.8 —7.6 |(meV)  (1.17)
058 0.7 012 -88 558 89.7 —25
151 83 —81 —147 111 41 4.1
~1.0 0.1 063 -76 -031 4.1 347

In Figure 1.5 we see a pictorial representation of the FMO Hamiltonian equation 1.17,

including only dominant couplings greater than 3.7meV.
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Figure 1.5: Pictorial representation of Hamiltonian for
FMO complex, taken from spectroscopic studies [46], in
units of meV. Coloured lines indicate excitation ener-
gies of different chromophores (diagonal Hamiltonian en-
tries). Arrows indicate inter-chromophore couplings (off-
diagonal Hamiltonian entries). Numbers included next
to lines and arrows indicate the associated energy with
that excitation energy of coupling respectively. Only
dominant energy transfer pathways included; couplings
> 4meV

Having only included dominant energy transfer pathways above 4meV we hope to demon-
strate the branched nature of the system. It’s clear that there are two dominant branches
in the system with relatively small tunnelling energies between them. One connects states
|1) <> |2) <> |3) and the other connects states |3) <+ |[4) <> |[5) <> |6) <> |7). If the states
that comprise the excited state portion of each branch can be described by a single ‘ef-
fective’ state, with some correponding ‘effective’ tunneling energy with the ground state

at |3), then the remaining system would be of the 3-site-V form depicted in Figure 1.6.
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Figure 1.6: Effective 3-site-V configuration for FMO
complex.

Schmidt and Renger, in fact, demonstrated that there is no qualitative difference in
the site-population dyamics between the full FMO Hamiltonian and an ‘effective’ 3-site
model [90].

After some qualitative considerations of the possible 3-site nature of the FMO system,
I look now at some spectroscopic data suggestive of a dominant 3-site structure in FMO.
The energy spacing of excitonic levels is relatively small compared to the inhomogenous
broadening present in the optical transitions, so much so that the resulting linear ab-
sorption spectrum is almost entirely featureless at physiological temperatures [91]. At
cryogenic temperatures of ~ 77K however, 3 distinct peaks emerge in the spectra of
FMO. Simulations performed in the literature [46, 91, 71] suggest exciton delocalisation
across combinations of 2-3 chromophores in FMO. If coherence effects are to play a role in
efficient energy transfer in the FMO complex, then it is across at most three chromophores
that this effect will be present. Beyond that the system presumably evolves according
to the Forster limit corresponding to incoherent hopping between chromophores. The
various 3-chromophore delocalisation configurations are shown in Figure 1.7. Here we
see the results of experimental spectroscopic data on FMO showing the emergence of
three distinct peaks at cryogenic temperatures. We also see the extent of wavefunction

delocalisation across the various chromophores.
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Figure 1.7: (A) Arrangement of BChla pigments within
the FMO units. BChla site numbering according to Fenna
is in black Roman numerals. Schematic representation of
spatial extent of the excitons according to Adolphs et al.
[46] is shown by shaded areas. Exciton numbering (red
numbers) is given in order of increasing energy. (B) Lin-
ear absorption spectrum of FMO at 77 K with excitonic
transitions (vide infra) represented by vertical bars. (C)
Normalized absorptive 2D spectra at increasing popula-
tion delays with dashed lines indicating excitonic transi-
tion energies. All spectra were recorded in 1:2 aqueous
buffer:glycerol mixture at 77 K. Reprinted with permis-
sion from [91].

The central 3-site-V system parameters to be used in our analysis we take from [46],
where the electronic energies and couplings between them were determined from a time-
dependent density functional theory (DFT) on the chromophores with an electrostatic
Poisson-Boltzmann type calculation. Similar studies have also used a DFT approach to
determine the chlorophyll energies immersed in organic solvents to great effect, comparing
their results to experimentally observed spectra [92]. The calculated diagonal site energies

and tunneling terms in [46] are shown in Table 1.1.
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) ) o Tunneling
BChl site On-site energy (meV) | BChl-BChl transition
(meV)
Ground state: |0) 0 |0) — |1) 1.8
Site 1: [1) 20 10) — [2) 3.2
Site 2: |2) 20

Table 1.1: Tuned V-system parameters. From Adolphs
et al [46]

We see in Table 1.1 how the on-site energies are large compared to the tunnelling energies,
putting us within the strong-localisation region. Just based upon these numbers one
would expect the wavefunctions of each chromophore to be fairly-well localised around
their respective BChla molecules, with possibly some delocalisation spreading out to
neighbouring chromophores. This is somewhat in line with the data presented in Figure

1.7, however there is clearly still some delocalisation across chromophores.
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Chapter 2

A path-integral approach to exciton

transfer

In this chapter, I set up the 3-site model in a path-integral formalism. While I will
primarily focus on the 3-site application here, the resulting formalism will be applicable
to the 2-site model used in Chapter 5 with the appropriate modifications. Indeed, the
2-site path integral formalism has been described extensively in the literature and so in
this chapter I will focus on the extensions of the 2-site formalism to the 3-site case.

While my final results will be non-perturbative in the system-bath coupling, the auxil-
iary approximations made along the way will build upon a number of techniques employed
in the famous spin-boson model. The spin-boson model [31], considered a spin-1/2 system
coupled to an oscillator bath, developed in the path integral formalism along with the
noninteracting-blip approximation (NIBA). While this approach is fully non-perturbative
in the system-bath coupling, and permits memory effects in the system, the underlying
approximation restricts the longevity of coherences in the central system. My 3-site-
boson model will involve an extension to this model, by way of the addition of not only a
third site to the system but an extra tunnelling matrix element. Although this extended
mathematical model will also share many of the varied applications that the spin-boson
model has, it is the recent surge of theoretical physics research in the area of quantum
transport phenomena in photosynthesis that primarily motivates the development of this
model.

There have been a few preliminary studies, looking at the role that 3-level systems
might potentially play in photosynthesis [45, 44]. However they have so far relied upon

numerical techniques that assume one-way dissipation to the bath, which are insufficient
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at modelling coherence effects. Therefore in order to model the photosynthesis mechanism
more accurately, such that the possibility of relatively long-lived coherences can be estab-
lished, one must adopt a more advanced approach to modelling the system-environment
interaction—one that retains the desired coherence effects. A number of numerical ap-
proaches are suited to this; however, in this thesis we are interested in the possibility of

obtaining analytic results and ultimately applying them to the case of photosynthesis.

2.1 Truncation procedure for the 3-site-boson model

from an extended system

Prior to performing any analysis I must set up the problem, and like most physical systems
of interest, I am considering an approximation of some more general system. In my case
this amounts to the truncation of a more general potential energy landscape, with three
distinct potential wells that permit tunnelling between them, down to three distinct,
interacting ground states of each potential well. The problem that I wish to investigate
therefore involves a quantum-mechanical system that occupies a 3-dimensional Hilbert
space.

In the more general case, the system has a continuous degree of freedom ¢ with a
corresponding potential energy function V(q), that forms three separate potential wells.
Each well supports multiple quantum mechanical states, but if we assume that the barrier
heights between wells are large compared to the energy separation between the ground
and first excited state of each well, then the states should localise within each well.
Moreover if I assume that the temperature of the system kgT', as well as bias energies
separating the ground states of the potential minima, are small compared to the excited
state energies, then states in each well should still be restricted to just their ground
states. In other words, the bias energies are small enough such that the system does not
localise in any one well, and the temperature kg7 is not too large so as to thermally
excite any higher energy states. In effect, the system is now described by a 3D Hilbert
space spanned by these three ground states. In this regime, the dynamics of the system
is governed by tunnelling between the wells associated with a tunnelling matrix element
hA, which must also be small compared to the energy level spacings within wells so as
not to mix the ground and excited states.

Isolated systems like this are known to exhibit quantum mechanical interference effects

between wells. Realistically though any physical realisation of such a system is not

28



isolated, and exists in the presence of some environment. So far I have only considered
a 3-level system isolated from any environment. I refer to this as the ‘central system’ for

which the truncated Hamiltonian is

where the lower site energy ¢y = 0.

3

——— 2

81 ——
A
A\ 20
—

0

The complete 3-state central system would of course include a tunnelling term between
the upper two levels as well. We exclude this term here due to our interest in this partic-
ular configuration of the 3-site system, often referred to as a V-system in the quantum
optics literature where it sees widespread application [86]. Our interest in this partic-
ular 3-site-V-system configuration is motivated by its application to the photosynthesis

mechanism discussed in Chapter 1.

2.2 Modelling the environment as a macroscopic har-
monic oscillator bath with linear system-bath
coupling

I now discuss the interaction of the central system with an external environment. Here I
am considering a central system that contains only a few degrees of freedom with respect
to the environment, which is assumed to be large with many modes. As the interaction
between the central system and each environmental mode is inversely proportional to the
size of the bath, for a macroscopic environment we can assume weak coupling to each
individual mode. However, the total coupling to the bath can be strong since the full
coupling is due to a summation over the couplings to each bath mode. Therefore we can

assume that the coupling is linear in bath coordinates, since each individual coupling is
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small, but the total coupling can be arbitrarily large [61].

Any linear system composed of a distribution of interacting oscillators can be rep-
resented by an equivalent set of independent oscillators [37]. In other words, a linear
transformation of the coordinates of the interacting oscillators, recasts the system in
terms of its eigenmodes. Since we’re assuming that the bath is comprised of a set of
simple harmonic oscillators, perturbed only slightly from their equilibrium position, then
it is permissible to consider the equivalent set of independent oscillators. Since the bath
coordinates will ultimately be summed over, and therefore appear as dummy variables
as part of the path-integral measure, it is inconsequential whether the coordinates repre-
sent positions or otherwise. The linear transformation coefficients will of course introduce
some new normalisation term due to the path-integration measure, however, this is taken

in to account in the path integral formalism [37]. T therefore write the Hamiltonian as

H=Hg+ Hg+ H; (2.2)

where Hg is the Hamiltonian of the central system, the 3-site system, Hp is the Hamil-
tonian describing the environment and H; the coupling between the two. In the state
space the central system is a function of the state label o and for a bath of N Harmonic

oscillators

H _i\[: i 1 2,2
B = + —myw (2.3)

and

Hi ==Y Fapqla)B|z,(l) (24)

aB g=1
where the interaction is linear in bath coordinate x,(t) and we have excluded a counter-
term in the interaction that offsets the renormalisation of the potential in Hg. F,z,4 is
the state-dependent force between state o and an oscillator mode ¢. Therefore we have
associated with this force some state-dependent fluctuating energy E,5(t). We have kept
H; general for now, permitting both diagonal o =  and non-diagonal o # 5 couplings.

Second quantising the bath and interaction terms gives
N N

Hp+ Hy = weblbg + > 1a)B] Y Aapqg(bg + b)) (2.5)
q=1 af q=1
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where Fi5, = \/quq/\aﬂ,q. For the case of just diagonal couplings o =  in the 3-site
model the state-dependent couplings would be A\, 4 € {A1,4, A2g; Ao g} Physically, we have
described here a bath that is sensitive to the degrees of freedom of the central system.
In the polaron literature for example, this usually describes phonons in the environment
that are sensitive to the spatial coordinate of the central system particle of interest; i.e.
as the particle moves through the environment of phonons, the environment and the
particle experience a force between them as a function of their spatial separation [52].
Here, since we're considering a central system in state space, the environment couples
individually to each state in the system and there exists a force between each state and

each oscillator mode corresponding to a coupling constant A,s4.

2.3 The oscillator bath spectral density

I have so far only stipulated that the environment is comprised of a large set of har-
monic oscillators and restricted the system-bath coupling to a linear form. However the
environment, being the large, complicated structure that it often is, requires further spec-
ification as to the distribution of its modes across frequency space. For the case where
a thermal equilibrium statistical average is taken over the initial and final states of the
environment, then the system-environment coupling can be completely characterised by
the spectral density [31, 61]

2

Jo(w) = 5 ; %qa(w —w,) (2.6)
which contains the density of states of the bath weighted by the state-dependent system-
bath coupling A\,,. So we have a spectral density corresponding to each state in the
central system with the bath mode part of the coupling summed over. When considering
both diagonal and non-diagonal bath couplings we will also have to differentiate between
diagonal and non-diagonal coupling strengths. If one is considering some vibronic de-
grees of freedom in the environment, such as phonons, then to linear order, the bath
modes couple to some coordinate in the central system. In the standard literature this is
usually derived as a particle, moving with a geometrical coordinate interacting with its
environment by displacing the positions of the atoms around it. Therefore the interac-
tion potential depends on the position of the particle from the atoms in the environment
around it. To linear order in displacement one arrives at the Hamiltonian above. However

since we're considering a state space for the central system, which does not necessarily
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involve spatial coordinates, then we don’t describe the coupling as being dependent on
the central system coordinate, but instead dependent on the state a. In the original
spin-boson model for the TSS, the system is said to suddenly jump between positions
+qo/2, where the bath is coupled to these relative positions. This arises as a coupling
to goo. in the interaction term of the Hamiltonian. In fact, the original motivator for
Leggett et al. to work on the SB model was to apply it to the SQUID system where
the central system coordinate was the flux ¢ and not at all a geometrical coordinate
[93]. Nevertheless they used the coordinate gy throughout, along with that caveat. Here
instead I consider a coupling A, , which contains both the state dependence and bath
mode dependence.

In the limit of a large number of bath oscillators, where the frequencies w, are suffi-
ciently dense so as to form a continuous spectrum, it is appropriate to replace the discrete
sum in J,(w) by a continuous integral. In the low frequency limit of the spectral density

the spectral density takes the general form

Jo(w) = Amswswzl),;se*w/wc (2.7)

For s = 1 we have the Ohmic case, for s > 1 we are in the super-Ohmic regime. In the
latter case we see that the bath frequency is defined in relation to some characteristic
bath frequency wy, that fixes the dimensionality of the spectral density. The state de-
pendence is now contained within the parameter A, s, which will change depending on
the value of s and which I will define explicitly in the next sections.

A quantitative measure of the system-bath coupling strength usually used in the lit-
erature is the reorganisation energy A [84, 27, 94]. This describes the energy released by

the bath when relaxing to its equilibrium ground state [64].

A=l /Oo ) (2.8)

™ w

This parameter can be determined experimentally using spectroscopy [95] and is found
to be around A = 4meV [24, 26]. The justification for quantifying the coupling strength
with the measurable reoganisation energy is usually understood in the literature, by first
considering the case of zero tunnelling matrix element [56]. Then the chromophore re-
duces to the well known Independent-boson model [52], an exactly diagonalisable model,
which results in site energies shifted by the distortion of the local environment. Asso-
ciated with this deformation is the reorganisation energy, and the system-environment

coupling in this limit is clearly defined. Reintroducing small, but appreciable, tunnelling
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matrix elements is then assumed to leave the reoganisation energy picture of system-bath

couplings unaltered.

2.3.1 Ohmic damping: s =1

For the special case of Ohmic spectral densities, which will be one form of J(w) con-
sidered in this work, the damping in the system is independent of frequency [34, 29].
This situation is known to describe the environmental effects of conduction electrons in
solids [40, 96] and has been argued to model dissipative energy transfer mechanisms in
photosynthesis as well [42, 24, 27] (see also Section 2.3.4). In the Langevin equation this
corresponds to a frictional force proportional to the velocity of the path (hence the term
Ohmic) [61]. In the high temperature limit, the classical Langevin equation is recovered,
which describes a heavy Brownian particle immersed in a fluid of light particles [61]. In
this limit the power spectrum of the thermal fluctuations can be described by Johnson-
Nyquist noise [97], and thus is of Ohmic form. that In this case the spectral density takes

the form

Jo(w) = nawe /e (2.9)

which is valid for all frequencies much less than some cutoff frequency w.. As the spectral
density is a function of both the density of states of the bath modes as well as the state-
dependent system-bath coupling, the parameter 7, has an index corresponding to each
chromophore. This parameter therefore has units of Joule - seconds and is often referred
to as the viscosity coefficient [61]. At this point I can define a dimensionless coupling

constant

TN
L= 2o 2.10
Yo = (2.10)

which will be used in proceeding calculations.
The measured value of the dimensionless coupling constant is measured to be v = 0.22

for an Ohmic bath in the FMO complex [98]. The corresponding cut-off frequency was
found to be hw, = 21.1meV.

2.3.2 Super-Ohmic damping (acoustic phonons): s =3

For the case of s = 3 the spectral density is known as super-Ohmic. The physical

basis for a spectral density of this form can be realised in the coupling of the system to
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a 3-dimensional acoustic phonon bath [61, 31]. One can arrive at this cubic frequency
dependence with a system-bath coupling A, oc w, Y2 for elastic waves and a Debye density
of state Y 6(w — w,) o w?. Recall that, for low enough frequencies, it is assumed that
phonons still have a well defined wavevector for amorphous solids. Further summation
over the one longitudinal, and two transverse branches of the dispersion, results in a
spectral density to the 3rd order in w [99]. Therefore, for the low frequency distribution
of the bath, the spectral density takes the form

w3

Jo(W) = po—g-e /e (2.11)
w
Once again the coefficient p, has units of Joule - seconds. 1 can therefore define a

dimensionless coupling parameter that this time takes the form

_ Pa
Ca = % (2.12)

which is independent of the characteristic bath frequency wy,. Instead, we’ll see that
during the calculations in subsequent chapters, that I instead end up with a ratio of cut-off
frequency to characteristic phonon bath frequency in our expressions. The dimensionless
coupling constant and cut-off frequency were found to be {( = 0.31 and Aw. = 8.7TmeV
respectively [98].

It is worth briefly discussing the significance of phonons and super-Ohmic spectral
densities in the context of amorphous solids. Phonons are normally discussed in the
context of ordered lattices where there exists a well-defined translational symmetry. In
this case we can describe the distribution of phonon modes with a dispersion relation
according to a well-defined plane-wave excitation momentum. In disordered (amorphous)
solids, despite the lack of translational symmetry, low-frequency vibrational modes similar
to those of a crystalline lattice [100, 101] are present. This can be conceptually understood
by first considering an ordered lattice with a phonon dispersion. Introducing disorder
should affect the high-frequency modes first as the low-frequency modes do not ’see’ the
disorder due to their long wavelength. For higher, and higher disorders, we expect the
high frequency phonons to be scattered and only very low frequency modes to survive.

The environment of a chromophore is of course not an ordered lattice but an amorphous
one with some degree of disorder. Nevertheless it is clear that vibrational excitations
exist in such amorphous systems arising from the protein structure that surrounds each
chromophore [46, 102].
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2.3.3 Optical phonon damping with spectral broadening

For the case of optical phonons the spectral density contains just one frequency wy and
the zero-temperature spectral density includes just a delta function. However for realistic
applications we would like to add a small linewidth to simulate some damping by the

environment. In this case I choose a Gaussian lineshape

Ja(w) = Agexp [—%} (2.13)

with fullwidth-half-maximum £ and coupling strength A\, that determines the height of
the peak and has units of Joules. In this case the coupling strength A\, corresponds
directly to the coupling strength in the system-bath interaction part of the Hamiltonian
(see equation 2.5). The dimensionless coupling parameter in this case is

Ao

= 2.14
v thg ( )

where ¢ and w, have units of frequency.

Optical phonon peaks appearing in the structured spectra of the FMO complex, tend
to be relatively narrow and oscillate at very high frequency relative to the FMO system
tunnelling frequencies. Linewdiths are of the order A{ ~ 1 — 10meV, and oscillation
frequencies Awg ~ 50 — 250meV. This range of values describes narrow peaks centered at

relatively high energies.

2.3.4 Spectral density functions for light-harvesting molecules

Having introduced various general forms for spectral density functions, I now discuss their
application to the case of photosynthesis. Previous analytical approaches to modelling
chromophore dynamics have made various assumptions as to the nature of chromophore-
environment interactions. Approaches by Gilmore [41, 42, 43|, Ishizaki [21] and Cho
[103] have assumed a Debye-solvent approximation to the susceptibility function of the
environment. The resulting spectral density is of the Ohmic form with a Drude-Lorentz
regularisation [87], which has the same low-frequency behaviour as the overdamped Brow-
nian oscillator model [104, 105]. The Ohmic form for the spectral density describes a
heavy Brownian particle immersed in a fluid of relatively light particles [61]. The model
is linear in bath-mode-frequencies with a long-tail high frequency cut-off. For the case
of a Debye-solvent, the model assumes that the environment is a homogeneous dielectric
[41, 42] based upon the Onsager model of solvation [106, 107]. This combined with the
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Debye-solvent approximation models the dielectric solvent well, provided it is highly di-
lute [108].

While this model is useful in considering a specific microscopic model, of given so-
lute dimensions as well as solvent dielectrics, it is generally restricted to the class of
solvents and excludes any rigid protein structure in the environment. In either case one
would expect the influence of both acoustic and optical phonons to play a significant
role in chromophore dynamics. Nonetheless, light-harvesting molecules are suspended in
an aqueous solution and we expect the solvent to affect the solute dynamics as well as
possibly explaining why the Ohmic form for the spectral density has had some success
in modelling light-harvesting molecules [109, 110, 111].

Light-harvesting molecules are surrounded by a protein structure that contains a large
number of degrees of freedom. We are often interested in the response of the system to
the low-frequency portion of the spectrum and thus a super-Ohmic spectral density can
be employed. A number of studies on these systems have used a super-Ohmic spectral
density [112, 46, 113]. One can of course turn to experimentally determined spectra for
an understanding of the nature of system-environment interactions. An accurate de-
termination of the energetic structure and system-environment interactions present in a
complex system such as FMO is difficult. As a result, the general method of determining
these parameters is to perform complex fitting algorithms on experimentally determined
optical spectra, and various approximations have been proposed and implemented on
FMO.

One of the canonical works on FMO line-spectra calculations is that by Adolphs and
Renger [46]. They estimated the exciton-environment coupling based on the fluorescence
line-narrowing spectrum. The result was a spectral density of cubic form with a peak at
around 0.02eV and an exponential cut-off for high frequencies. Nalbach et al. extended
this to a w® frequency dependence as well as the inclusion of a single optical transition
peak. They found the inclusion of the peak to alter the exciton dynamics only slightly
[26]. Flemming’s group [21] calculated the exciton dynamics using a low-frequency Ohmic
approximation for the spectral function that relies on the Drude approximation for the
solvent environment [41]. Olbrich et al. [114] have calculated the spectral function based
on a combination of exponential and damped oscillations for the correlation function. The
resulting function is combination of a temperature-dependent function and Lorentzians.
The number of peaks corresponds to the number of terms included in their fitting func-
tions to experimental data. Depending on their algorithm, they find around 13 peaks

with various spectral weights.
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Figure 2.1: Spectral densities for the FMO trimer used
in studies by Ishizaki and Fleming [21], Cho et al. [103],
Adolphs and Renger [46], as well as Nalbach et al. [26].
Spectral densities fitted to experimental data by Olbrich
[114] also included, indicated by the lines ‘present - BChl
1-6’, ‘present - BChl 7’, ‘present - BChl 8’, corresponding
to the average over BChl molecules 1-6, 7 and 8 respec-
tively. The inset shows an enlarged energy and spectral
density range. Reprinted with permission from [114].

We see from Figure 2.1, where the results of the various approximation methods are com-
pared, that they differ not only in qualitative features, but also in magnitude. The studies
of Cho [103], Adolphs [46] and Ishizaki [21] assumed only low-frequency vibrational modes
of either Ohmic or super-Ohmic form. Nalbach [26] included a single internal vibrational
mode, evident by the single peak on top of the low-frequency distribution. However, the
most up-to-date study by Olbrich et al. [114] not only found many more optical phonon
transitions in the spectra, but found a much larger amplitude to the spectral density
across frequencies, especially for the outlying BChla molecules 7 and 8 that sit on the
peripheries of the FMO structure and are thus weakly bound. The core of the FMO
structure, comprised of BChla 1-6, which were the focus of the other studies, are more

relevant to compare. Olbrich et al. still finds an elevated amplitude across frequencies
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but less significant optical phonon transitions. This is with the exception, however, of a
strong peak at around 0.22eV. This peak has been attributed to several carbon-oxygen
and carbon-carbon bonds, present in the BChla molecules internal structure that vibrate
with similar frequencies [115, 114]. For low-energies below 0.01eV, Olbrich find system-
bath interactions approximately 2-3 times larger than other studies. In Table 2.1, two
optical phonon peaks are selected from the FMO spectra calculated by Olbrich [114],
corresponding to the 0.22eV peak and a lower frequency peak at 0.075eV. We see how
the dimensionless coupling parameter associated with these peaks is much less than one
which suggests a perturbative approach to modelling the system-bath dynamics with
these optical phonon peaks should be sufficient. This is done in Section 3.3. In the
interest of investigating the non-perturbative effect of optical phonon peaks on the FMO

dynamics, I also select peaks at 6,8 & 10meV

Optical phonons
v A(meV') g(meV) wo(meV)
0.003 35 12.5 220
0.004 12.5 ) 75
0.1 12.5 0.5 )

Table 2.1: FMO parameters for optical phonons charac-
terised by their peak height A, full-width-half-maximum
¢ and dimensionless coupling parameter v = A\¢/mw? in
units of meV. Taken from Olbrich et al. [114].

In the interest of clarity I've converted all the parameters to units of meV (N.B. Planck’s
constant in the above units is & = 658meV - fs).

For the acoustic phonons I take the FMO values determined from Jang and Mennucci
98], which provides an up-to-date, comprehensive review of fitted spectral functions for
the system-environment interactions in FMO. Here the spectral density function used is
of the form

3

J, = pa%e_w/“c (2.15)

where the corresponding dimensionless coupling is (, = 0.31 and cut-off frequency w. =
8.7TmeV.

For an Ohmic bath, the spectral density function used is of the form
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Jo = Nawe /e (2.16)

where the corresponding dimensionless coupling is 7, = 0.22 and cut-off frequency w, =
21.1meV.

2.4 The path-integral approach to modelling open-
quantum mechanical systems and the Feynman-

Vernon influence functional

When investigating how a quantum mechanical system interacts with its environment,
we are usually interested in tracking the degrees of freedom within the ‘central’ quantum
mechanical system under the influence of the degrees of freedom within the environment.
This ultimately means that the mathematical formalism I wish to work with must cast the
effects of the external system only in terms of the coordinates of the central system. This
way I can explore the free parameters of the central system of interest under the influence
of its environment without having to track every degree of freedom in the problem,
system-plus-environment at once. One of the most successful formalisms that achieves
this is that of the Feynman-Vernon influence functional approach [37]. The resulting
mathematical object that facilitates these calculations is known as the Feynman-Vernon
influence functional. This method allows us to consider an arbitrarily strong coupling to
the environment and retain ‘memory effects’, such that the system can feed energy to

the bath and experience feedback as well.

2.4.1 The path integral formalism of quantum mechanics

Central to this method of modelling open quantum systems is the path-integral approach
to quantum mechanics devised by Feynman [116]. When the formalism was introduced
in the mid-20th century it provided physicists with the understanding that a quantum
mechanical system can be thought of as exploring every possible path available to it,
with each path weighted by a phase factor. The overall probability amplitude for a given
process therefore amounts to integrating (or summing) over all possible paths the system
might take. The resulting functional integral can be thought of as a sum over possible
configurations of the system at each consecutive time. I briefly describe this concept

below due to its relevance to our calculations in subsequent chapters.
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Consider a time-independent Hamiltonian for a particle of mass M in a one-dimensional

potential V' (z), with coordinate x

2
D
H=T+V, T=_"— 2.17
’ 2M ( )

where p is the particle’s momentum. The solution of the Schrodinger equation can be

written in the form
V(1)) = e /N W (0)) (x|¥(t) = /dx'G(a:,t;x',t' =0) (2'|¥(0)),t >0 (2.18)

with the introduction of the propagator (or Greens function)

Gz, t;2',0) = (x| e H/M |2 (2.19)

Dividing the time interval into infinitely small pieces and utilising the Trotter product (see
Section 3.2 of [117]), which allows one to ignore the non-commutivity of the kinetic and

potential operators in the Hamiltonian, leads to the path integral form of the propagator

G(z,t;2',0) :/ Dax ' (2.20)
where
t MQS'Q
Sy = / dt —— -V (2.21)
0 2
is the classical action and
MN\
Dz = lim d:z:l...da:N1< , ) (2.22)
N—oo 2mit

is the Feynman path integral measure. We see from equation 2.20 how the problem of
calculating the Greens function for a system is reduced to ‘summing over all possible
paths’. In the case of our relatively simple system, where there are only a few degrees of
freedom in the central system, this functional integral amounts to the product of time
‘slices’, where we sum over all possible configurations of the system at each time slice.
Such a formalism for the transition amplitude involves a single path integral. In the
interest of modelling decoherence processes, one must consider a double path integral

formalism for the density matrix. For the isolated case, where there is no environment
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and just a central system, the two paths are independent. In realistic physical systems
we have an environment interacting with our ‘central system’ and this couples the two
paths. Therefore I must include some system-bath interaction term in the Hamiltonian
and then deal with all the degrees of freedom introduced to the problem with the bath.

The method I employ here to do so is the influence functional method.

2.4.2 The influence functional

I now include the environment by way of the influence functional method developed by
Feynman and Vernon [37]. This method would later see application to the spin-boson
model analysed by Leggett et al. [31]. Here I briefly summarise the technique.

Suppose that at time ¢ = 0 the system and environment are uncoupled and the en-
vironment is in thermal equilibrium. In this case the density matrix of the composite

system is in a product state

p(0) = ps(0) @ pe(0) (2.23)

where pg is the reduced density matrix for the central system and pg that of the envi-
ronment. It should be noted that this is of course a somewhat artificial situation but
nonetheless one that can bear direct experimental relevance to a system if it is initially
prepared in this state with sufficiently strong bias forces, which are subsequently switched
off at t = 0. It’s also worth noting, within the context of the applied model to photosyn-
thesis, that this initial condition has been argued to be valid [21]. Since the electronic
excitation process in EET corresponds to an excited (or ground) state prepared by pho-
toexcitation in accordance with the Franck-Condon transition, this factorised initial state
should be applicable. Incidentally the product initial state is the simplest starting point
for these kinds of calculations and so is utilised in this work. I therefore assume that
the system-bath coupling is suddenly switched on at ¢ = 0 and I consider the dynamics
of p(t),Vt > 0. Feynman and Vernon found the resulting form for the reduced density

matrix to be

ps(xy, o' t) = Z Kpy(xf, 25w, 235 0) p(24, 775 0)

T4, T

xf x’ .
Kpy(xp, o'y xs,2)5t) = / Dx/ fDx'eXp {% (Ss[z] — SS[:C’])} Fpylz,2']  (2.24)
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where Kpy is the propagating function determining the time evolution of the central
system under the influence of the bath. The object Fpy[z,2’] is the Feynman-Vernon
influence functional, which contains all the information about the bath as a function of
the central system coordinates xz,2’. Therefore the coordinates pertaining to the bath
variables are integrated out within the influence functional itself and we are left with
only the system coordinates as desired. One of the main results of the work of Feynman-
Vernon was to calculate the exact form of the influence functional for a bath of harmonic

oscillators coupled linearly to the central system. The result is

Fopys [x, x’] = exp{ — wih /th /tTds[ — L' (1 — s) (xa(T) + :l:'ﬁ(T)) (xﬁ,(s) — xf;(s))
(2.25)
+ L"(1 — s)(ma(T) — [E%(T)) (a:v(s) — xg(s))} } (2.26)

/

', represent the two paths of the density matrix that can visit each state in

where z,,x

the system [37, 61]. The full influence functional involves a sum over all possible paths

F =" Fass (2.27)
aByd
The bath correlators
L'(t—s)= / dwJ(w) sinw(r — s) (2.28)
0
Li(r—s) = / 4T (w) cos w(r — s) coth(Bhw/2) (2.29)
0

describe the time evolution of the bath, and contain the bath spectral density J(w). L'(t)
is related to the damping kernel in the classical Langevin equation [61] and physically
describes the coherent exchange of energy with the environment. L'(t) determines the loss
of phase coherence in the system due to fluctuations in the environment. It is convenient
to transform the double path integral over x and 2/, into a single path integral that visits
all the possible states. For this I define &, x to be the anti-symmetric and symmetric

paths respectively

Sap(t) = Ta(t) = 23(1),  Xas(t) = zalt) + 23(1) (2.30)
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The state £(t) represents the off-diagonal terms of the rotated density matrix—the quan-
tum coherences of the state between different positions. The state x(¢) indexes how far
down the diagonal of the density matrix we move and so tracks the incoherent hopping
of the system. So £(t) measures the difference in coordinates  — 2" and is zero whenever
the system is in a diagonal (onsite) state and vice versa for x. For a 3-site system, which

allows the values z, € {x1,x0, 22}, we have for the density matrix therefore

Pzi,x1 Prixo  Pxixs
P =\ Pzo,z1  Prxoxo Pzo,as (2.31)

Pzox1 Prazo  Pza,ze

Which is reparameterised in terms of the functions x, ¢ as

Px11,0  Pxio0.i0  Pxazséiz
P =1 Pxoreo1  Px00,0  Pxo2. 02 (2'32)

Px21,621 Px20.620  Px22,0
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Figure 2.2: An example of possible paths z,2’ €
{1,0,—1} for the general 3-site system and their
corresponding symmetric/anti-symmetric paths x €
{2,1,0,—1,-2}, € € {2,1,0, —1, —2}.

In Figure 2.2 we see an example of possible paths taken by z and x’ for a general 3-site
system and the corresponding symmetric and anti-symmetric paths y, &.
Substituting the symmetric and antisymmetric paths into the influence functional

gives

t T
Fusns x.6] = exp{ / dr / AS[20L/ (7 — 8)Xap(T)Era(s) — L'(7 — $)6as(T)Es(5)] }
v (2.33)
I assume here that the paths take the form of an instantaneous flip whereby the path
jumps between the available locations instantly. Assuming the system begins in a sojourn
state, and flips between successive sojourn states via blips in either transition |1) < |0)
or |2) «<» |0), I can parameterise the symmetric/anti-symmetric paths according to the

sudden-flip approximation [31]
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Xooll) = D57 (O~ ta) = Ot~ tasr) |, €as(t) = D0€7 Ot toj1) ~ Ot — 1)

Jj=1

(2.34)
This particular parameterisation in terms of the above combination of step functions
produces sojourns that live for even-times #9;1 — t2; and blips for odd-times to; — to;_;
N.b. I assume we start in a sojourn at ¢ = 0. This way, the system moves from sojourn-
blip-sojourn and so forth. We'll see below that the construction of the influence functional
is such that the effect of the bath is to suppress time spent in the blip states, i.e. the
coherent /off-diagonal states. And so in the classical limit, where the bath has fully
suppressed the blips, the system hops incoherently between sojourns i.e. diagonal states
within the system. Substituting into the influence functional and performing the integrals

gives

Fussld] = e { IS S - 2 (67) Gt - L 6]}
i=0 j=1 i=1 j=2
(2.35)

where I have defined the bath correlations A;; between blip-blip pairs {i,j} and blip-

sojourn correlations X;; between a sojourn at ¢ and a blip at j

— / / / /
Xij = Q90541 T Q2108 — Qoiok — Q212111
J— /A 1 " /A
Aij = Q2i,2j—1 + in—mk — woi2k T W2i—1,2k—1 (2-36)

where I have used the compact notation

Qi;=Qta — ;) Qf;=Q"(t:i —t;) (2.37)

and where

smw(t t') (2.38)

(— (1 —cosw(t —t")) coth(Bhw/2) (2.39)

- [
0- [
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So a sojourn at time interval ¢ can interact with a blip at j and a blip can interact with
itself as well as other blips.

It’s worth noting that the prescription to sum over all paths in the path integral
formalism involves an integration over each ‘time-slice’ as well as a sum over all the
possible blip and sojourn states that are available within each transition. The first term
in the influence functional represents interferences between sojourn-blip-sojourn paths,
i.e. paths that start in some sojourn, undergo a blip, and return to the same sojourn.
The second term is the self-interaction of the blips, so the same blip interacting with
itself. The third term is the interaction between different blips, therefore a blip at some
interval t; — ) in one transition can interact at a later time with another blip from either
transition.

The sojourns themselves represent the diagonal elements of the density matrix while
the blips represent the off-diagonal elements. Therefore one should think of the blips
as the coherences between states in the system. We see that the second term in the
influence functional serves to suppress the weight of these coherent paths. Physically,
this represents the bath ‘measuring’ the system and leading to the destruction of phase
coherence between paths through the system. The effect of the bath therefore is to induce
decoherence in the system, such that the paths eventually are restricted to the classical

case of hopping between discrete sites.

2.5 The noninteracting-blip approximation (NIBA)

The full influence functional as it stands includes all possible pairings of blips and so-
journs as well as blip-blip interactions. This means that all time-non-local interactions
are included such that a blip-sojourn/sojourn-sojourn interaction can occur for blips and
sojourns separated across the entire time domain. Not only does this include an inordi-
nate number of pairings for large number of flips n, but the exponentiation of these, in
the path integral formalism, creates all possible diagrams. Therefore in its general form,
the influence functional presents a formidable mathematical object to evaluate and some
approximations are required. In the interest of retaining a non-perturbative system-bath
coupling, one approach to truncating the number of processes is to consider a system
that dwells mostly in diagonal states of the density matrix. The system is still permitted
to occupy the off-diagonal elements, and therefore we retain those quantum coherence
effects; however, these excursions are infrequent and short-lived. This means that time-

non-local interactions between these off-diagonal states with each other are suppressed
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due to the fact that they are separated by large time-intervals, and the memory effects
introduced via the bath are lost. This amounts to the well-known noninteracting-blip
approximation (NIBA) [31].

The underlying assumption here is that the average time spent by the system in a
diagonal element (sojourn) of the density matrix (s) is much larger than that spent in
an off-diagonal element (blip) (b). This ultimately amounts to neglecting interactions
between different blips except for the self-interaction of blips. This leads to a strong
suppression of time spent in the off-diagonal terms of the density matrix as the bath is
rapidly measuring the state of the central system and forcing it back to diagonal states.
For the 3-site-system of interest, this mathematically corresponds to considering only the

interaction between diagonal states x11, 22, Xoo and off-diagonal blips &;q, &29.

610 & E20
£ — 2 €
1 £, — )
A
g, _s

0

Figure 2.3: Diagrammatic depiction of possible co-
herent states (blips) permitted in 3-site-V model under
NIBA. &0 represents a wavefunction overlapping with
states |1) and |0), while &;o represents an overlap with
|2) and |0)

To see this we first inspect the term involving the bath correlator @’'(t — t') in equation
2.39. In the influence functional, this term appears in the part involving sojourn-blip
interactions. Upon inspection we see that the full function X;; that contains all the bath
correlators (), reduces to just the single term @’ (t2; — t2;-1), in the limit of (b)/(s) — 0
as the length of sojourns dominates. Terms that involve interactions between blips and
sojourns and are not nearest-neighbours in time, contain arguments that are very large
and they become rapidly oscillating functions. By the Riemann-Lebesgue lemma these

terms go to zero with the integral over w

/ dw J(c;) sinw(1) >0 as |7 = o0 (2.40)
0 w
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The blip-blip interactions are handled in a less direct way within NIBA. The third term
in equation 2.35 represents the interaction of non-time-local blips, and for this to be
neglected, the blip-blip-propagators contained in A;; V5 # k must all be much less than
the blip-sojourn propagators contained in X ;_; as well as the blip-self-interaction term

This amounts to minimising the ratio

Q"(s) + )
) (241)

where (s), (b) are the average sojourn and blip times respectively. Q" (s) + (b)) contains

containing Q7 ; ;.

as its argument the time between nearest-neighbour blips, separated by the sojourn
interval. In order to better understand this part of NIBA, I pre-emptively quote the
forms of the bath correlators @Q'(t),@"(t) for an Ohmic spectral density so that I can
justify the approximation in the appropriate regime. The Ohmic form of the correlators
are [31]

Q'(t) = arctan(wct) (2.42)

h t
Q'(t) == ln(l + w?t?) + In [—ﬂ sinh (26)} (2.43)
The length of a sojourn is of the order 1/A and if one considers timescales in the problem
we/A > 1, then the blip-sojourn propagator @'((s)) = arctan(w./A) ~ 7/2. In the limit
of (s) > (b), the argument of the blip-blip-propagator term, which contains non-local

interactions between blips, vanishes, i.e.

lim Ay — 0 2.44
j
(8)>>(b)

This is because the propagators in A;; involve non-local blip-blip interactions whose
time arguments are of the order of (s) + (b) ~ (s) and therefore cancel. In Figure
2.4 we see a graphical representation of the nearest-neighbor contribution to the term
DY i1 &\, where the four propagators lines correspond to the four terms in

the equation

A =Q"(ts —t) + Q"(ts —t2) — Q"(ts — t2) — Q"(ts — t1) (2.45)

and all the terms in this function cancel when the resolution of the blips (b) vanishes.
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Figure 2.4: Diagrammatic representation of the in-
teraction terms contributing to the blip-blip interaction
propagators Aj;. The contribution depicted is a nearest-
neighbor interaction of blips.

In summary, NIBA amounts to setting the factors Q; ; to zero for j # i — 1 such that
we're just left with @5, | = Q'(ty; — t2;-1). 1 also set all Q; equal to zero as they
represent blip-blip interactions.

As it stands, the full density matrix in equation 2.32 presents a fairly formidable
combinatorics problem in terms of the possible paths that can be tracked through it.
Since in NIBA we are permitted to spend only one time interval in an off-diagonal state
of the density matrix, this greatly reduces the number of possible paths. In this case the
states &12, 21 become inaccessible and the intermediate states 10, X20, X12 are neglected

as well.

Pxi1 Péio 0
P="1 Psor Pxoo Péoz (2.46)
0 Péa  Pxaz

So the blips and sojourns for the 3-site-V system within NIBA can take on the values

£ap € {&10:620},  Xap € {X11, X00, X22} (2.47)

Having established that NIBA corresponds to the situation where (s) > (b), it is prudent
to ask in what regions of the parameter space of the system is it valid. A general central

system of interest can be parametrised by bias energy ¢, tunnelling energy A, temperature
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kgT and system-environment coupling A. The first intuitive limit to consider, which is
most applicable to this thesis, is where € > A. In this limit, one intuitively expects the
system to spend more time in the diagonal elements of the density matrix as opposed
to the off-diagonal elements. This can be appreciated as the limit where the central
system is best described in the site basis as opposed to the eigenstate basis. In the latter
case, where tunnelling energies dominate, states are hybridised and one would expect
the system to spend relatively long time intervals in off-diagonal elements of the density
matrix. However, NIBA is known to be applicable in other areas of the parameter space
and is worth commenting on there.

When the bias energy is not necessarily large, long blips are known to be suppressed
at long times in conjunction with large damping and/or high temperatures for Ohmic
baths. Incidentally both of these criteria are actually met in this thesis when Ohmic
baths are considered, indeed they are necessary assumptions to achieve analytic solutions.
For super-Ohmic spectral densities, blip-blip interactions tend to be suppressed relative
to intrablip interactions for large temperatures, and the NIBA condition is met [61].
Finally, for zero bias, NIBA is also known to be valid in the limit of weak system-bath
coupling such that only one-phonon processes need be considered [31]. In fact it is exact
in this limit, and can be used to evaluate the bath correlation functions when applying

perturbation theory in the system-environment interaction.

2.6 Validity of NIBA: a quantitative measure

I established in the preceding section that the condition that must be met in order to
ignore the time-non-local blip-sojourn and sojourn-sojourn interactions in the influence
functional is (s) > (b). How this condition is met depends upon the various parameters
in the model, as discussed above, and will change depending on the limits I inspect.
In order to quantify the validity of NIBA in each limit more precisely, I outline the
mathematical condition that applies. As the influence functional contains all the bath
parameters, including the system-bath coupling, it dictates the nature of the blips and
sojourns in the system. I am interested specifically in the average length of a blip (b), and
I can extract this quantity from a consideration of the various moments to the probability
distribution that the influence functional represents. To see this I first expand the general

influence functional in a power series about A = 0

F\) =F+FA+ .. (2.48)
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where

. .
Fy=lm F(\), F=lm-cF(\) (2.49)

The first term, Fp, in the expansion represents the purely incoherent decay rate from the
system and the ratio, Fy/Fy = (b), is the first moment of the system. To see this, recall
that the expansion of the moment-generating function of a random variable X is

2 . d"Mx

Mx(t) :1—|—m1t+m25+..., mn:}tg% dtn

(2.50)

where m,, is the nth moment. We further recall that the term in the influence functional
that’s a function of Q"(t), controls the width of the blips. Therefore, aside from the
additional cosine terms coming from the tunneling matrix element renormalisation, the
first moment of the influence functional tells us the average blip width (b). NIBA is valid
when (b)/(s) = F} < 1 since (s) = 1/Fy [31].

I have outlined above a prescription for calculating the mathematical condition for
which NIBA is valid. This means that for a given central system, with certain spectral
density function for the environment, one can calculate the quantity F; and inspect the
regimes in which it is minimised for the various parameters in the model. In subsequent
chapters I will perform this calculation explicitly each time NIBA is invoked. For the
case of photosynthesis, I have already identified the values of all the relevant parameters,

which means a calculation of F} will result in a final number for inspection.
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Chapter 3

Limiting and perturbative analysis

of the 3-site-boson model

Before entering into the full, non-perturbative calculations of the 3-site system plus os-
cillator bath, I first inspect some of the limiting cases of the model so as to better
understand the system. To the same end I also then look at the inclusion of certain

parameters perturbatively.

3.1 The central 3-site system

The first case that I look at in detail is that of the ‘bare’ 3-site system which comprises
the central system of interest. It is described as ‘bare’ as I exclude the oscillator bath for

now.

3.1.1 The 3-site-V configuration and population trapping

It is well understood that the addition of a perturbation to the degenerate two state
system (with no coupling between states) , gives rise to an avoided crossing in the energy
dispersion diagram. This is often discussed in terms of lowered energy eigenstates and
thus more stable configurations in chemical physics [118], level repulsion and tunnelling.
The fact that the eigenenergy dispersion lines avoid any crossing reflects the fact that
an excitation in the system can tunnel between the available eigenstates. This is due to
the introduction of a potential energy term that is present even if the states are brought
into resonance at zero energy. In certain configurations of 3-level systems; however, the

situation is more interesting. Let us consider the Hamiltonian
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€+ ) Al[) 0
Hy=1 A 0 Ay (3.1)
0 AQO €—0

which describes a 3-site system with the zero energy set at the second site, two different
couplings and some detuning between the upper levels. I'll refer to this configuration as
a V-system [86, 119]. Finding the eigenvalue expressions for the general case of § # 0
requires solving a cubic equation and produces long, unilluminating expressions. If we

set 6 = 0 however, one can easily find the eigenenergies to be

1
Ay = B <6 + \/62 +4(A%, + A%O)), Ao =€ (3.2)

With 6 # 0, a cubic polynomial provides the energies, the exact expressions of which I've
chosen not to include here due to their lengthy nature; however, I've included them in

Appendix C.
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Figure 3.1: Eigenvalues A\g(red), Ay (blue), A_(orange),
as a function of (a) bias energy € for the tuned system
where € = € — §/2,e3 = € + /2, (b) tunnelling matrix
element separation A where Ajg = —A/2,Agyy = A/2,
(c) detuning § where Ajg = 0.5, Agg = 0.5, (d) detuning
6 where A1g = 0.5, Agp = 1 . In units of e.

We see that the avoided crossing between the two eigenergies \; o is equal to 4(A3,+A3,)
but there also exists an eigenenergy Ay with a linear dispersion. Considering that one
could always make a shift in the zero energy, let us refer to this state as the zero energy, a
concept often discussed within the field of quantum optics in terms of 2-photon resonance
of dressed states [120]. This represents an anti-symmetric coherent superposition of the

upper two states with eigenvector

1
VAL + A3

and for completeness I will also include the symmetric combination, often referred to as
the ‘bright state’

§=0: |D)= (A20|1) —A10|2>) (3.3)

o4



5=0: |B) :;<A10|1>+A20|2>) (3.4)

VAL + A
The reason this has been ascribed the population trapping state (or dark state) moniker
is because even if one considers some decay mode out of the ground state |0), the state
|D) never actually ‘sees’ this decay mode. In other words, as equation 3.3 contains no
overlap with the lower-decaying site, any excitation propagating through the system that
enters in to this state will remain there. From equation 3.3 we see that, if we start the
system of in one of the upper states, for e.g. state |1), then the final long-time population

left in the system after |£) have decayed, is the overlap of state |1) with the dark-state
1
L \2
A
L+ (5)

We see that the ‘trapped’ population is maximised for Ajg = Agp.

[ (1[D) " = (3:5)

As is the case with the 2-level system, the ratio of the tunnelling elements to bias
energies A/e describes the general nature of the dynamics. If this ratio is small, then the
eigenstates are small deviations from the basis states |a). In the opposite limit, where
the bias energies go to zero, the eigenstates are mixtures of the basis states in the system.

The resulting eigenstates include the dark-state |D) included above as well as the states

1
VAL + A% + N
In equation 3.6 one notices the link between |+) and the bright-state |B). While the

bright-state is not an eigenstate of the 3-site-V-system, it is an eigenstate of the unbiased

k)

(A0 [1) = Ny [0) + Az [2) ) (3.6)

2-level system. As |D) remains unchanged upon the introduction of a 3rd state (|0)) and
a bias energy e, it’s the bright state that must split into |[£) becoming a mixture of the
basis states of the 3-basis-states. While in the limit ¢/A < 1, it would be appropriate
to cast the 3-site-boson Hamiltonian in the eigenstate basis {|D),|+),|—)} and solve
the system from there. However because we’re mostly concerned with the opposite limit,

¢/A > 1, in the application to photosynthesis, we therefore remain in the state basis.

3.1.2 A path-integral formalism for the bare 3-site system

I now develop the path-integral formalism for the bare 3-site system—the isolated central

3-site system without any environment—by first calculating the transition amplitude, or
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Greens function [121]. This will form the basis of my analysis using the path integral for-
malism to include the system-bath coupling both perturbatively and non-perturbatively.
As discussed in Section 2.4.1, the bare amplitudes in the Hamiltonian formalism can
be related to the transition amplitudes for the bare system in the path integral formalism

61] by ]
Alos, 04 = / ' Dol = (g,| e=Hot/h |5, (3.7)

and then for an unbiased system I rewrite the exponential as an infinite sum

(0.9] . 7Y

B (—iHot/h)"

<O'f|€ 1Hot ’0‘1> = <O'f| (ZT ’0'1> (38)
n=0

where I've been careful to identify the fact that Hy is in fact an operator. Therefore I've

avoided the power series expansion in terms of individual terms within the Hamiltonian

due to the non-commutativity of the constituent operators e+ # etef for [A, B] # 0.

Instead we inspect the even and odd power contributions to equation 3.8,

2n—|—

n=0 n=

A[O‘f,O'i;t] _ <Uf| (Z <—ZHOt/h i Z —ZHOt/h) n+ > |0z> (39)

I find

- A2 g A2 it (I R G AT
Alog,iit] = (o] | 143 (AlgA5)" s (Ho) +Z Al + )" Hy | |o)

(2n +1)!
(3.10)
where for the unbiased system
0 Ayp O A2, 0 ASTIVADY
Hy=|Aw 0 Ay, (Hy)*= 0 A2, + A2, 0 (3.11)
0 Ay O JANTYAD 0 A2,

The bare amplitude can then be rewritten as an infinite series of products of time-

intervals. For the Aj; () element this reads

t ton to
Apt) =1+A OZ (—i)?" (A3, + A3, "—1/dt2n/ dt%_l.../ dt, (3.12)
0 0 0

Once I consider the full system, including the effects of the bath by way of the influence
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functional, I'll proceed with the analysis by way of taking Laplace transforms. Here I
preemptively take the Laplace transform of 3.12 and also check the method against a

simple matrix inversion to calculate the Greens function

1 00 . t ton t2
A\ = 3 +A§OZ(—Z)2"(A§O+A§O)"*1$ Uodtzn/o dt2n1.../0 dtl} (3.13)
n=1
which yields
1 - N\ 2n n—1 1
An(V) =+ A% Y (=) (A +A%)" (3.14)
n=1
and the summation can be performed to give
An(N) = 20 3.15
WS + A% 1)
The inverse-Laplace transform yields the dynamics
A3, + A%, cos ( A2+ A%Ot>
Apn(t) = (3.16)

Al + A
It’s worth remarking at this point that the (A%,+A32,)""! term arises due to the ambiguity
as to whether the system flips in either branch. This is where we pick up the above
superposition of A2, and A%, terms due to the summation over both outcomes, n — 1
times, until we reach the final state.
To check our result here we can compare to the calculation of the bare 3-site Greens

function by simple matrix inversion

Ay (M) = (0] (ﬁ) 10%) (3.17)

where the A11()\) element is given by

A —iAQO

AN = |—iA A —1A
11() 1410 1090 A A\

0 —iAQO A

A —’iAlo 0
‘ (3.18)

which does indeed give equation 3.15 confirming the above formulation of the 3-site path
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integral.
The simplest case, which is useful to note here for future calculations, is the ground-

state propagator

A00(>\) =

> =

(%) t ton to
S (i)P(A2 + A2 [ / dtsn / Ao 1... / dtl] (3.19)
— 0 0 0

which gives

A
24 (A% + A3

Ago(N) (3.20)

and

Ago(t) = cos (Mt) (3.21)

Now I would like to complete the bare-system by adding the biases ¢; and e;. The
introduction of the kinetic energy term is using the Suzuki-Trotter decomposition of the
propagator [117]. The simplest way to proceed is to add the appropriate bias terms to

equation 3.13 and explain the physical basis for each term

ton

1 - ! .
A\ = - + A3, § (—i)2"$[ /0 dto, e~ e (t=t2n) /0 dton—1
n=1

A+ ie

ton—1 ) ) ton—2 t2 )
/ dta, o (Aioeflel(t2n71*t2n72) + A%067162(t2n71*t2n72)) / dtop_3... / dtlelq(tztl)}
0 0 0

(3.22)

The first term represents the free-particle Greens function: the transition amplitude for
the system to remain in state |1) stipulated by the initial conditions. The second term,
which contains all higher order processes, begins with a transition matrix element A%,
coming from the initial and final conditions. The system starts and ends in state |1),
therefore with one or more flips in the system, there will at least be two coming from
the left branch so as to bring the system back again. So we see that the n = 1 term
satisfies this condition, and only contains the propagator for state |1) integrated over one
intermediate time interval that lets the system sit in state |0) for some time (weighted
by unity since ¢y = 0) and then return to |1). All higher order terms contain n — 1 of

the superposition (A%jexp|[—e1(tan_1 — ton_2)] + AZgexp|—€a(tan_1 — tan_2)]). This comes
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from the fact that whenever the system enters the lower site |0), it has the option to either
subsequently flip in either branch. We also see that there will be n contributions from
the number of times the system visits site |3), which will show up as a 1/\" term in the
Laplace transform. A sum over all possible paths will include any combination of these
processes, i.e. the system should be allowed to propagate as many times as it likes in
either branch and with any possible combination of flips in both branches. Computing

the Laplace transform I find

A () =

2 n—1
Ay Ay 1
— 3.23
)\—l—ze 102 ()\+161> (>\+i€1+)\+i62) A (3:23)

and computing the series summation then gives

A+ i6y) + A2,
AN+ i) (A +iea) + (A +ie1) A3y + (A + iea) A%,

For the case where the upper two levels are ‘tuned’ such that e€; = €5, the transition

An(A) = (3.24)

amplitude can be inverse Laplace transformed to give

2 2
Ao + Ao VALY, + 4A20 + € (\/4A%0 + 473, + € + €>
9A2 e3ity/ 10T +1AG T i
\/4A10+4A 0+€2 <\/4A 0—|—4A20—|—€2 —E)

AH (t) —

" (3.25)

Once again we can check this result against a simple matrix inversion which does indeed
produce equation 3.24, confirming our procedure for the biased case as well.

I similarly calculate the ground state propagator

JR— A? AZ\" 1
A - . 10 20 92
00 )\ g Z (/\ + iEl * A + ’iEQ Antl (3 6)
which yields

()\ + 261)()\ + 'éez)
A +ier) (A +ieg) + (A +ie1) A% + (N +iex) A

Aw(N) = (3.27)
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3.1.3 Population trapping in a 3-site-V system

In this section I would like to demonstrate the phenomenon of population trapping in
the dynamics of the 3-site-V system. The simplest way to do this, is by considering a
decay channel coupled only to the ground state |3) that manifests from an environment
with a white-noise spectrum [61]. This represents a form of irreversible decay [120] from

the system. For this, the Greens function is

A+ )X +ieg) + A2,
A+ D) A+ ier) (A +iez) + (A4 ier) A3y + (A + ieg) A%,

and the configuration with the introduction of the sink is depicted in Figure 3.2

81 ——
A
A\ 20
T — €

An(A) = (3.28)

&

0

r

Reaction Center

Figure 3.2: Diagrammatric representation of 3-site-V
model coupled to a sink via an irreversible decay channel
from the ground state

As before I calculate the inverse-Laplace transform to find the time-domain amplitude.

Then the probability to start and return to site one can be calculated from

Pii(t) = K11,11(t) p11(0) (3.29)

where the density matrix propagator is

K (t) = AL (1) An () (3.30)
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Figure 3.3: Return probability to site 1: Pii(t), as a
function of time for tuned (red) and detuned (blue) cases.
In units of ¢ = 1. €2 = 1.5¢1(blue), ea = €¢; = 1(red).
(a): I'= 0.1, AlO = 05, AQO = 03, (b) I'= 0.1, AlO =
1,A20 = 0.8, (C)Z I = 0.17 Al() = 0.5,A20 = 0.5, (d)
I = 0.5, AlO = O.Q,AQO = 0.1, (e): I = 0.5, AlO ==
O.I,AQO = 0.1, (f) I'= 05, AIO = 1,A20 =0.1

In Figure 3.3 we see the return probabilities to site 1 for various areas of the parameter
space. The blue line corresponds to the detuned system with a 6 = 0.25 and the red lines

the tuned case with § = 0. The irreversible decay from state 0 is quantified in the rate I'.
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For the underdamped case, where I' is sufficiently small to permit the system to execute
various cycles, we see damped coherent oscillations in the dynamics. The beat signals
characteristic of the two interfering frequencies in the 3-site system are present in the
underdamped case and visible for a few cycles (see Figures 3.3b and 3.3c). However the
beats are evidently suppressed after a few cycles. Population trapping is visible in the
underdamped cases with the tuned (red) lines maintaining some asymptotic occupation
probability for long times, while the detuned case (blue), decays eventually.

The efficacy of the population trapping effect is evident even in the overdamped case
(see Figures 3.3d and 3.3e), where the system is unable to even complete one cycle in the
detuned case, while the tuned case makes it through about one cycle before settling in
to the ‘dark state’. Furthermore we see the effect of tuned tunnelling matrix elements on
the dynamics. In the underdamped case, Figure 3.3b, demonstrates the complimentary
effect that the tuning of the tunneling energy has on population trapping. We see that it
leaves the tuned system with increased occupation probability at long times. This effect
is also clearly visible in the overdamped regime too (see Figure 3.3d). We can also see
the destruction of the dark-state properties of the system when the second tunnelling
matrix element Ay of the system is too small relative to the decay I' out of site-3, and
the system is unable to enter into dark-state. Here we see that the long-time population
decays to zero in a similar fashion to the 2-state system where population trapping is

absent.
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Figure 3.4: Return probability to ground state |0):
Pyo(t), as a function of time for tuned (red) and detuned
(blue) cases. In units of €7 = 1. €2 = 1.5¢1(blue),eq =
€1 = l(red). (a): I = 0.1, AlO = 05, AQO = 03,
(b): I = 0.1, AlO = 1,A20 = 0.8, (C): I = 0.1,
AlO = 0.5,A20 = 05, (d) I'= 05, AlO = 0.2,A20 = 0.1,
(e): I = 0.5, Alg = 0.1,A20 = 0.1, (f) I' = 0.5,
AIO = 1,A20 =0.1

In Figure 3.4 I calculate the ground-state dynamics Pyo(t) for the same parameters as

the Pj1(t) dynamics of Figure 3.3. We immediately notice how the ground state is

63



unaffected by the dark-state occupancy, considering that it has no overlap with |D).
The tuned biases do however introduce a phase-shift in the dynamics as can be seen in
Figures 3.4a,3.4b, 3.4c. In accordance with this, the dynamics decay faster, and coherent
oscillations persist for shorter times. Coherent oscillations are entirely washed out for a
strong ground-state-decay rate relative to the tunnelling matrix elements, and we are in
the fully incoherent regime.

The other limit of interest within the biased regime is that of small bias relative to
tunnelling matrix element. In this regime we expect the tunnelling terms to dominate,
such that we observe strong coherent oscillations persisting as well as beat frequencies

arising from the interference of the two branches.
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Figure 3.5: Return probability to state |1): Pi1(t), as
a function of time for tuned biases (red) and detuned
biases (blue), as well as tuned tunnelling (green) and
detuned tunnelling (purple), in the small bias regime.
€2 = 0.2,¢1 = 0.1 (blue), €2 = €1 = 0.1(red). (a): I' = 0.1,
At =1, Agg = 0.8, (b): T' = 0.01, Agg = 1,A90 = 0.8,
(C)Z I = 0.5, AIO = 1,A20 = 0.8, (d) I = 0.5,
AlO = O.Q,AQO = 0.1, (e): I'= 0.1, Al() == 1,A20 =0.8
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Figure 3.6: Return probability to site 1 for unbiased
system. A9 = 1, Ay = 0.5 (purple), A =1, Agyy =
1(green). (a): ' =0.1, (b): ' =0.5

We see from the unbiased plots in Figure 3.6 the presence of the zero energy ‘dark-state’
eigenvalue A = 0 in the long-time population trapping. The effect of tuning the transition
matrix elements to aid in population trapping is also evident even in the case of strong
dissipation.

From the perspective of population trapping, it is instructive to investigate the long

time dynamics Pjq(t — 00).
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Figure 3.7: Return probability to site 1 at t — oo:
Py1(00), as a function of detuning § = €; — €3. Ajg =
Agy = 0.1, e = 1 (a) I' = 0 (Bath off) (b) Dark-state
peak for various decay rates

For the case of zero-decay rate to the reservoir 3.7a, we see how the detuning parameter
0 introduces a phase shift in the dynamics. In the incoherent regime, with non-zero

decay to the reservoir, we see the effect that continuously varying the detuning has on
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Py, for long times. For large detuning, again we see how for large level asymmetry (large
detuning), the system fails to leave |1). This is symptomatic of a large level-spacing
leading to localisation and not population trapping. For small detuning, the system is
well within the parameter regime for the 3-site model. For small, but non-zero 9§, the
system is depleted due to I' and there is no state 1 population for long times. For § — 0
however, the system enters in to the dark state and population remains for long times,

indicated by the peak in Figure 3.7a.
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Figure 3.8: Long time return probability Pj;(c0) to site
1VSA102 A20:A20:0.1,€:1; (a)6:1 (b)5:0

3.2 Weak system-bath coupling regime for the 3-

site-V system

If the system bath couplings are small then I can perform perturbation theory in the
ratio ua, = Ao/w,. Here I apply the Lang-Firsov polaron transformation [52] to the
bare 3-site Hamiltonian coupled diagonally to an oscillator bath, which decouples the
central system from the bath. To do this I define the unitary operator U = e°, where
S = =3 ag Uag(by — bl) |} (el and uaq = Aag/w, such that H — UHU" = eSHe .
Physically, this represents the shifting of the boson cloud to its new equilibrium position.
So S can be thought of as a shift operator, for the diagonal system-bath interaction.

Applying this transformation, and using the Baker-Campbell-Hausdorff formula, yields
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1 = e [1)(1] + 2 [2)(2] + o [0){0
+ Duo( [1)(0] Buo + [0)(1] Bor ) + Ao 12)(0] Bao +10)(21 Boo) + Hp  (331)

where Bag = exp (¢ — 05), ¢a = 2., Uaq(by — ) and a constant (—1) 3-_ UagAaq [a) (]
has also been dropped in H such that the zero energy has been shifted accordingly®.
Since the bath is decoupled from the central system via the polaron transformation, I

can calculate the ground-state density matrix propagator of H via

Kooo(t) = (Aoo(t) Ao (t)) (3.32)

where the statistical average is over the bath coordinates and I assume that the initial
density matrix components for the bath and central system factorise at t = 0 such that
p(0) = ps(0) ® pp(0). Since the transformation has decoupled the bath from the central
system, I can infer the transition amplitude A(t) for the transformed Hamiltonian H,
from the form determined in Section 3.1.2. Now each tunneling matrix element also
contains a corresponding term B,p that shifts the boson cloud as well. I present the

form for the unbiased transformed Greens function here for brevity

o0 t ton
Ag(t) =1+ Z(—i)2n/dt2n/ dton—1 [A%on(hn)BM(tznq) + A3y Bao(tan) Boa(tan—1)
n=1 0 0

[2)
X ... / dty [A%OBN(@)BM(@)+A§0320(t2)302(t1) (3.33)
0

Therefore the ground-state-density-matrix propagator is

t to
Kooo(t) = <1 — /dtz/ dt; [kw(thb) + k20(t1,t2)]
0 0
t tq t3 to
+/dt4/ dt3/ dtQ/ dt, |:k10(t17t2)k10<t37t4)+k10(t17t2>k20<t3>t4>
0 0 0 0

+ kgo(tl, tz)klo(tg, t4) + kgo(tl, tg)kgg(tg, t4)] + > (334)
B

'T can rewrite the shift operators in terms of the momentum operator ¢ = Y- (ZaCq/mqw] )P Where
we can see more explicitly how the transformation serves to displace the oscillators about the distance
ZTo — X, corresponding to the separation between wells
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where the kernels

2

A
kas(t,8) = =2 | Bas(t) Bsalt) + Baa(t) Bas (¥ (3.35)

describe the ‘blips’ in the system, in the language of the spin-boson model. The terms
B,s(t) are the shift operators for the bath modes. They move the bosons between the
potential minima in the system and are dependent on the system-bath coupling, and the
temperature of the bath.

The statistical average over the bath modes leads to the coupled-bath correlation
functions containing the coupled-boson propagator, which I introduce shortly. We see
that in the general case of equation 3.34 above, where blip interactions can be long range
in time, that we have all higher order combinations of blip-blip interactions in the full
summation. Since we're operating in the weak-coupling limit, and the shift operators
B,s(t) are functions of the dimensionless coupling parameter u,,, we can partially sum
this series by only including the zeroth order blip interaction, i.e. the self-interaction
of the blip. Blip-blip interactions contain terms that are higher order in wu,, and are
therefore neglected. All of this is suggestive of a physical description of the situation
that involves the bath rapidly measuring the state of the system and thereby suppressing
coherent states within it. A blip—as discussed in the context of the spin-boson model—-
represents an off-diagonal excursion within the reduced density matrix of the central
system. In the current formalism it takes the equivalent form of a tunnelling process
(back and forth between wells) that interacts with the bath along the way. With this in

mind the partial re-summation is

B 00 t ton ton—1
Koooo(t) =1+ Z(—i)%/dtgn/ dton—1 <210<t2n7t2n—1) + 220<t2n7t2n—1)> / dton—o
0 0 0

=1

7;3 to
X ... / dtg / dtl (Elo(tg, tl) + Ego(tg, t1)> (336)
0 0

where

A? ‘ , - ,
Eaﬁ(t; t/) _ Taﬂ [efz(eafq;)(tft )/h<Baﬁ(t)B,Ba(tl)>B + ez(eafeg)(tft )/h<Bﬁa(t>Baﬁ<t/)>Bi|
(337)

and the bias terms have been reintroduced. Since I have decoupled the bath from the
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central system, what I have here is a similar situation to the bare-3-site model of Section
3.1.2. The system can flip in either transition and return to the ground state each time,
but now each time the system flips, it displaces the bath and drags a ‘cloud’ of bosons
with it. This is accounted for by the averages (Bag(t)Bags(t')) which displace the boson-
cloud to site a at time ¢ and then back to site 5 at time ¢. The bath correlator (¢, t)
includes both the forwards and backwards paths due to the density matrix formalism.
Implicit in the analysis so far is the assumption that bath correlations die off for long
times, which is why I have only included nearest-neighbour-bath correlations. This is
equivalent to the application of NIBA [99]. I will also investigate the regions of validity
of this approximation later on in this chapter. Computing the Laplace transforms to

solve the system yields

. I N no1
RanooN) = 5 + 307 (00 + S0 5 (3.38)
n=1
where the self-energies are
Yas(t,t') = AZB(]Bag>(]B5a> cos [(ea —eg)(t — t’)/ﬁ} ePest=t) (3.39)

and (B,s) give rise to the Debye-Waller factor that renormalises the tunnelling energy
(199]) Aup = Ausy/Bas)(Bpay. This term represents the adiabatic renormalisation of
the tunnelling energy due to high-frequency bath modes much greater than the tunnelling
frequency. The bath correlations are contained in the second, exponential term, whose
expansion contains all possible diagrams of electron-boson interaction. The phase factor

is given by the well-known coupled phonon propagator [52]

Pas(t) = D (ttag = s)? |mg (1= €1) + (1 mg) (1= ™) | (3.40)

q
with the Bose occupation numbers n, = (¢ — 1)~! and the dimensionless coupling

parameter Uy, = Aaq/wg. In Appendix B I show how in the continuum limit, the phase

is equivalent to

os(t) = % /0 " Jazg‘”) [isin(wt) — (1~ cos(wt)) coth(hw/2)| (3.41)
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For weak system-bath interaction u,, < 1, the Ist-order expansion of the self-energy in

terms of the phase ¢, gives

Yap(t) ~ Aif,(cos [(ea — €a)t/R] (1 + QDag(t)> (3.42)

Absorbing the bias term into the phase, such that

Sap(t) = A2 ((cos [(a = 5)t/R] + Gaslt,ca — 5)) (3.43)

where

Pap(ts €a — €g) = cos [(ea — €5)t/h]ap(t) (3.44)

The Laplace-transformed self-energy is therefore

~ 2\
Yas(A) = A? as( A, €0 — 3.45
5(A) QB<A2+[(%_EB>/W+¢ s(\ € eﬁ)> (3.45)
and the biased ground-state propagator becomes

1
T (SN F (V)

Equation 3.46 has a formidable pole structure in the arbitrary bias regime €; # €5. In the

f(oo;oo(k)

(3.46)

interest of producing tractable analytic results here, I inspect the case of tuned biases
€, = €3 = ¢, with the ground state ¢y = 0. In this case the pole structure produces a pole

at A = 0 and solutions to the cubic polynomial

N+ XD\ + AE? + €D(N) =0 (3.47)

where

(A) = Afgpio(A, €) + Agpa0(X, €)
E=Ve+02 Q=A% +A% (3.48)

N.B. when the bath couplings are zero (or equal), the bath decouples from the central
system and the phase factors go to zero. In this limit I recover the Laplace-transformed

dynamics for the bare-site system of equation 3.15, as one would expect. In accordance
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with the perturbative approach I have taken here, I assume that the phase factors are
small fluctuations about the bare poles, and so I Taylor expand these functions to 1st-

order and evaluate them at the points

Ap =0, Ay=+iE/2 (3.49)

which are the solutions to the pole structure of equation 3.47 in the absence of damping
¢ = 0. Recall that in the bare system, € is the energy required to excite the dark state
|D) and (e + E)/2 for the states |[A\1). The term involving the bath correlators ®(\)
(evaluated at the bare poles) can be evaluated with use of the Fluctuation-Dissipation
theorem [122, 31] (see Appendix D).

3.2.1 Linear response and the fluctuation-dissipation theorem

I now make a quick digression here to provide a heuristic derivation of the bath correlators
above in the linear response regime and show how this is a form of the well known
fluctuation-dissipation theorem.

The fluctuation-dissipation theorem is a central feature of linear response theory and
is applied here in the 3-site perturbative model. The theorem relates the relaxation of
a weakly perturbed system to the thermal fluctuations in the environment. The main
result of the theory relates the power spectrum S(w) of the fluctuations, to the Fourier
transform of the susceptibility y(w) (the linear response function). We begin with the

bath correlation function

o(t) = cos(et/h) /00 dw %) (@ sinwt — (1 — coswt) coth(hﬁw/2)> (3.50)

0

the exponentiation of which produces all orders of possible bath interactions with the
central system. In the perturbative limit the exponential is expanded to linear order
and the Laplace transform of the function reduces to just the transform of the bath
correlation function. The phase therefore describes the corrections to the system intro-
duced by the bath. The time-independent term can be factorised in the exponential as

a renormalisation of the tunneling energy. So the remaining fluctuating part is
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©(t) = cos(et/h) /000 dw L;E:L;) <2 sinwt + coswt coth(hﬁw/Q)) (3.51)

In the perturbative limit we expect the solutions to the system to be small deviations
from the ’bare-system’ eigenvalues and thus I Taylor expand the phase about these points.
In this case the complex frequencies of the transform take on the bare-eigenvalues \y and

we have

©(Xo) = %/000 dte™ " cos(et/h) /000 dw g:? (z sin wt + cos wt coth(hﬁw/Q)) (3.52)

For the bare-system, uncoupled from the bath, the complex frequencies contain no real
part and are related to the Fourier-transform real frequencies by A\g ~ iwy. Performing

the time integration first, and using the definition of the delta-function, we find

o(wo) = %:L/Ooodw']ﬁ’:){[ﬂw —wo +€/h) + 6(w —wy — €/h)

— (Wt wo — e/h) — 8w + wo + e/h)} + [5@ —wo+e/R) + 6w —wo — ¢/h)

+ §(w +wo — €/h) + 0(w + wo + e/h)] coth(hﬂw/Q)} (3.53)

and performing the frequency integrals

o(wp) = 1 [J(wo —€/h) n J(wo +€/h)  J(e/h—wy) J(—wo—€/h)
Ah | (wo —€/h)* ~ (wo+€/R)*  (wo—¢€/h)*  (wo+€/h)?

—((]cf)?o—_e;/i@ coth(hfB(wy — €/h)/2) + % coth(hB(wo + €/h)/2)
_ { f;/ f 6—/ ;_L“’_)Oz) coth(nB(wo — €/h)/2) — % coth(hB(wo + €/h)/2)
(3.54)

A comparison with the formal result of the fluctuation-dissipation theorem provided
in Appendix D shows the similarity between the two results. What I have done, is

effectively derive the power spectrum of the fluctuations within linear response theory
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for the density matrix propagator. The linear response function quoted in the formal
theory usually applies to the 2-point propagator (Greens function). We've left the above
result general for any form of the spectral density, and we see below how it simplifies for

the various specific forms of interest.

3.2.2 Results of the 3-site-boson model in the perturbative regime

The solutions to equation 3.47 are obtained using the method outlined in Appendix
E for solving cubic polynomials [123, 124, 125]. When the discriminant D of the cubic
polynomial is greater than zero: D > 0, we have 1-real and 2-complex roots. I can ascribe
the real pole to the Dark-state, as with tuned upper energy levels we have no oscillation
frequency between them, so the resultant energy is purely real. The polynomial is solved

in the most illuminating form as

Ap = T,(0) — I, (0)

Ay = —F”(;EE) — T, (£E) + iw(+FE) (3.55)

where

T(z) = y, L, (2) = u(z) —v(2), w(z)= ?(U(Z) +v(z2))
. {,/\/5_ (2@3—9<1>§f+2762q>)7 VD > 0
v = i/\/ﬁ—f- (20° - 9®5Ej 21 yps (3.56)

So I have one entirely real pole Ap that contains two decay rates I', and I',. The remain-
ing complex-conjugate poles contain a combination of the decay rates with a different
argument and the frequency of oscillation w. The discriminant D tells us the nature of

the poles

(3.57)

203 — 9P L2 + 272D\ 2 3E2 — d2\°
D= (==
2916 81

For Ohmic spectral densities the bath correlation function takes the form
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1+ < h,
Pp(0) = = [A3y710 + AZgya0] coth <) coth hbe
€

We 2
bo(LE) - (Bhmo + ]{L 1o (M=)
+ % [1 + coth (%ﬂ) } } (3.58)

For super-Ohmic spectral densities the bath correlation function takes the form

- ~ € hpBe
(I)D(O) = E[A%O’}/lo + A%O’}/Qo] coth (J) coth (é)

C

O, (+E) = [Afjmo + A30720]{ coth (E — E) (E—¢) [1 + coth <M) }

We 2

+ coth (E il 6) (B +¢)[1+ coth (w) ] } (3.59)

We 2

3.2.3 Validity of NIBA in the perturbative regime for Ohmic

and super-Ohmic damping

In Section 2.5 I introduced NIBA and discussed the mathematical condition for its va-
lidity. This amounted to the calculation of the 1st-moment of the self-energy (influence
functional) which tells us the ratio of the blip/sojourn times Fj. In order for the coher-
ences in the system to be short-lived, this 1st-moment must be small, such that F} < 1,
and NIBA applies. Here we quantify it for the various spectral densities of interest within

the perturbative regime. For Ohmic spectral densities the bath correlators take the form

_ 1 2 BA
Soaﬁ()‘) - ﬂ_h(na - 775) A coth ( 9 ) (360)
and for the super-Ohmic case
_ 1 2,3 BA
Pas(N) = 7Th(Pa pp)~A” coth <7 (3.61)

where A are the complex-frequencies of the bare-3-site system. The total self-energy is
E(A) = Z10(A) + X90(A), where
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) ~ 82 (s + Peh = e = )+ pualA +ilea = ) ) (62

In order to calculate Fi, I compute the derivative of the self-energy, which for both Ohmic

and super-Ohmic spectral densities, I find

.0 ATy | A%

The condition for F} here in the perturbative regime, demonstrates the dependency of
NIBA on the ratio A/e. We see that as the bias energy goes to zero, the lst-moment
diverges, and thus we invalidate NIBA in this regime. Therefore NIBA only applies
to biased systems in the perturbative regime, specifically small values of the tunnelling
frequency relative to the bias energy. Qualitatively this is intuitive; as for large tunnelling
frequency, we expect the system to spend more time in the off-diagonal states, and
correspondingly for small bias energies, the system becomes less localised in each well.
The coherences become more pronounced in this limit, and thus interactions between

coherences to higher orders must be considered.

3.2.4 Coherent phase space in the perturbative regime

I now investigate the coherent-incoherent phase space of the model here in the perturba-
tive limit. The sign of the discriminant D (see equation 3.57) determines what region of

the phase space we’re in.
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Figure 3.9: Coherent-incoherent phase space of tuned-
perturbative 3-site-bath model. Parameters: Aig = 0.1,

Agy = 0.12 v = 0.01, v2 = 0.05, in units of €. (blue)
Ohmic, (orange) super-Ohmic.

In Figure 3.9 I investigate only the region where NIBA is valid, i.e. for large bias relative
to tunnelling terms. We see that for all temperatures, the discriminant remains positive,
and therefore the system is always in the underdamped regime. Therefore there are always

two complex conjugate solutions and one real solution to the poles of the propagator.

3.2.5 Decay times in the perturbative regime for Ohmic spec-

tral densities

Here I investigate the relationship of the various decay times in the system versus temper-
ature and system-bath coupling for Ohmic spectral densities. In the high-temperature
limit I can expand the temperature dependent function in terms of the dimensionless
parameter z/KpT < 1

z 2kgT 2z
th - 3.64
«© (2k3T> EEE T (3:64)

where z € {e,e £ E}. If I take just the 1st order term I can investigate this for various
spectral densities. The relaxation time 7, is the inverse of the pure relaxation rate

® = 1/7, and for an Ohmic spectral density, the times are
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:': 1

T, = , T=0K, Ohmic
(e E)[(71 — )%+ (72 — 13)% ( )
1
P = , T =0K, (Ohmic
T P+ (2 =) (Ohmic)
1
rF=1P kgT > e+ E,e, (Ohmic) (3.65)

v A T Qk:BT[(% — ’)/3)2 + (72 - '73)2]7

The relaxation time 7, is far more complicated in analytic form so instead I graph the

full decay times associated with the frequencies A\p, Ay
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Figure 3.10: (a) Pure relaxation times vs kpT; 75 =
3/®(E) (orange/green), 7° = 3/®(¢€) (blue), (b) Full re-

T ~
laxation times vs kpT; 7% = 1/Rely (orange/green),
P = 1/ReAp (blue). Parameters: v; = 0.01, vo = 0.05,
e=1,A1p=0.1, Agy = 0.2,

We see that the pure relaxation times corresponding to A, A\p are different for low
temperatures. As the temperature is increased however, the two times converge and
follow an inverse function of kgT', independent of ¢, F as indicated in equation 3.65. The
system rapidly relaxes to the bath in this limit.

For all k5T the dark-state dominates the dynamics as its relaxation time is much lower
than the other relaxation time in the system. Furthermore, the dark-state relaxation time
tends towards zero very rapidly with increasing temperature, whereas 71 tends towards
a constant asymptotic value and the two relaxation times 7 become unresolved in this
limit. This suggests that for high enough temperatures, the dark state is hardly populated
and it is |[4) that dominates the dynamics. Additionally, in this limit we expect only two

distinct frequencies to be present as '+ have become unresolved. Of course as we take
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this limit further ¢/A — oo, the relaxation times should tend to infinity as we recover
the Independent-boson-model discussed above, where we have only pure dephasing and

no energy relaxation.

3.2.6 Decay times in the perturbative regime for super-Ohmic

spectral densities

Here I investigate the relationship of the various decay times in the system versus tem-
perature and system-bath coupling for super-Ohmic spectral densities. Once again I
investigate the zero T'= 0K and high-T limits of the pure decay times but in the super-

Ohmic regime now. For the decay times I find

1
TE = , T =0K, (super-Ohmic
()L RSP A ( )
1
P = , T =0K, (super-Ohmic
or =P + (2 =7 ( )
1
= , kT >e+ E, (super-Ohmic
" 2kpT(e £ B — i)+ (e =) (sup )
1
P kgT > ¢, (super-Ohmic) (3.66)

r 2kpTe[(v1 —v3)? + (92 — 13)%’

Immediately we notice that the full decay times do not converge and 7”7, 7F remain

distinct for all temperatures in the super-Ohmic regime. We also see that the decay

times fall off as a power-law in the bare-energies €,¢ + E.

78



500[ ' ] 1400 [
a0l 1200}
! 1000}
-.-'_- |
300} .
5 +, 800f
Q‘: 2001 Q 600}
400}
100}
200} _
0 ok
0 2 4 6 8 10 0 2 4 6 8 10
keT kT
(a) (b)

Figure 3.11: (a) Pure relaxation times vs kpT; 7.7 =

3/®(E) (orange/green), 7.0 = 3/®(e) (blue), (b) Full re-
laxation times vs kgT; 7% = 1/Rels (orange/green),

70 = 1/Relp (blue). Parameters: v, = 0.01, yo = 0.05,
€ = 1, Al(] = 0.1, AQO = 0.2,

Once again, the dark-state decay channel is evidently the most sensitive to the bath for

all but the lowest temperatures here in the super-Ohmic regime.

3.3 Perturbative analysis: optical phonon bath with

Lorentzian lineshape

I now investigate the 3-site model coupled perturbatively to an optical phonon bath. The
spectral density for a realistic optical phonon bath will contain some line-broadening and
here I choose a Lorentzian lineshape. Normally Lorentzians are difficult to deal with
due to their long tails. However the result of equation 3.54 shows that the phase is
dependent only on the spectral density evaluated at the bare poles. Therefore, the
divergent frequency integral of the Lorentzian is avoided in this case and I indulge in the
use of a Lorentzian spectral density here.

The spectral function for a Lorentzian lineshape centered around a frequency wy and

width &, including our dimensionless parameter is

1 = wié

%Ja(w) e (w — wp)?

where the dimensionless coupling parameter for Lorentzian-optical phonons is defined as

(3.67)

S
¢ mhw?

(3.68)

—_
—
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Applying my perturbative analysis above, the bath correlators for the 3-poles are calcu-
lated to be

8wd (AfUEw + AgOEm) coth(hfe/2)

(I)D(O) -
e<§2 + €2 — 2ewp + w%) (52 + €2 + 2ewy + wS)

COth(hﬁ(:‘:E - 6)/2) <(:|:E+w01+€)2+$2 - (:tE+w01_€)2+§2>

dy(+E) = twp (A%OEIO + AgoE%) ( (£F —¢)?

coth(hB(£E +€)/2) ((:tE—wol+E)2+E2 N (:tE+wO1+e)2+§2>
(£E +¢€)?
1 1
(£E+ 2 (£E —wo+€)2+&2)  (£E — )2 ((£E +wy — €)2 + &2)

+

+

1 1
TEE - (FE w0 1) (iE+€)2((iE+wo+€)2+§2))
(3.69)

In Figure 3.12 I calculate the three decay times for the optical phonon spectral density
in the perturbative limit. I split the two temperature scales 0 < kgT" < 10 and 10 <
kT < 100 to show how the decay times 7. are indistinguishable for low temperatures,
and distinct for high temperatures. We see how for low-T, the dark-state decay channel

displays the longest relaxation time, but falls below 7 for high-T.
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Figure 3.12: Decay times for 3-site model and optical
phonons. Parameters: Ajg = 0.1, Agg = 0.2, =1 = 0.01,
=9 =0.01, I' = 0.001, wg = 10.

In Figure 3.13 I plot the phase-space of the 3-site-optical-phonon model showing how the
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system remains in the coherent phase for all temperatures in this perturbative limit.

0.0428752

0.0428751

0.0428750
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kgT

Figure 3.13: Phase space for 3-site model and opti-
cal phonons. 74 (orange/green), 7p (blue). Parameters:
A = 0.1, Agy = 0.2, Z; = 0.01, =5 = 0.01, T = 0.001,
wo = 10.

For the optical-phonon spectral density, the dark-state is the most robust state for rela-
tively low-temperatures. We see that as the temperature increases however the 3 decay

rates converge.

3.4 The 3-site-independent-boson model and dephas-
ing

I now make a short comment on the limiting case of zero tunnelling Ay = Ayg = A = 0.
In this limit we only have bias energies ¢, as well as the bath Hg including the system-
bath coupling. This happens to be an exactly solvable model, given the application of
the well known Independent-Boson model [52]. This amounts to applying the polaron
transformation to each site independently. What we see in the dynamics amounts to
the case of ‘pure dephasing’, where only the off-diagonal density matrix elements are
depleted, while the diagonal elements remain unchanged. The Hamiltonian in this case

18

H(A =0) = e [1)(1] + €2 [2)(2] + €3 [3)3] + D> Y |} (0] Aag(by + b)) + > weblb,

q «

(3.70)
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Since the bath is sensitive to the position of the particle, i.e. which well it occupies, and
the tunnelling between wells has been turned off, the particles position does not change
and there is no energy dissipated to the bath. We can see that the time-evolution of the
diagonal populations is accordingly zero, such that 0;(P,,) = 0 and

0 , 0 .

aPaa = —i[Paa, HA =0)] =0, Epaﬁ = —i[Pas, HA=0)] #0 (3.71)
whereas the evolution of the off-diagonal populations is non-zero. In the latter case we
have what is known as ‘pure dephasing’. As this is an exactly solvable model, with just
three copies of the well known Independent-boson model, I will only comment on the
results here in the text. I have included a calculation of the dynamics for the Ohmic
and super-Ohmic spectral density in Appendix G for reference. The dynamics of the
system are qualitatively the same for both spectral densities. In the zero-temperature to
low-temperature limit, the off-diagonal density matrix elements decay only algebraically

in time. For mid-to-high temperatures however, we see an exponential decay.

3.4.1 Summary

In this Chapter I have analysed the 3-site-V system in a number of limiting cases. First
of all T considered the case of no environmental coupling such that the 3-site-V system
is isolated but for a decaying ground state. This served to demonstrate the phenomenon
of population trapping due to the formation of the dark-state. I then included an oscil-
lator bath coupled weakly to the diagonal elements of the 3-site-V Hamiltonian. This
corresponds to the diagonal system-bath interaction and was treated using perturbation
theory due to the weak nature of the coupling. I investigated this system for three differ-
ent spectral densities: Ohmic, super-Ohmic and optical. The resulting relaxation times
in the system were compared and the dark-state relaxation time, associated with the
inverse of the pure decay rate, was shown to be the shortest in the system for all spectral
densities. This suggests that for a perturbative system-bath coupling, the dark-state is

actually the most sensitive to the effects of the bath and experiences the fastest decay.
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Chapter 4

Non-perturbative analysis of the
3-site system coupled diagonally to

an Ohmic oscillator bath

I now proceed to treat the oscillator bath coupling to the 3-site-V system non-perturbatively.
In Chapter 3, I analysed the 3-site model perturbatively in the system-bath coupling pa-
rameter. Here I relax that condition such that the system-bath coupling parameter can
be arbitrarily strong. To do this I return to the analysis framework of the 3-site model
outlined in Section 3.2, but this time evaluate the influence function non-perturbatively.
In this chapter I consider just an Ohmic form for the bath spectral density. However in
the next chapter, where I include non-diagonal couplings as well as diagonal system-bath
couplings for a 2-state-spin-boson model, I will consider both a super-Ohmic form for the

spectral density and a line-broadened optical phonon spectral density.

4.1 NIBA in the 3-site-boson model

We learned from the calculation of the bare transition amplitude for the system, that the
path integral formalism for the bare-3-site-system involves a path that returns sequen-
tially to the ground state, and for each subsequent flip, has the option of entering either
the left or right branch before once again returning to the ground state. The symmetry
about the ground state |0) means that we can be certain that with every flip the system
makes from the ground state, it can either go to state |1) or state |2) and return. In the

density matrix formalism, my return state is therefore the sojourn xqo. This is possible
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to deduce because I operate within NIBA, which favours occupation of diagonal states
and only allows an excursion in the off-diagonal portion of the density matrix over one
time interval in the path-integral formalism (see section 2.5). Otherwise, the possible
blip-sojourn paths would involve a nearest-neighbour hopping around a three-by-three
square with all possible combinations of hops. This is a substantially harder combi-
natorics problem and essentially comes down to the fact that there would exist states
X105 X20, X12 Which would form intermediate symmetric paths in the off-diagonal portion
of the density matrix. As I am working in NIBA, which suppresses the time spent by the
system in the off-diagonal terms of the density matrix, these states are also suppressed.
Mathematically they would manifest in the influence functional as terms that go like
cos(x10&12) and would physically represent subsequent coherent-superposition-states.

With this in mind the influence functional describing this system is

. 10 20 10 20
FEoa (8) = fian (1) + fiaa(8) + froo(t) + Fioo(t),
=43, [COS (anmQ;) + 1} e (€°0)Q) + 4A%, [cos (X22£20Q;) + 1} e GONA

= 8A%, cos” (x''€°Q)/2) e (€7)°Q7 8A%, cos” (x*€7°Q)/2) e (€)°e7 (4.1)

where

Q'(t) = /000 dch(:;) sin wt

Q"(t) = /OOO dwjijw) (1 — coswt) coth(Bhw/2) (4.2)

2

The factor 8 in equation 4.1 comes from the summation of various blips and sojourn
combinations: . and X, ., as well as &, ,» and &,/ ,. Remember that we're effectively
summing the probabilities for the system to be in all possible states. The function j(w)
in this case includes only the density of states of the bath and the system-bath coupling
parameter has been absorbed in to the blip and sojourn terms in equation 4.1.

The influence functional describes the correlations between the outbound and return
path, in this case, to return to state |0) where the weight to remain in this state is unity.

The two terms represent both paths z, 2’ propagating through either branch, via the blips
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&0 and &y respectively!. I've simplified the influence functional in this case by setting
Y = 0, and thus the sojourn ygo = 0. One can think of this as setting the zero spatial
position at the ground state.

At this point it is worth checking that the influence functional reduces to the Caldeira-
Leggett SB influence functional in the limit that Ajg = A, Agyy = 0 and 5 = 7. In this

limit the influence functional becomes

fSB(th — tgj_l) COS( Q ) _’YZQ;'/ (43)

which is indeed the SB model influence functional. Here I have made the same substi-
tutions v; = 7/2,7% = 72 = —7/2 in order to recover the Caldeira-Leggett influence

functional (see equation 4.33 in [31].

4.1.1 Ground-state propagator for the unbiased 3-site-boson

system

The simplest propagator to calculate is Kop.00(t) which describes the return probability
to the ground state. In the interest of calculating relaxation times in the system, all the
relevant information can be extracted from this propagator as the denominator contains
the pole structure of the system. In the path-integral-Influence-Functional formalism it

reads in the time domain

e}

t t2n
Kooo(t) = 1+ (—')%/ dth/ dton— 1F§1?§<2202 (ton — ton—1)

X ... / dts / dt Fgl0520 (ty — t1) (4.4)
0

where we’ve collected the state couplings Ajg, Agginto the relevant influence functionals.

The Laplace transform is

'T've used the shorthand notation Q) = Qb 4; 1,Q7 = Q% 5; 4
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I — n
Kanon() = 5+ 2 (- P (e )
B 1
A+ FE080 (V)

(4.5)

where F f10’;5(202()\) is the full influence functional that allows flips in both branches.

4.1.2 Excited-state propagator for the unbiased 3-site-boson

system

While this thesis will focus on calculating the ground-state propagator, I include the
excited-state propagator here in the interest of potential further work that requires such
propagators. One must take care in the construction of the excited-state propagator as
one must take in to the account the final return 'flip’ to the excited state, as we did in
section 3.2, for the bare-3-site Greens function. Here we look at the return probability
to site |1), defined by the propagator Kii.11(t). A further complication arises in the
3-site-boson propagator calculation as the influence functional for the system contains

time-non-local interacting blips. This forces us to separate terms in the propagator

A+ [
Kiiai(A) = ? g )
A+ ARG (V)
A )
Ka2(N) = v (4.6)

A2+ AFOE, (V)

The inverse Laplace transform of equations 4.6 provides the dynamics of the excited

states in the system.

4.1.3 The influence functional for a biased 3-site system

I previously demonstrated the path integral decomposition for the calculation of the bare-
3-site system in Section 3.1.2. For the full system, including the bath, I calculate the
density matrix; which compares two paths coupled via the influence functional. When
the paths x, 2’ visit the same state, we see that the bias contribution from the bare

transition amplitudes A[z]A*[z] produces a factor 1. Whereas when z(2’) are, for e.g.
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in states |1) (|2)), we pick up factors in the transition amplitudes (ignoring factors dt?
from the Suzuki-Trotter decomposition) of exp(—ieit)[exp(ieat)]. I therefore define the

bias factors By acting on a blip between times t5; — 22,1 to be

Be,y(taj — toj-1) = eXP[ —i€e1&10(to — t2jfl)i| :

Beyy(taj —toj-1) = eXp[ — i€a€o0(toj — tzj—l)} (4.7)

The Koyo.00 propagator starts and ends in the sojourn xgp, where I set the zero point
energy €9 = 0. Therefore, for the 3-site system in question, the system is constrained
to evolve from that point to either yi; or xae via &9 or &. For the final time-interval
t — tay, the system is constrained to be in state |0), so both propagators in the density
matrix combine to give just 1. I've collected the bias factors in to the influence functional

terms according to

F&ot (7)) = 8AY cos (ie17;) cos® (x11610Q)/2) e 0]

X11;X22

+8A3, cos (iea;) cos® (x22620Q;/2) e €509 (4.8)

where the time interval is defined as 7; = t3; — t9;_1. In order to proceed with the
analysis I must define the form of the spectral densities which then allows me to evaluate

the correlation functions.

4.2 Non-perturbative analysis for Ohmic spectral den-
sities

For Ohmic dissipation we have the following form for the spectral density (discussed in
Section 2.3.1)

Jo (W) = nawe /@ (4.9)

The dimensionless coupling parameter was defined as

_ Nl

== (4.10)

Ve
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however in our formulation of the influence functional above, we have for simplicity, set
the zero-position to xy = 0.

The bath correlators here contain just the bath density of states portion j(w) of the
spectral density. Performing the integrals in Q’'(¢) and Q" (t) one gets [31]

Q'(t) = arctan(w.t) (4.11)

Q"(t) = %ln(l + w?t?) + In {@ sinh (2;)} (4.12)

The Laplace-transformed influence functional reads
hp

fa(A) =8 /Oocc)it e M cos® [ya tan ™ (wt)] (1 + wftz) [— sin <hﬁ

1

)] T wa)

As we're considering times much greater than w_ ", i.e. times greater than the character-

istic timescale of the bath, the quantity w.t is much greater than one. Therefore applying

the approximation w.t >> 1 to zeroth order provides the approximations

1+ wit* m wit®,  cos® [aarctan(w.t)] ~ cos®(am) (4.14)

such that

—2va 0o —2%a
fa(A) =8 (%wc) ' cos? (an)/o dt e M sinh (;;;) ' (4.15)

At this point one perform the Laplace transform here using the known integral [126]

* 1 b
/ dre~sinh® cx = 2b+1cB (;c b+ 1> (4.16)
0

where B(x,y) is the Beta function, producing

AN h
fa(N) = (25> w27 cos? (174) B (Qi + Yo 1 — 2%) (4.17)
™
Turning the Beta function in to Gamma functions using
I'(z)T'(y)
B(z,y) = 4.18
@)= F (115)
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finally yields

hﬂ)l 2 (v, + hBA/27) (4.19)

fal(A) = 8w 2 cos® (17a) L1 — 27a] (27r T(1 — 7 + hBN/27)

I can collect constant terms in 4.19 that contribute only to the renormalisation of the

tunneling matrix elements in to

CE = 8w, M cos®(my1)D(1 — 2m1),  CF2 = 8w, 2 cos®(my2) (1 — 27,) (4.20)

These renormalisation constants renormalise the tunneling matrix elements according

A = \/Sw teos?(my )T(1 = 271) Ay, Ay = \/Sw 2 cos?(mye)I'(1 — 292) Ay (4.21)

Extrapolating to the full biased influence functional F with all terms included we find

C(v + hB(A +i€)/2m) A2, C(v2 + hG(A\ +iey) /2)

6105620 ()\) — A%lLl*?’h

X115X22 L(1 =~ + hB(\ + i) /27) 2 L(1 =72 + hB(X + iey) /2m)
(4.22)
where I've defined
hg
- 4.2
= or (4.2

The next steps in the analysis of the 3-site system coupled to an Ohmic bath requires
approximations of the Gamma functions, which at this point create polynomials in the
pole structure of the propagators up to infinite order as they stand. As the expansion
in the coupling constant has already been treated in the perturbative analysis, we’ll
of course focus here on the different temperature regimes so as to expand the Gamma
functions. However as it turns out, the fully analytic form in the low-T (and zero-T by
extension) regime is unfortunately unavailable to us in the case of the 3-site model. This
is because the pole structure of the propagator takes on an arbitrary order due to the
presence of terms that go like A7. The work on the original 2-site-spin-boson model was

able to get around this and reduce the pole structure to a tractable form because there

89



was only one exponent v which could be factored out. However in our case, there are
two, coming from the two paths in the system and the pole structure remains intractable
analytically. Of course one can easily solve these polynomials numerically, however that

is beyond the scope of this thesis which is primarily interested in analytic solutions.

4.2.1 Validity of NIBA for the 3-site-Ohmic-boson model

I first inspect the regions of validity of NIBA so as to guide my exploration of the
parameter space of results. In order to determine the validity of NIBA in this regime I

once again calculate the ratio F}

(b) 0 pe
=g = lm e e ) (4.24)
to be
2 2771A2 .
= _F(l —71/in/ﬁ€1)(1§1 —QiM€1)2< (71/2 — iper) (2 + ho(l — 11/2 — iper) — 1/)0(71/2—11161))71

— 2ipe (2‘1‘%(1 — /2 —iper) — o(11/2 — iper) ))
2—91 A2
2 By 5 ( (71/2 + iper) (2 +o(1 —71/2 +iper) — o(n /2 + wel)>%

- T(1— /2 +ipe)(n + 2ipe)

)

2M2_W2A§o .
['(72/2 —ipea) (2 + o(1 — 72/2 — ipea) — ho(y2/2 — weQ))vg

CT(1— 72/2 — ipes) (72 — 2ipes)?

+ 2ip€; (24—@/)0(1 —M1/2 4 iper) — o(n/2 + iper) )

— 2iji€q <2 + Po(1 —72/2 —ipez) — Yo(y2/2 — ipez) >

2,U2_W2A§0
[(1 = 72/2 + ipea) (ye + 2ipes)?

( (72/2 + ipea) (2 4+ Po(1 — 72/2 4 ipes) — Yo(v2/2 + Wﬁz))%

+ 2ip€ey <2 +Po(1 — 72/2 4 ipea) — Yo(v2/2 + ipe; )) (4.25)

We see from inspection of equation 4.25 how temperature, tunnelling and coupling
strength affect the NIBA condition F; < 1. The parameter p = h/2mwkgT contains
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the temperature dependence. The function for F} contains a fairly complicated depen-
dence on the free parameters T’ ¢, v, A, due to the presence of the polygamma functions.
F does however display a simple quadratic dependence in the the renormalised tunnel-
ing terms A where we see that by increasing the tunnelling strength brings us out of the
regime of validity of NIBA. Intuitively this makes sense, as more dominant tunnelling
leads to an increase coherence effects and thus counteracts the effect of the environment
to affect decoherence in the system. It’s for this reason that NIBA is indeed valid for
small values of A/w.. We see more clearly here how NIBA remains a valid approximation
for kgT > A as in this limit I minimise F;. Upon inspection of the function govern-
ing the renormalisation of the tunneling matrix element (see equation 4.21), we see how
NIBA becomes exact for v = 1/4, verifying a result previously identified by Leggett et al.
[31] to be the so called Toulouse limit. This happens because the cos(2my) term coming

from the blip-sojourn interaction part of the influence functional vanishes in this limit.
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Figure 4.1: F; vs v figures (a) and (b), Fy vs kT
figures (c) and (d). Parameters: v =0, 2 = 0.2, ¢; = 1,
€9 = 1.5. (a) AlO = 0.1,A20 = 0.2, ]{,‘BT =10 (b) AIO =
0.1,A20 = 0.2, kBT = 0.1, (C) Alg = 0.1,A20 = 0.2,
Y1 = 0.2, (d) Al() = 0.1,A20 = 0.2, Y1 = 0.8
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We see from Figure 4.1 how F} is minimised for a range of v;, predominantly in the
mid-strong coupling regime. For small values of vy, as one would expect, Fj is large,
and therefore outside the region of validity of NIBA. Here the system exhibits strongly
coherent oscillations, and one must go beyond NIBA in order to account for this. As 7,
approaches 1 we also see a rapid divergence in F; coming from the I'[1 — v] factor in the

tunnelling renormalisation term.
40
30
20

10]
00 02 04 06 08 10

Figure 4.2: F| vs 7. Parameters: 79 = 0, 71 = 0.2,
61262:1, A1:A2:A:1(a)72:0.2, (b)
kT =10

In Figure 4.2 T inspect the regime where the tunnelling elements are comparable to the
bias energies. We see that NIBA is essentially invalid here, as F; remains much larger

than 1 throughout the range of v even for high-temperature.

4.2.2 Mid-high temperatures in the non-perturbative regime

In the high temperature regime, kgT' > hA, I can expand the Gamma functions in the
influence functional in terms of the parameter uX, where p = 27 /kgT. First I express

the influence functional in the form

(TN TA 4y +pd)
R = ('HM) D(1 =7+ pA) (426)

having used the functional relation of the gamma function I'(1 + z) = 2I'(2) N.B. this

relationship for the Gamma function takes it from its holomorphic form to its meromor-
phic form which therefore allows us to access the pole structure of the propagator [127].

Taylor expanding about uA = 0 up to 2nd order
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) ~ ( p ) I'(1+7)

o) T LA (U014 7) = (1= 7))

PR (5301 = 3) + 031+ 9) — 2001 = (1 +7)
5 0 g 0 v 0 Y) Yo v
—n(1=7) +en(1+7)) (4:27)
where 1)y(z) is the digamma function defined as
I(2) am
_ - 4.2
Yo(2) ()’ Ym dzm%(z) (4.28)
Explicitly the full influence functional in this regime is found to be
R 1-2y 209
10362 — A2 H K91 2
_ 1—27v2 2@
Az (L 1+ phoh + 22232 4.29
+ 2(72+M)\>V2< T phoA+—5 (4.29)
with the biases introduced via
F&00 (X) = fO0(X +de) + fEO(N —de) + f2O (N + ie) + f20 (N — de) (4.30)
where
(1 (1
U = (1+m) o — (1+72)

Fl-m) 7 T(-7)
A1 = Yo(71) — Yol =),  Aa = Yo(r2) — Yo(l —72),
O1 = P5(1 =) + (1 +m) = 2¢0(1 = 1)¥o(1 +m) = 1 (1 = 7) + (1 + ),
Oy = Y5 (1 — 72) + ¥5 (1 4+ 72) — 2¢0(1 — Y2)1ho(1 + 72) — 1 (1 — 72) + 1 (1 + 72)
(4.31)

The pole structure of the propagator takes a cubic form if I restrict myself to the limit

€1 = € = € and 7; = —7,. So I have for the pole structure of the propagator
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1—2v 2

A+ Q2 <m) " (1 + pA(N — d€) + %(A - ie)Q)

+0? _ v 1+MA(>\+z'e)+“2—®(>\+i6)2 =0
7+ (A +ie) 2

where the coefficients of the cubic equation

aX  + b\ +eN+d=0

are

. VOV B2 4 2AU2 P + 2y
OvO2 A2 + 112
P 29 AVOZE R 4 20022 4 QU2 4 2
- 0]/92/14_2’7 + M2
B 292t =2 — U2 372 + 2AQ02 232
n OvQ2pt=27 + 2

b

d

(4.32)

(4.33)

(4.34)

(4.35)

One can also verify, upon turning off the bath couplings v; = 7, = 0, that we recover

the bare-3-site frequencies of the density matrix propagator, which is an important con-

sistency check.

4.2.3 Coherent phase space and relaxation times: Ohmic regime

for mid-high-temperatures

Next I inspect the relaxation times in the system for an Ohmic spectral density in the

high-T regime. For the case of small tunnelling relative to bias energies, the system is in

the coherent phase. This is characterised by a positive discriminant for all system-bath

coupling values up to a critical value, and so I solve the cubic equation using the solutions

outlined in Appendix E.
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Figure 4.3: Phase space, decay rates, relaxation times
and oscillation frequency vs 7 (coherent regime). I'p, 7p
(blue), I'_, 7 (green), I'y,7— (orange). Parameters:
Al = 0.1, AQ = 005, € = 1, ]CBT =10

In Figure 4.3 we see the results for the symmetric, high temperature, 3-site-boson model
with Ohmic spectral density. I find for the parameter range considered here that the
system remains in a persistent coherent phase across the range of the system-bath di-
mensionless coupling parameter. As such I calculate the three oscillation frequencies in
the system and find them to be relatively constant for small system-bath couplings. For
large enough couplings they diverge however with the dark state having the smallest
oscillation frequency. We also find that the dark state relaxation time dominates sub-
stantially over small coupling strengths and for intermediate to high coupling strengths

it remains dominant but to a lesser degree.

4.2.4 3-site-Ohmic bath model in FMO

I now look at the results of the 3-site-boson model within the context of photosyn-

thesis, for an Ohmic spectral density. In Section 4.2 T was able to solve the system
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non-perturbatively in the Ohmic regime of the bath in the limit of 7y = 7 = v and
€1 = €5 = €. Therefore I apply these results here to the case of the FMO complex in
photosynthesis. The parameters used for the FMO system were outlined in Chapters 1
and 2. It was determined that for an effective 3-site-model in the FMO complex the two
tunnelling energies are Ajp = 2meV and Ayy = 3meV, the bias energy is € = 20meV.
Feeding these parameters in to the non-perturbative analysis of Section 4.2 and leaving
the system-bath coupling as a free parameter for now, I present the coherent phase and

relaxation times in Figure 4.4.
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1x10™] ] 1000 |
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Figure 4.4: Phase space and relaxation times of FMO
complex at T=300K in units of femtoseconds with Ohmic
bath. FMO parameters: Ajg = 2meV, Ayy = 3meV,
€ = 20meV

We see from figure 4.4 how the 3-level system coupled to an Ohmic bath remains in the
coherent phase even at physiological temperatures for system-bath couplings below the
critical value v = 1. Incidentally, this is the same critical value for the diagonal coupling
where the coherent-incoherent phase transition was also observed in the original spin-
boson model. For the FMO parameter v = 0.22, we are therefore in the coherent phase.
We see that the dark-state relaxation time dominates and in this case I find relaxation

times 7p ~ 800fs, 7+ ~ 100fs.

4.2.5 Summary

In this Chapter I have treated the coupling of a 3-state-V system to an external oscillator
bath non-perturbatively. The oscillator bath spectral density was assumed to be of Ohmic
form and the system was analysed using the influence functional techniques outlined

in Chapter 2. In this case it was found that the relaxation time associated with the
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dark-state, the pure relaxation time with no oscillatory component, was found to be
the longest-lived of the three times in the system. This suggests that for the 3-site-V
system coupled non-perturbatively to an Ohmic oscillator bath, the dark-state is actually
the most robust state and the population trapping mechanism described in Chapter 3,
prevalent. The presence of the dark-state serves as a potential hindrance to efficient
exciton transfer in the FMO complex. The 3-site-V system was shown in Chapter 3 to
have its applications to the FMO complex either as a configuration of three chromophores,
or an effective 3-site model for the full FMO system. These results suggest that the FMO
complex, with strong system-environment couplings, must avoid these possible trapping
states in order to facilitate efficient exciton transfer. Tuning of chromophore energy levels
leading to a 3-site-V configuration as used in this analysis has been shown to lead to the
formation of a relatively long-lived dark-state in the system. Therefore, one can conclude
from this, that the avoidance of tuned chromophore energy levels in the FMO complex

is a crucial aspect to facilitating efficient exciton transfer through the system.

97



Chapter 5

A dual-coupling-spin-boson model

for light-harvesting molecules

In this chapter I investigate the effect of non-diagonal couplings on the 2-state-spin-boson
(SB) model for both super-ohmic and optical spectral densities. The new model is there-
fore dubbed the Dual-coupling-spin-boson (DCSB) model. This means that I include not
only the coupling of the bath to the diagonal elements of the central system Hamilto-
nian (o,), as is present in the original spin-boson model, but also include couplings to
the off-diagonal elements (o,.) too. The heuristic justification for excluding non-diagonal
couplings in the SB model normally relies on the assumption that small tunnelling rate
relative to the on-site energy: A < ¢, renders the non-diagonal coupling negligible [31].
Since any interaction to o, should be proportional to the wavefunction overlap of the
two wells—and is therefore proportional to A—the non-diagonal coupling is assumed to be
comparatively small.

The problem with this assumption in the context of the SB model is that, while the
tunnelling energy is indeed required to be small relative to the bias energy for NIBA to
apply, it is not negligibly small. In fact, the SB model is considered such a powerful model
because it retains coherence effects up to a degree, and this is because of a small but
appreciable tunnelling energy. A perturbative tunnelling energy would actually justify a
Fermi’s-Golden-Rule approach as we saw in Section 1.4.2, which permits only a one way
transfer of energy to the bath and removes any coherence effects. All of this suggests
that the SB model is somewhat incomplete without non-diagonal couplings.

Indeed there are a number of problems where non-diagonal couplings are warranted.

For example, tunnelling defects in solids interact with their surrounding atoms not only
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by a fluctuation of their on-site energies (diagonal coupling) but can emit and absorb
phonons (non-diagonal coupling) corresponding to atomic vibrations that modulate the
distance between defects. This latter effect should lead to an increase in the well known
phenomenon of phonon-assisted tunnelling [128, 99].

Non-diagonal couplings were first discussed by Holstein (1959) [47] in the context of his
‘small’ polaron model. The first application of these couplings was in the SSH model for
polyacetylene [129]. Silbey and Munn [130, 131, 132] later used a canonical transforma-
tion method along with numerical approximations to investigate non-diagonal couplings
in molecular crystals. In their three part series on electron-phonon coupling, they found
that the diffusion coefficient of charge carriers in molecular crystals is dominated by the
competition of the two forms of coupling. Since then non-diagonal couplings have seen
application to the SB model treated with a two bath approach [55] as well as numerical
approaches [133, 134]. Recently we’ve seen that the inclusion of both diagonal and non-
diagonal couplings in the SSH model leads to a sharp transition between the behaviour

at weak and strong couplings [50, 79].

5.1 The dual-coupling polaron transformation

For the general case of a bath coupled to the diagonal and non-diagonal elements of the

2-state tunnelling system we have

= €({b, }) + A({b, }) + Hp (5.1)

where Hg = ) . wqbflbq is the kinetic energy of the bosonic bath. The Pauli spin matrices
here are defined as o, = |1)(1] — [2)(2| and 0, = |1)(2|+|2)(1|. Both the on-site energies
and transition matrix elements are modulated by the bath in this case. To linear order

in the bath couplings [50] (see Section 1.3) we then have

€ O'm
H=z0.+5 Zx,qb +b}) ZA,qb +00) + Hp (5.2)

We can decouple the bath from the central system with the appropriate unitary trans-
formation, which in this case involves a product of the shift operators for the diagonal

and non-diagonal couplings respectively

— O-;p JZ
U=eS5, §= ) D ey (b — b)) + ) D s q(by — b)) (5.3)
q q
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where u, , = Ay 4/w, and u, , = A, ,/w,. Performing the transformation H — UHUT =

H using the Baker-Campbell-Hausdorff formula

A=H-[SH+ %[5, S, H| — %[S, 1S, (S, H]J) + %[5, SIS, (S, HI + .. (5.4)

I find for the the transformed Hamiltonian

H=¢.+K o, +K, o +Hg (5.5)

where I have introduced the operator notation € to reflect the fact that the on-site energy,
in the transformed Hamiltonian picture, is fluctuating due to the non-diagonal coupling.

The on-site energy is now

A A
é= 5 +5cosh (§,) — 5 cosh () (5.6)

The kernels are defined as
— -BF (5.7)
where

ng - Z uﬂqu(bq - bg): ggz = Z uz,q(bq - b;) (58)

I identify the boson shift operators [52, 61, 99

Bi =exp <j:g5x> , Bi=exp <:l:gz§z> (5.9)

One can also verify that the transformed Hamiltonian reduces to the 2-state tunnelling
Hamiltonian with the system-bath coupling turned off.

5.2 Dynamics of the dual-coupling-spin-boson model

The time evolution of the system is governed by the reduced density matrix ps(¢). The
probabilities for each state are therefore (0| ps(t)[0}) = ps(of,0%;t), and can be de-

scribed in the Feynman-Vernon path integral formalism as
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ps(afﬁ};ﬂzz D" /DU (')e! SIS Flo (1), o' (1) ps(04, 015 0)

’ (5.10)
where oy = o(r = t),0, = o'(7" = t),0; = o(r = 0),0; = o'(7" = 0) are paths that
visit the two states in the central system o, 0’ € {|1),]2)}. The paths 0,0’ in the central
system are coupled via the influence functional F[o, 0’|, which incorporates all of the
effects of the bath. Since the bath has been decoupled from the central system via the
dual-coupling polaron transformation, the transformed Hamiltonian H of equation 5.5
corresponds to a transformed action for the central system S;. Therefore the reduced

density matrix for the transformed action

ps(Uf,Uf, _<Z/ Do(r / Do’ (7 zSo[cr‘r 15*0[0’(7/)]/) (04, 0%; 0)> (5.11)
B

contains the effects of the bath in the transformed probability amplitudes, and the trace
over the bath degrees of freedom leaves the dynamics in terms of central system variables

only. The transformed probability amplitudes are

- of - .
Aoy = | Do) = (] ) (5.12)

The effects of the bath enter via the transformed on-site energies ¢/2 |£) (£| — £€ |+) (%],
and transition matrix elements Aoy — K;o4, which are now operators containing the
bath shift operators B.. In this formalism, the probability amplitudes can be calculated
independently, and the trace over the bath degrees of freedom performed to obtain a
closed expression for the central system dynamics. Expanding each transition amplitude

for the density matrix, following the analysis outlined in Section 3.1.2 gives

ps(1,151) = <<1—/ dtQ/ dtye 2 2= [ (1)K (t )+...)
X (1 — /Ot dty /0752 dt ¥ 2K (1)K (1) + ) >B (5.13)

where the density matrix element corresponding to the probability to start and end in

state |1) was chosen. For clarity the ground state energy has been shifted to state |1),
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such that €; = 0, and the amplitude for no transitions flg(i) (t)=1. Therefore the energy

of state |2) is eg = —2¢. Collecting terms

t to N
ps(17 1,t) =1 —/ dtg/ dtlr(tl,tg)
t 0 tq 0 t3 to _ 5
+/ dt4/ dtg/ dtQ/ A T (41, 62) T (ks ) + . (5.14)
0 0 0 0

The kernel acting at times ¢, ¢’ is therefore

Tt ) = (KL OE-()) + (K (L)) (5.15)

where NIBA has been invoked such that

(KK ()R (t) K- (1)) = (K (t)K-(t2)) (K (t)K-(t)) (5.16)

B
and only correlations between successive bath fluctuations are permitted. This approxi-
mation is valid when the system spends vastly more time in diagonal states of the density
matrix compared to off-diagonal states (see Section 2.5). Separating the transformed on-
site energy in to the sum of its average value € = (€), and fluctuations about its mean

value d¢, leads to € = € + dé. Now the Kernel reads

T(t,¢) = ei2€(t—t’)/h<€i26€(t—t’)/hK+(t)K_ (t/)>B i 6—i2€(t—t’)/h<e—i?éé(t—t’)/hK_ (K1)

The system is solved by taking the Laplace transform of the density matrix

1 t to _
ps(l, 1, )\) =—-Y / dtg/ dtlT(tl,t2>
A 0 0

t tq t3 to _ B
/ dts / dts / dts / At T (1, 1)t 1)
0 0 0 0

and the Laplace-transform of the Kernel is therefore

+Z + ... (5.18)
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T :/ dte= [6i2€t/h<6i25ét/hK+(t)K_(t)> +e—iQEt/h<€—i25€t/hK_(t)K+(t)> ]
0 B

B

(5.19)

The fluctuations of the on-site energy 0é come from the shift operators dBy. They

introduce terms in the integrand that go like e~*0B+t/7,

These terms become rapidly
oscillating functions, and by the stationary phase approximation, integrate to zero for

large arguments of the phase. Therefore I can approximate this integral as
T = / dte [ei2€t/ﬁ<K+(t)K_ (t)> + e-i%t/ﬁ<K_ (t)K+(t)> ] (5.20)
0 B B

The functions <K+(t)K_ (¢ )> describe the interactions of successive flips within the
system - dragging their respective boson clouds with them, and are multiplied by a pre-
factor corresponding to the kinetic energy term of the Hamiltonian. So I retain only the

average of the fluctuating on-site energy

(B:)p (5.21)

Laplace transforming ps(1, 1;¢) leads to the geometric series summation

118 = o S = (5.2)

The Kernel is expanded to

T\ = %/Ooodte_’\t{ cos(2¢ét) [62 (1-2B,)+ QGABZ]

+ B2 £, () + AZB2f, (1) — 2¢AB,B, fm(t)} (5.23)

Paying close attention to the distinction here between diagonal and non-diagonal cou-
plings, the bath correlation functions are calculated following Mahan [52] and are found
to be
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(B2(t)B(0))5 = (B)(BE)er (5.24)

where the indices «, 8 € {z, 2z}, and (Bi(t)Bi(O))B = (B?F(t)Bi(O));. The phase

ap(t) = iQus(t) + Qap(t) (5.25)

is comprised of the functions

Qup(t) = Ooodw—w sin(wt)
Qup(t) = /Ooodw—W cos(wt) coth(hfw/2) (5.26)

The biased influence functionals, within NIBA, are therefore

Jap(t) = BoBg cos [2¢t + Q. 5(t)] eQas® (5.27)

The spectral density function Jo(w) = (7/2) 3 (A2 ,/w,)0(w — w,) describes the distri-
bution of bath modes weighted by their coupling to the exciton. The terms B, = (BY) 5,

B, = (B3)p are the Debye-Waller factors, which can be cast in the continuum limit as
[61]

(BE)p = eXp[ - /000 dw J(Zu((;) coth(fw/2) (5.28)

We see that the Debye-Waller factor has an infra-red divergence for Ohmic spectral
densities leading to an orthogonality catastrophe [61], however for super-Ohmic spectral
densities the integral is infrared convergent, reflecting the probability for the system to
tunnel between wells without exciting the bath.

It’s prudent to check that when the non-diagonal coupling (, — 0 is turned off, we
recover the spin-boson-model influence function result with just diagonal coupling (..
One can verify that this indeed the case. One can also verify that by turning off the bath
entirely-both diagonal and non-diagonal couplings, we recover the eigenvalues of the 2-
site tunnelling Hamiltonian. In this case the pole structure for the propagator reduces

to
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M4+ A?2=0,— \=+ive2 + A2 (5.29)

which is the pole structure for the propagator of the isolated 2-site system.

5.3 Super-Ohmic spectral densities in the DCSB model

I now turn to the case of a bath characterised by a super-Ohmic spectral density. In this
case the spectral density takes the form
W3 3

Jo(w) = pe—s-e /% T (w) = p,—s-e /e (5.30)
wz%h wph

where in section 2.3.2 I defined a dimensionless coupling constant for acoustic phonons

as

_ Pa
7h

The first step in evaluating the super-Ohmic influence functional is to do the frequency

Ca (5.31)

integrals in Q'(t), Q" (t) given in their general form in equation 4.2. For the super-Ohmic
phonon density of states they take the form

Qn(t) = /Oodw we ™%/ gin(wt)
0

Qo (t) = /Oodw we ™%/ (1 — cos(wt)) coth(hBw/2) (5.32)
0

which appear in the individual influence functionals

olt) = 5 cos (26 + Ca@iu (1) /) exp( — ol (1)/20) (5.33)

and the indices form the set a € {z,z,zz}. Next I split up the second bath correlator in

to its time-independent and time-dependent parts

Qpu(t) = Q5 — Qpu(t) (5.34)

The time-independent term is therefore
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6’:/ dw we™/% coth(hfw/2) (5.35)
0

which leads to the adiabatic phonon dressing of the tunnelling matrix element [34]. The
exponentiation of this time-independent term can be factorised out from the full influ-
ence functional and the corresponding factor that is absorbed into the tunnelling matrix
element is known as the Debye-Waller factor [99]. This term serves to renormalise pa-

rameters due to thermal excitations of the polaron cloud [34]. The integral I calculate to

be
kgT\? , (ksT
r= w2 == ! 5.36
j=-w2 2 (20) v () (5.36)
Expanding to 2nd-order in kT < hw. < 1 produces
1 (mkgT\> ") (kgT\® 7*(kgT)*
" 2 B B B
~ S BT ) gl (2Bn) LBl 5.37
0 ”c+3(h)+ o <h)+15h4w§ (5:37)

I absorb these terms into the renormalisation factors defined earlier

B,=e% B,=e "%, B, =e" (5.38)
where
0..= Cz g/wgm Ore = C:CQE)I tha Or. = V Cz(ng Wih, (539)

The time-dependent part of the influence phase left over is

p(t) = iQuu(t) + Q) (5.40)

Defining a complex time-variable

T=t—ihB/2 (5.41)

the phase can be cast in the convenient form for the phonon-phase in the complex time-

domain

fas(r) = Re {exp [pap(r)/w; + 2i&(r + in/2)] } (5.42)

Computing the frequency integral using known integrals (Section 4.13 in [126]) yields

106



1 1 1 —aweT 1 1 +aweT
o(1) = (e [w (5 + hw—ﬁ) + 1 (5 + hw—ﬁ) ] (5.43)

where the polygamma functions are defined

Un() = S o(z), () = e [P(:)] (5.44)

Analytic continuation of the phase back to the real axis yields

ouslt) = VCCs [w, <1 —z'wct> o (1 +mcﬁ+mt>] (5.45)

(hB)? hwe3 hwef

As it stands, the Laplace transforms of the individual influence functionals in Equa-

tion 5.23, are intractable. In the interest of exploring physiological temperatures, where
kgT = 27meV (T = 300K), and phonon cut-off frequencies w, = 8.7meV [98], we can
expand in the parameter hw.5 < 1. Asymptotic expansion of Equation 5.45 to third
order yields

Dap(t) = Oup + igast — Popt®
2w, w?
@aﬁ =V gozgﬁ ( ,8 + 36> s qboz,@ =2 CaCBw§7

2 Ca C,B wg
g

It now remains to evaluate the Laplace transform of the propagator.

D5 = (5.46)

5.4 High-temperature limit in the super-Ohmic NDSB

model

As they stand, the influence functionals produce a pole structure in the propagator of
Equation 5.22 of infinite order in A, representing all possible excited states of the system
across the whole temperature range. In the interest of keeping the system-bath couplings
to all orders, I can investigate certain temperature limits. In the high-temperature limit
I can expand the influence phase in the small quantity A3 < 1. the biased influence

functional can be Taylor expanded to 1st-order as
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faﬂ = fgﬁ - E,BA (5-47)

where the coeflicients are

[e.9]
25 — s / dt cos(2¢ét + ngOéBt)e_q)“ﬁt2
0

f;ﬁ = / dt t cos(2et + Paat)e” Pst (5.48)
0

The time interval in fgﬁ can be evaluated with the known integral BI (263)(5) in [126]
to be

(C] ~ 2
o e (2€ + ¢agp)

The first order coefficient féﬁ can be evaluated using the known integral BI (362)(2) in
[126] and the Maclaurin series of the Dawson function [135] D(z) = Y oo (—=2) 2" /(2n+
DI to get

Oaps

(C]
TG eDes 2€ + Pap
Jas = 20,5 2@3/2(26 + ¢es)D < 2y/Pas (5:50)

The pole structure of the propagator now takes the form

(2(1 — 2B,) 4 2¢AB,) A
2(\? + 4&)

+To—TiA=0 (5.51)

where

To = AB2f0 + B2 /0 — 2AeB,B. f°,
T, = A’B2fl + B2 fl — 2AeB,B. fL, (5.52)

Rearranging the pole structure to
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2(1 = T1)A* + 20T + A(26° (1 — 2B,) + 4eAB, + 8¢* — 4€°Ty) + 8Ty =0  (5.53)

The solutions of the cubic equation are obtained using the analysis framework of Ap-
pendix E. For the poles I find

>\¢ =2 _ Fg + w (554)

where

T 3
Tp=— 2 I, =u—w, w—g(u—i—v)

u = 3\/5—%, VD >0

v= 3\/5—#%, VD >0

2(To/(1 —T1))* = 9(ToZ)/(4(1 — T1)?) 4+ 1086 Ty /(4(1 — T1))
27
35/(4(1 = 1) — T5/(1 = 1v)?
3
(1 — 2B,) + 2¢AB, + 4¢% — 4T, (5.55)
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The entirely real pole A\, = I',. represents the pure relaxation rate. This pole leads to a
term describing exponential relaxation in the time regime upon Laplace inversion. The
inverse of I', represents the inverse time scale for relaxation of the system to its ground
state, and is therefore interpreted as the exciton transfer time through the sysytem. The
real part of the other two poles I', = Re[\y] is the decoherence rate describing the inverse
timescale for the loss of phase coherence in the system. It manifests as the damping rate

of the oscillatory terms in the dynamics upon Laplace-inversion [61].

D=+ ) o5
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Figure 5.1: Phase space, decay rates and oscillation
frequency for Non-diagonal-SB model vs (;. (, = 1. Pa-
rameters: e =1, A =0.3, kgT =5, w, = 0.1. In units of
€.

In Figure 5.1 the results for the DCSB model are presented as a function of non-diagonal
coupling strength (. The discriminant D remains positive, therefore the system remains
in the coherent phase for 0 < (, < (,. However this just means that the exciton has
some oscillatory component to its dynamics. The duration of these oscillations can be
seen in Figure c¢. The timescale associated with the decay of the exciton oscillations is
T4 = T+, and we see that it remains longer than the exciton transfer time 7, for small
values of (. In the intermediate regime of (., for the range considered here, the coherence
time falls below the exciton transfer time. For larger values of (, we see the coherence
time is once again longer than 7. In Figure d the effect of phonon-assisted transport
(normally associated with the oscillation frequency) can be seen by continuously varying
the non-diagonal coupling parameter v,, and the dimer oscillation frequency rises. For
high enough values of v,, however, we see w reduce rapidly due to an ‘over dressing’ of the
particle’s phonon cloud [52] i.e it becomes more difficult for the particle to tunnel between

wells as it gets heavier. Therefore, while the non-diagonal coupling serves as an additional
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decoherence mechanism in the system, it suppresses coherence at a slower rate than the
exciton transfer time. This means that the exciton moves rapidly through the dimer

system while remaining coherent for the duration of its transfer between chromophores.

5.4.1 DCSB model for the FMO system with acoustic phonons

I now apply the DCSB model with super-Ohmic spectral densities to a dimer of two
chromophores in the FMO complex. I use the excitation energies of the chromophores
and the inter-chromophore tunnelling energies determined in Section 1.5. The strength
of the diagonal system-environment coupling was discussed in Section 2.3.2.
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Figure 5.2: Exciton transfer time 7., coherence time
T, and dimer oscillation frequency w as a function of
non-diagonal coupling strength (,. Parameters: e¢ =
20meV, ¢, + ( = 1, kT = 27TmeV, w, = 8.7TmeV.
Bath spectral density of super-Ohmic form: J, .y(w) =
mh C(ac,z) (wg/wg)exp(_w/wc)‘

In Figure 5.2 we see how varying the system-bath coupling strength affects the exciton
transfer time, coherence time and oscillation frequency of the dimer with both diagonal
and non-diagonal couplings. We observe the increase in dimer oscillation frequency as
(. is varied for small (,. Along with this increase in oscillation frequency, the transfer

time is seen to also increase. This can be interpreted as coherent tunnelling back and
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forth within the dimer, as the density of states available to the exciton increases with
phonon-assisted tunnelling. For large enough non-diagonal coupling strength, the trans-
fer time is seen to rapidly decrease as the exciton tunnelling becomes one-way. At the
same time the exciton coherence time is seen to decrease with the additional decoherence
mechanism provided by the non-diagonal coupling. However, the coherence time is seen
to remain persistently longer than the transfer time, indicating the exciton is coherent
for the duration of its motion.

The sum of diagonal and non-diagonal coupling strengths used for these calculations
was (, + (; = 1. This number can be determined from the experimentally determined
reorganisation energy of a super-Ohmic spectral density bath model for the FMO com-
plex. This was discussed in Section 2.3. The non-diagonal coupling strength for the FMO
complex has not been experimentally measured yet and is therefore kept a free parameter

in the results.

5.5 The DCSB model coupled to optical phonons

In this section I model the environment as an oscillator bath comprised of optical phonons
with frequency wy. We saw in Section 2.3.4, how the experimentally determined spec-
tra for biomolecules actually contain structure beyond a continuous distribution of low-
frequency modes. Sharp optical transition peaks were observed revealing the presence
of discrete oscillation modes present in the environment of the biomolecule. Therefore,
I would like to investigate the effect of including optical phonon modes in the spectral
density of the DCSB model. Considering an optical phonon spectral density with spectral

broadening of, the spectral density function takes the form

Ta(w) = Nge~0me)?/2 (5.57)

where wy is the optical phonon frequency, A, A\, the non-diagonal and diagonal coupling
energies respectively and £ the peak width. The dimensionless coupling constant for
optical phonons is v, = A\&/Tw?. We see that the optical phonon coupling scales linearly
with the spectral weight A¢ and with the inverse of the optical phonon frequency squared.
Therefore optical phonon peaks at high frequency with relatively small spectral weight
couple weakly to the exciton. In the interest of studying non-perturbative effects we
therefore consider relatively low-frequency optical phonons.

The influence phase in complex time is now

112



“dw

Pap(T) = /l/ayﬁ/ 76’(“’“0)2/252 cos(wT)csch(hfw/2) (5.58)
0 w

The frequency integral can be evaluated with the use of the saddle-point approxima-
tion since for light-harvesting molecules, the optical phonon peaks have a very narrow
linewidth £. This means that the prefactor to the argument of the Gaussian exponential
spectral function x = 1/2€? is very large, and the peak therefore very narrow around the

point wy. We find for the Gaussian-optical phonon influence phase

5—“’277-)\&)\6 C()s((,uOT)CSCh(hﬂwO/Q) (559>

SOCY,B (T) = ﬂ'hwg

and for the Debye-Waller factors

B, = exp (—Va\/ 27 coth h6w0/2> (5.60)
Expanding the influence phase in the limit wyT < 1 produces a Gaussian integral
\/ 2T A QA
Yap(T) = gﬂﬁTﬁ (1 - wg7'2)csch(h/3w0/2) (5.61)
0

Analytically continuing ¢(7) to the real time axis and evaluating the first two terms of
©(A), again expanded in A\f < 1, yields

o et {_(2€+Aaﬁw§ﬂ)2]

B - 2 Aaﬁwg 4Aaﬁw8

A
o eltaB 5
0 = ARy |V e
~ 2€+A ngHB
— (Appwihf +26)D | —— 20T 5.62
( BY0 ﬁ ) ( 2\/m ( )

where Ayg = /2mv4vgcsch(hfwy/2). The poles of the density matrix propagator with
optical phonons is then given by substituting Equations 5.62 and 5.60 in to the density

matrix of Equation 5.22.
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Figure 5.3: (a) A =03, e =1, kgT =1, w, = 04,
€ =0.01, A\, =5 in units of (meV).

In Figure 5.3, the results for the DCSB model are presented in the low temperature regime
kgT = 0.1. The discriminant D remains positive and the system is therefore persistently
in the coherent phase. As the non-diagonal coupling energy A, is turned, the oscilla-
tion frequency of the dimer is seen to increase in accordance with the phonon-assisted
transport mechanism. As ), is increased further however, the oscillation frequency drops
off rapidly. The dimer relaxation rate I', is seen to increase slightly for increasing A,

representing the inverse timescale for the dimer relaxation to its ground state.

5.5.1 DCSB model for the FMO system with optical phonons

In this section I apply the DCSB model with an optical phonon bath to the FMO com-
plex. It was determined in Section 2.3.4, for certain peaks selected from FMO spectral
data, that the corresponding optical phonon dimensionless coupling parameter was small
enough to permit a perturbative calculation of the system-bath interaction. This was

done in Section 3.3. Here I use various optical phonon peaks at 6,8 and 10 meV, with
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linewidth 0.5meV, and spectral weight 15meV to investigate the non-perturbative effect
of optical phonons on the FMO system. This optical phonon frequency falls within the
bandwidth of the FMO dimer and is expected to greatly affect the dynamics. This is in
contrast to the perturbative results for very large optical phonon frequency relative to

FMO dimer parameters.
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Figure 5.4: Exciton transfer time 7, (blue line), co-
herence time 7, (orange line), and dimer oscillation fre-
quency w (purple line) as a function of non-diagonal cou-
pling strength v,. Parameters: ¢ = 20meV, A = 6meV,
(=1, kT = 2TmeV, wy = 6meV. Bath spectral density
of Gaussian-optical form: Ji, .y(w) = A, .)exp(—(w —

wo)?/262).

In Figure 5.4 we see the effect of turning on the non-diagonal coupling on a dimer with
FMO parameters. We see qualitatively similar results to the FMO system coupled to an
acoustic phonon bath. The dimer oscillation frequency is once again seen to increase in
accordance with the phonon-assisted transport mechanism and drop off for large enough
values of the non-diagonal coupling energy. For small values of v, the exciton time is seen
to increase, alongside a an increase in the dimer oscillation frequency. As the non-diagonal
coupling energy is increased further, both the transfer time and coherence time, decrease
rapidly as the additional coupling mechanism begins to decrease coherence effects and aid
in transfer rate of the exciton through the dimer system. However, despite the additional
decoherence observed with non-diagonal coupling, once again the coherence time remains
persistently longer than the transfer. Therefore we can conclude that the exciton remains

coherent for the duration of its motion.
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5.5.2 Summary

In this chapter I have analysed a two-state central system coupled both diagonally and
non-diagonally to an oscillator bath. I dubbed this model the Dual-coupling spin-boson
(DCSB) model. T used both a super-Ohmic and optical spectral density for the bath,
with the optical spectral density having a Gaussian form for the spectral broadening.
The application of the DCSB model to photosynthesis was motivated in Chapters 2 and
3 by the presence of delocalised excitons across two chromophores in the FMO complex.
Oscillator baths consisting of acoustic phonons motivated the use of a super-Ohmic spec-
tral density and optical phonons motivated the Gaussian-optical spectral density.

For a super-Ohmic bath, the DCSB model found the exciton to remain in the coherent
phase as the non-diagonal coupling was turned on and varied. The exciton transfer time
through the dimer was found to decrease rapidly for larger non-diagonal couplings as did
the exciton coherence. Oscillations were found to persist in the exciton dynamics for the
range of non-diagonal coupling strengths, with the coherence time found to be longer
than the exciton transfer time for the full range of non-diagonal couplings. Therefore the
non-diagonal coupling was found to not only facilitate exciton transfer through the dimer
system, but produce coherent exciton transfer for relatively large non-diagonal coupling
strengths. Similar results were found for a Gaussian-optical spectral density. Both the
exciton transfer time and coherence time were found to decrease rapidly for significant
non-diagonal coupling strengths, with the coherence time again remaining longer than
the transfer time.

Both of these results can be interpreted within the context of the inelastic-phonon-
assisted tunnelling mechanism. By turning on the non-diagonal coupling to the bath,
inelastic processes are introduced to the dynamics. Excitons can tunnel between chro-
mophores by emission and absorption of phonons from the bath. This produces an
increased density of final states available to the exciton, and therefore facilitates exci-
ton tunnelling. As the coupling strength becomes large enough, the tunnelling becomes

one-way as the exciton becomes heavily dressed with its phonon cloud.
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Chapter 6

Summary, conclusions and future

work

I now summarise the work presented in this thesis, and draw conclusions pertaining to
the results of the 3-site-boson model, and the dual-coupling-spin-boson (DCSB) model.
I also conclude the investigation of applying both models to the photosynthesis mecha-
nism. Finally I suggest a number of avenues of further research.

In Chapter 3 I introduced some of the key aspects of the 3-site model isolated from
any environment, as well as some of the limiting and perturbative treatments of the 3-site
system interacting with a harmonic oscillator bath. First, I introduced the concept of
population trapping in a 3-site-V configuration. I demonstrated that the addition of an
arbitrarily strong decay mode out of the lower ground state still leads to a long-time
population present in the dynamics. This ‘trapping’ effect can be attributed to the pres-
ence of an eigenstate, known as the ‘dark state’, that overlaps only with the upper two
levels despite there being no tunnelling term between these levels in the 3-site-V config-
uration. I demonstrated how, by tuning the on-site energies of the upper two levels, this
dark-state is accessed and contains no overlap with the decaying ground-state, leading to
the long-time population trapping. To do this I established a path-integral formalism for
the ‘bare’ 3-site system, not only to calculate the Greens functions for the bare system,
but also to set up the analysis for subsequent chapters where I treat the system-bath
coupling non-perturbatively. In the interest of exploring the 3-site system coupled to
some environment, I first introduced a perturbative system-bath coupling to an external
oscillator bath.

I then solved the 3-site-V system coupled perturbatively to a harmonic oscillator bath
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for 3-different spectral densities: Ohmic, super-Ohmic and optical phonons. I applied
the noninteracting-blip-approximation (NIBA) to truncate the number of coherent-bath
interaction processes corresponding to higher-order coherence effects. The region of va-
lidity of this approximation was not just discussed qualitatively—in the introduction
chapter—but quantified. The quantity F}, describing the ratio of average time spent in
an off-diagonal state to a diagonal state of the density matrix, was shown to be minimised
in the perturbative regime provided the tunnelling energies were small compared to the
on-site energies. With this condition met, NIBA was shown to be valid in this regime.
My final results for this model involved calculations of the three frequencies present in
the system and an exploration of the coherent-incoherent phase space. We saw that
the system operates only in the coherent phase across the full temperature range (N.B.
I don’t vary the system-bath coupling parameter here as it represents a perturbative
quantity in this model). I found that the relaxation time associated with the dark-state
was the shortest of the three in both the Ohmic and super-Ohmic regime. Therefore, in
the perturbative limit at least, I show that the dark-state is the most sensitive state in
the system to the effects of the bath, and coherence effects attributed to this state are
strongly suppressed. However, the opposite is found to be true for the case of an optical
phonon bath for low-temperatures. Here, the dark-state dominates the relaxation times
and therefore is the most robust state in terms of exhibiting long-time coherence effects.
For mid-high temperatures the decay rates are shown to converge and the corresponding
relaxation times in this limit are comparable.

In Chapter 4 I moved beyond the perturbative analysis of the 3-site-boson model,
incorporating the effects of the bath to all orders in the system-bath coupling parameter.
Building on the path integral formalism for the 3-site propagator set up in Chapter 3, I
used an influence functional approach to model the system-bath interactions. NIBA was
once again employed to simplify the number of coherent system-bath processes, however
the influence functionals still required expansions in small parameters in order to obtain
tractable pole structures for the propagators. Therefore I chose to inspect the high-
temperature limit in the interest of modelling physiological temperatures 7" = 300K in
the FMO complex. This provided me once again with a cubic pole structure for the prop-
agator, this time to all orders in the system-bath coupling parameter. Incidentally, for
the case of Ohmic-bath spectral densities, I was unable to explore the low-temperature
regime for three distinct frequencies, as the pole structure in this limit is an arbitrary
order polynomial in the system-bath coupling parameter. The original 2-site spin-boson

model was able to explore this limit by utilising the special function: the Mittag-Leffler
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function [31, 61], however the 3-site problem remains intractable analytically. A numeri-
cal solution to the propagators pole structure is still permitted of course, but beyond the
scope of this thesis. Nevertheless, the high-temperature regime was still accessible for
the Ohmic case and it is in this regime that we see the coherent-incoherent phase tran-
sition. I was once again able to explore the phase space of the model by inspecting the
discriminant of the cubic polynomial, and in a similar fashion to the original spin-boson
model, we saw a phase transition beyond a critical value of the coupling parameter.

I also quantified the validity of NIBA in the non-perturbative regime with a calcula-
tion of F} for various areas of the parameter space. I demonstrated how for the Ohmic
case, NIBA is primarily valid in the semi-classical regime of small tunnelling energy rel-
ative to on-site energy. The complicated dependence of F; on the system-bath coupling
parameter as well as temperature required a graphical analysis. In general, we saw that
NIBA is valid in the mid-high temperature regime as well as the strong coupling regime.
This is intuitive as NIBA is a strong-decoherence approximation and one would expect
this to apply in the case of strong system-bath coupling and/or high-temperature.

The primary results of the non-perturbative analysis are the relaxation times. In the
Ohmic regime I calculated the three distinct frequencies coming from the cubic pole
structure in the high-temperature limit. For the parameter space explored in this sec-
tion: €/A ~ 10,kgT < w.,v < 1, I found the system to exhibit a persistent coherent
phase. The frequency associated with the dark-state of the system was found to have the
slowest decay rate, and correspondingly the longest relaxation time, especially for small
to intermediate values of the coupling parameter. Therefore, it is this state in the system
that dominates the long-time coherence in the system across the range 0 < v < 1.

The 3-site boson model, for an Ohmic bath spectral density, is ultimately applied to
the FMO complex. For the FMO parameters determined for an effective 3-site system
coupled to an Ohmic bath, I found relaxation times 7p ~ 800fs, 7 ~ 100fs at physio-
logical temperatures. These results put the exciton transfer well within the incoherent
regime, as the exciton coherence dies out faster than the time taken for the exciton to
propagate through the system.

In Chapter 5 I formulated the dual-coupling spin-boson model (DCSB) and investi-
gated the results in both a general parameter regime—in units of the bias energy €, and
for the FMO-complex parameters. This model describes a dimer system coupled both
diagonally and non-diagonally to an oscillator bath, and I utilised an environment char-
acterised by both super-Ohmic and optical phonon spectral densities. I once again used

NIBA to evaluate the influence functionals, meaning that this model applies in the regime
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of small tunnelling energy to on-site energy.

For the case of a super-Ohmic oscillator bath, I was able to explore results in the
high temperature limit. We saw in this limit how the system remained in a persistent
coherent phase as the dimensionless non-diagonal coupling parameter is varied. For small
couplings the dimer oscillation frequency rapidly increases along with a slight reduction in
the pure relaxation rate. The physical basis for this is due to the inelastic phonon-assisted
transport mechanism, whereby the transfer rate between dimer states is increased due
to the allowance of phonon emission/absorption processes. As the coupling is increased
beyond a certain point, the oscillation frequency dies off as the particle’s phonon cloud
becomes heavier, making it harder for the particle to tunnel between wells. For the
DCSB model with acoustic phonons applied to the FMO complex, similar effects were
found. The exciton transfer time-the inverse of the pure relaxation rate-was found to
increase slightly for small enough values of the non-diagonal coupling parameter as well.
Correspondingly, the coherent relaxation time-the time associated with the relaxation of
the oscillatory terms in the dynamics—was found to also increase for small non-diagonal
couplings. However, as the non-diagonal coupling was increased further, both the trans-
fer and coherence times of exciton were seen to rapidly decrease. This happens alongside
a reduction in dimer oscillation frequency and can be interpreted within the context of
phonon-assisted tunnelling. For small enough couplings the exciton is able to tunnel back
and forth coherently between the two states in the system. This is due to an increased
density of final states available to the exciton by way of phonon emission/absorption pro-
cesses. However, as the coupling becomes sufficiently strong, the exciton is over ’dressed’
by its phonon cloud and tunnelling becomes one-way.

The addition of non-diagonal system-bath coupling serves to not only increase the rate
at which the exciton is transferred through the dimer but also introduce an additional
decoherence mechanism. However, the coherence time remains longer than the exciton
transfer within a certain range of non-diagonal couplings. Therefore, one can conclude
that, provided the non-diagonal coupling strength is significant, the exciton remains co-
herent as it travels through the FMO dimer according to the DCSB model.

The DCSB model has successfully managed to produce both rapid and coherent exci-
ton transfer in the FMO complex. Traditional models for FRET fail to reproduce these
effects, which suggests the inclusion of non-diagonal couplings is crucial to the exciton
transfer mechanism in the FMO complex. Forster theory can produce rapid exciton trans-
fer times but excludes any possibility of coherence. In the opposite limit, Redfield theory

fails to produce the rapid exciton transfer times observed in the FMO complex. Fur-
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thermore, in both cases, the model parameters do not accurately reflect the real physical
systems they model. Neither the assumption of perturbative tunnelling energy relative to
system-bath coupling in Forster theory, nor the Markov approximation and perturbative
system-bath coupling assumed in Redfield theory are valid. A non-perturbative theory,
in any of these parameters, falls within the purview of the spin-boson model. When
applied to the FMO complex, the spin-boson model predicts incoherent exciton transfer
for Ohmic spectral densities, and coherent but slow exciton transfer for super-Ohmic
baths. Therefore one can conclude that the inclusion of non-diagonal couplings is crucial
to the maintenance of rapid and coherent exciton transfer in the FMO complex with a
super-Ohmic bath.

Motivated by the evidence of structured spectral densities in the FMO complex, I also
investigated the DCSB model for an optical phonon bath. A Gaussian lineshape was
used to model the optical phonon peaks, and the bath correlators were evaluated using
the saddle-point approximation. This technique is valid for spectral lineshapes with very
small width which is indeed the case for the FMO complex. We saw in Section 2.3.4,
that experimentally determined spectra for the FMO complex found optical phonon
peaks at relatively high frequencies with small linewidths. Therefore the saddle-point
approximation was justified in this case. I also demonstrated in Section 2.3.4, how the
dimensionless coupling parameters pertaining to the dominant peaks in the FMO spectra
were very small. This permitted a perturbative approach to modelling the system-bath
couplings. In the interest of investigating the non-perturbative effects of optical phonons
on the FMO system, a fictitious peak with frequency within the bandwidth of the FMO
parameters was chosen for the DCSB model. The strong coupling to this optical phonon
peak is hoped to reflect the overall coupling of the FMO system to the many weak optical
phonon vibrations.

The results of the DCSB model with an optical phonon bath were similar to the acous-
tic phonon (super-Ohmic) results. The dimer oscillation frequency increased for small
enough values of the non-diagonal system-bath coupling energy, and the coherence time
remained longer than the pure relaxation time for the range of couplings. Once again,
while both the exciton transfer time and coherence time were greatly reduced for signifi-
cant non-diagonal couplines, the coherence time remained persistently longer. Therefore
the optical phonon bath also aids in exciton transfer through the dimer in a similarly
efficacious way to the acoustic phonon bath, while the exciton remains coherent for the
duration of its motion.

It is prudent to ask the question at this point: what is the functionality of coherence

121



in the FMO exciton transfer mechanism? The experimental evidence for coherence in the
system is clear, and the success of the DCSB model here has demonstrated the impor-
tance of including non-diagonal couplings in the modelling of exciton transfer. However,
what do these results say about the functionality of coherence in the system? Coherent
(delocalised) excitons are characterised by overlapping exciton wavefunctions on nearby
chromophores. The resulting exciton dynamics behaves in a wave-like manner, and asso-
ciated with this will be the oscillatory ‘quantum beating’ signals observed in experiment.
When there exists significant wavefunction overlap between chromophores, non-diagonal
couplings should be present. The DCSB model has demonstrated that significant non-
diagonal couplings promotes exciton transfer through the dimer system in accordance
with the experimentally observed values. While the presence of non-diagonal couplings
serves to introduce an additional decoherence mechanism, the coherence time of exciton
remains longer than the exciton transfer time. This is perhaps unsurprising, since the
presence of non-diagonal couplings is predicated on the coherent nature of excitons in
the first place. Therefore, the functionality of coherence in photosynthesis, if any, could
be to introduce non-diagonal system-bath couplings between chromophores. This facil-
itates the inelastic phonon-assisted transport mechanism and provides the exciton with

additional tunnelling pathways between chromophores.

6.1 Further Work

I now discuss a number of avenues of further research that could build on the work pre-
sented in this thesis. Neither the 3-site boson model presented in this thesis nor the
DCSB model are exactly solvable due to the complicated nature of the system-bath cou-
pling. The noninteracting-blip approximation (NIBA) employed here is a first step along
the way of treating the system-bath interaction processes in a non-perturbative coupling
approach. A number of analytic studies have been done that go beyond NIBA. These
take the form of summing a larger class of diagrams, including higher order system-bath
processes. The nearest-neighbour blip-approximation (NNBA) for example includes con-
secutive blip-blip interaction terms, permitting the system to spend more time in the
off-diagonal state of the density matrix and therefore incorporate longer-lived coherence
effects. This would allow one to consider stronger tunnelling matrix elements with re-
spect to the on-site energies in both the 3-site and 2-site models. This is because the
system is permitted to spend more time in off-diagonal states of the density matrix. This

preserves longer coherence effects and one would expect to see an increase in relaxation
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times calculated for these systems. For the FMO complex, there are a number of three-
and two-site molecular configurations that contain a larger ratio of A/e than considered
in this work. Modelling these molecular configurations would require a model that goes
beyond NIBA, and NNBA could be a candidate for this. Of course, as one considers
increasingly higher order diagrams in this regard, the analytical complexity of the model
greatly increases. However for the 2-site spin-boson model this has nevertheless been
shown to remain a tractable analytical problem yielding illuminating results [27, 99].

For the 3-site boson model it remains unclear whether such a relaxed approxima-
tion (NNBA) can be applied successfully analytically. The problem one faces in the
3-dimensional Hilbert space of the model is substantially harder than that for the 2-
D Hilbert space of the 2-site model. Excursions into the off-diagonal elements of the
3-by-3 density matrix need to take into account all possible consecutive blip-blip and
blip-sojourn interactions which make up the space of the 3-by-3 density matrix. Since
the system is permitted to spend additional time in the off-diagonal space of the density
matrix, the combinatorics problem grows substantially. Nevertheless, the solution to this
problem would be a valuable one not just in the interest of relaxation NIBA and ob-
serving the additional coherence effects in the model but also because it would allow the
system to occupy the coherent state in the system that overlaps with both the upper two
levels. This possibility was excluded in our model because of the application of NIBA
which quenches the off-diagonal excursions too rapidly before they can enter into this
fragile coherent state.

One of the famous applications of the spin-boson model was to the Kondo problem.
It was shown that the peculiar singular behaviour of charged interstitials in conducting
metals could be explained by the high density of electron-hole excitations around the
Fermi surface. This leads to a self-trapping phase transition at zero temperature above a
critical value of the coupling strength, as well as an anomalous temperature dependence
on diffusion. The spin-boson model was appropriate in this case because the impurities
can be represented by a spin-1/2 central system, and the surrounding Fermi gas can be
characterised by electron-hole excitations around the Fermi surface at such low tempera-
tures. These electron-hole pairs are bosonic in character and obey an Ohmic form for the
spectral density. Therefore, in the context of this research, one could ask the question:
how does the Kondo effect change when the impurity is actually a 3-level system such
as the one studied in this system? As discussed in this thesis, the 3-level system con-
tains intrinsic properties such as population trapping that are very different to a 2-level

system. This could have dramatic effects on the Kondo effect when applied to metals.
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The 3-level model coupled to an Ohmic oscillator bath would need to be explored in the
zero temperature regime, as only the high-T regime was considered in this thesis. One
would also need to inspect certain response functions such as the magnetic susceptibility
in order to answer specific questions relating to the Kondo effect.

Finally I would like to comment on the implications of these findings with respect to
the development of artificial light-harvesting systems. Research into photosynthesis is
motivated not only by our general interest in a complete understanding of the biophysics
but also by the potential applications to our own light-capturing technologies. Nature
has had millions of years to optimise these processes, and reverse engineering the en-
ergy transfer mechanism in photosynthesis could help us make our own artificial light
harvesting technologies more efficient. If we are to achieve higher efficiencies in light-
capturing technologies, it is possible that this can be achieved by promoting inelastic
phonon-assisted tunnelling processes in the exciton transport schemes of these devices.
This would mean reducing the inter-molecular spacing as much as possible, as this would
facilitate greater exciton wavefunction overlap between molecules, and therefore aug-
mented phonon-assisted tunnelling. We have learned from photosynthesis, that even in
hot and messy molecular environments, exciton transfer can be very efficient, provided
the inter-molecular distances are kept sufficiently small. In this case, quantum effects are

allowed to persist in otherwise non-ideal environments.
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Appendix A

Calculation of the electron-phonon

correlation function for DCSB model

Here I present the calculation of the electron-phonon correlation function used to de-
scribe the effects of the phonon bath on a central system. In section chapter 5 I required
a calculation of the electron-phonon correlation function (B%(t)BZ(t)), which involves
a correlation between phonon displacement operators pertaining to both diagonal and
non-diagonal couplings. While following a derivation in Mahan [52] in evaluating these
correlation functions, I present the specifics of my deviations rather than simply quoting
the results, as I must be careful to distinguish between the diagonal and non-diagonal
couplings A\, and A, respectively. In the traditional literature, the electron correlation
function calculation usually assumes just diagonal couplings present in the system there-
fore I must present the more general derivation case here. Starting from the calculation

of the trace over the phonon distributions

Fpo(t) = (BL(1)B2(0))
= e Ty [e7F 2a®am BT (£) B (0)] (A1)

Averaging each phonon state independently
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o0
7H(E) = P S e (] O I ) (49)

ng=

where
-1
o0
eﬁQq = Z e*ﬁ”q"-’q =1— efﬁwq (AB)
ng=0

is a normalisation prefactor. For brevity we drop the phonon wavevector subscript ¢ for

the time being.

Faslt) = (1 — &™) 37 e o] W0 o1 (A1)

n=0

The state of n bosonic excitations is given by

n) = 10) (A.5)

Performing the Feynman-disentangling of operators [52] and applying the BCH formula
eATB = eAeBe=(1/2AB] we find

B (t)B*(0) = o AE/2-A2 /2eXp (_)\beeiwt A be ™t LBt — )\zb) (A.6)

In the interest of getting all the destruction operators on the right hand side and the

creation operators on the left, the center two operators need to be exchanged
Acb(t) At Asbt [e—)\szeAmbT(t)e)\sz] (A7)

Applying the BCH formula to evaluate the expression

e M = 4 A, (A.8)

allows us to express
Aab() Asb e’\szexp [/\xe—iwt(b_'_ )\Z)] — bl QAadaeT 9 Asb(t) (A.9)
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So this leaves us for the electron-phonon correlation function for each wavevector ¢

2 2
fxz(t) :(1 — e_fB"J)eXp (—% — % + >\ by e—zwt)

X Ze mexp (n| [(A — Aee™)bt — (A, — A )] |n) (A.10)

defining u = X\, — \,e™*, we can expand in a power series

e "n) = Z (_l?) a'|n) (A.11)

1=0
Using the properties of the boson annihilation operators acting on the harmonic oscillator

states gives us

" (—u)! n! 1/2
e_““|n>zz( “) [(n—‘l)!} In—1) (A.12)

1=0
Using the orthogonality of harmonic oscillator states and identifying the Laguerre poly-

nomial of order n

(n]e™" e n) = Ln(|ul*) (A.13)

Performing the summation over boson states by identifying the generating function of

Laguerre polynomials [52]

(1-2) ZL (Juf?)2" = elu*2/=1) (A.14)

where z = e ?* and —2/(z — 1) = N = 1/(e?* — 1). This leaves us with

£(8) = exp (AZ(1 4 Ng)/2 = A2(1+ Np)/2) exp (Moo + NoJe ™" + AoAse™ N, )
(A.15)

Therefore the full electron-phonon correlation function is the product over phonon states
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Feat) = [T 200
= T (2004 0172 — 0200+ Ny)/2) xp s o+ 8 (e + =)
(A.16)

which in its continuous form (see the next section B) is

Falt) = exp (= [ 525 () + 16) coth (n52)

2uw?

X exp ( h dw—W (7, sin wt + cos(wt) coth (hﬁw/Q))) (A.17)

which is the result we use in chapter 5.
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Appendix B

Connection between continuous and
discrete electron-phonon correlation

function

In the text we use two different forms for the electron-phonon propagator and here make
the link between the two. In the literature, the connection between the two is never
made and usually the reader is expected to assume the jump between the discrete and
continuous forms of the electron-phonon propagator. Here we start with the continuous

form

o(t) = /OOO de(w) (2 sinwt — (1 — coswt) coth (hﬁw/Q)) (B.1)

w?

Inserting the general form of the spectral function
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2 /OO dw Z —25(w — wy) (z sinwt — (1 — coswt) coth hﬁw/2)
0

—Y :eiwqt _ it (eiwqt et _ 1) coth hfw, /2}

= Z u? :ei“"lt — e et 4 (e“"qt + g7 el — 1) (1+ 2”(1)}

= Z u? :Qem’t + 2n, (e’%t + e_i“qt) -1+ 2nq)]

= Zug :nq (ei”qt — 1) + (1 +mny) (e_iw‘lt — 1)} (B.2)

where

1

— m (B3)

Tg

and we recognise the finally form as the discrete form of the electron-phonon propagator
(see Mahan).
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Appendix C

Full eigenvalues of

detuned-3-site-V-system

Here we present the eigenvalue solutions to the Hamiltonian

Hz = e [1)(1] + €212) (2] 4 €0 |0) (0] + Ao (|1){0] + h.c.) + Ao([2) (0] + ) (C.1)

where ¢y = 0 is the ground state. This Hamiltonian represents the most general case

of the 3-site-V system, with the potential for detuned upper levels €; # e5. We include

the solutions here for the bare-3-site-V system primarily to demonstrate the complicated

nature of the eigenvalues even without a bath. In the main text we mostly deal with the

tuned case €; = €5. The eigenvalues are calculated to be

where

€ +e V2 9 =9 N
/\1 3 3_N [(61 + 62) + SQ 6162} \3/_
€1+ € 1+i\/§ ~ 1—2\/_
/\2_ 13 2—( 3N )|:(€1+€2)2+?)Q2—616:|
e +e (1—1iV3 1+z\/_
)\3 == ! 3 2 - ( 3N )[(61 +€2) +392 —6162] (C2)
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N = [ — 9AZ e, + 18A2%06e; + 18A2 6, — 9AZ e
+a(-3(a%+ 25 —ae) — (@ +a)?)?

1/2
+ (—9A% e + 18A% 61 + 18AT 62 — 9AZ €2 — 267 + 3eze] + 3eze1 — 2¢€)) 2}

=

3

— 263 + 3eg€? + 3e2e; — 263 C.3
1 1 2 2
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Appendix D

Fluctuation-dissipation theorem

The fluctuation-dissipation theory is a central feature of linear response theory and is
applied in the perturbative model in the text. The theorem relates the relaxation of a
weakly perturbed system to the thermal fluctuations in the environment i.e. the response
of the system to a small applied force is equivalent to the response to a spontaneous
fluctuation. The main result of the theory relates the power spectrum S(w) of the
fluctuations, to the Fourier transform of the susceptibility y(w) (the linear response
function)

S(w) = hlmx(w) coth(hfw/2) (D.1)

with the random force correlation function given in the time-domain by

(€(8)E(0)) = /0 - dwJ () (coth(Bhw/2) — isin(wt) (D.2)

and the power spectrum is found to be [61]

S(w) = J(w) coth(Bhw/2) (D.3)
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Appendix E

Cubic polynomials

The central problem in this thesis involves investigating a 3-site system interacting with
its environment. Intrinsic to this problem in the various areas of the parameter space
of interest involves solutions to cubic polynomials which appear as the pole structure of
the propagators. Here we detail the general form that these solutions take as a reference
for the main section of the thesis. The formalism presented here can be easily checked

against those presented in [123, 124, 125]. Consider the equation

® +ar’ +br+c=0 (E.1)

One solves this equation with the substitution

a
=t— = E.2
r=t- (8.2
which produces the solvable cubic
P +pt+q=0 (E.3)
where
3b — a? 2a® — 9ab + 27c
= = E4
p R o7 (E.4)
Limiting cases include;
If ¢ =0 then
t4pt=0, t=+v/—p (E.5)
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and the original 3-roots are

a a
T = —g, To3 = :i:\/— — g (E6)
If p =0 then t = /—q and the 3-roots of our original equation are
5 a 5 1 , a
T = \/—_q—ga To3 = \/__Q(_ii\/gl/Q_g (E.7)

Beyond the simple cases outlined above we now present the general solutions. First we
must define the discriminant that determines the nature of the roots. The discriminant

18

b= (4 2) e

and the 3-regimes are;

If D > 0 then we have one real root and 2-complex conjugate roots and the solutions are

a 1 V3. a
TLI=U—V g, x2,3:—§(u—v):l:(u+v)72—§ (E.9)

where

wu=¢vD-4 v=3/vD+1 (E.10)

2’ 2
If D < 0 then all 3 roots are real and distinct and the solutions are obtained with the

cosine substitution

x1 = 2/r cos (%) ¢

3
x9 = 2/7 cos (@) — %
x3 = 2/7 cos (M) I (E.11)
3 3
where
r= (—2)3, ¢ = arccos (;—;") (E.12)



If D = 0 then all the roots are real and 2 are equal

/ a
To3z = —4 —g—g (E.13)
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Appendix F

Saddle point integration of optical

phonon correlation functions

Here I present the calculation of the correlation function for an optical phonon as required

in the text. The influence phase is given by

Pop = 1Qy, + Q) = /000 —e € cos(wr)csch(hfw/2) (F.1)

This integral is divergent as it stands however the saddle-point approximation can be
used to calculate it [136]. This method is valid in the limit of very large exponential
arguments, which in this case corresponds to 1/€2 > 1. As & represents the full-width-
half-maximum (FWHM) of the Guassian peak, this condition applies to a very narrow

peak, centred around wy. The saddle point method evaluates real integrals of the form

b
I:/ dwe= @) g(w) (F.2)

where x is very large. Another necessary condition for the use of the saddle-point method
is for the peak to be symmetrical about its center such that f(wy) = 0, which is valid for

the Guassian lineshape used here. Expanding about wy

flw) = f(wo) + %f”(wo)(w —wo)’ + .., g(w) = glwo) + ... (F.3)

which inserted in to the integral equation gives

b
I = e_zf(‘“")/ dwe_%f”(“f))(“_woﬁg(wo) (F.4)
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Making the change of variables w = wy + y+1/2/ f"(wp) such that

—zf(w 2 v —zy?
I[=el O)\/ F7"(wo) // dye™™"" g(wo) (F.5)

where a' = (a—wp)+/ f"(wo)/2 and correspondingly for &’. The parameter x is very large,

so the reparameterised Guassian is also very narrow with center at y = 0 this time. This

means we can extend the limits to infinity. Thus,

= \ f/,(Qwo) /_ dye ™" g(wo) (F.6)

Making a further change of variable z = \/zy yields

_ —zf(wo) 2 > —22
I=e¢ 1/.17,]0,/((,00) /_OO dze™* g(wp) (F.7)

and the Guassian integral can be performed to give

— e (wo) 27 w
[=e*t \/ xf”(wo)g< 0) (F.8)

which is the result we use in the text.
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Appendix G

Pure dephasing dynamics in the

3-site-V system

I mention briefly in Section 3.4 of the main text how, in the limit of zero tunnelling
Ajg = Agy = A = 0 (for the 3-site-V system), the system exhibits ‘pure dephasing’. This
corresponds to no change in the diagonal elements of the density matrix, but a decay in
the off-diagonal elements despite the absence of tunnelling between states. This is entirely
due to the fluctuating on-site energies induced by the bath, and leads to decoherence in
the system without energy dissipation. As this is an exactly solvable model, with just
three copies of the well known Independent-boson model, we merely comment on it in the
text and do not quote the corresponding calculations for the dynamics. Instead I include
them here for reference. The system is easily solved by transforming the Hamiltonian
with the Lang-Firsov unitary operator U = ¢, where S = — D aq Uaq(bg — bl) |ev)(a| and
Ung = Aag/wy such that H — UHUT = eSHe™®. Physically, this represents the shifting
of the boson cloud to its new equilibrium position. So S can be thought of as a shift

operator. Here we find (using the Baker-Campbell-Hausdorff formula)
UHU™ = " weblby — > ttag (G.1)
q q
The dynamics of the coherences are thus

(Pap(t)) = Trp [Ups @ ppU'UPaU ™' (G.2)

where we’ve assumed an initial spin-bath factorised state and inserted the identity 1 =
UU~". Defining @, = —2i ) Uaq(by — bi) we can apply the BCH formula again to state
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P.s = |a)(B] to evaluate

Pq
UPapU™" = |a)(B] + —i; ja)(al == ) (Bl | + ..
— |)(8] (1 (D)2 — Bu/2) + ) (G.3)
eventually one finds (including the biases now)
(P,s(t)) = Re e ica—es) o= Q" (1)
Qup(t) = /dw‘JOC(W)W_QJﬁ(w)| (1 — cos(wt)) coth (%d) (G.4)

where we're interested in the probability of occupancy of the off-diagonal states and
so inspect the real part. We see that the bath correlation term above corresponds to
the real part of the reparameterised Feynamn-Vernon influence function as discussed
in the introduction. It is indeed this term that is responsible for dephasing owing to
the self-interaction of the off-diagonal paths in the density matrix. The coherences are
exponentially damped in this regime with the rate depending on the difference of the
spectral densities corresponding to the states constituting the coherent superposition.
The bath correlation function Q" determines the rate pgﬁ , which is the pure dephasing
rate: the rate at which the off-diagonal elements are suppressed without relaxation effects
due to tunnelling processes. When tunnelling processes are included, the decay of the
off-diagonal density matrix elements will include a combination of the pure dephasing
rate and relaxation rate. For now however, without tunnelling included, the decoherence
rate is equivalent to the dephasing rate.

The spectral densities are unspecified in the above but generally there will be some
dependence of the coupling on the position of the wells. Since the dephasing rate is
evidently dependent on the difference between spectral densities, it will also depend on
the well separation and as this increases the dephasing rate does accordingly. This makes
sense physically as for larger well separation we expect the overlap between wavefunctions
to decrease and coherences to become less pronounced.

For the Ohmic case (s=1) we have for the spectral density J, (w) = nawe®/“e such that

the frequency integral can be formed in the bath correlation function to get
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1
Qgﬂ(t) = 578 In(1 4 w?t?) + Yas In [% sinh (%t)} (G.5)

where 7,5 = (7. — 15)?/7h. In the various limits we find for the dynamics

1
[(Pos(t))] = S TE T = 0K (G.6)

where for short times below the characteristic time-scale of the bath

(P} =1 — s 2

For intermediate times we observe the power-law governed dephasing

Vwt<1,T=0K (G.7)

(Pas(t))] = (wet) % ¥ 1Jw, < t,T = 0K (G.8)

So we see that at zero temperature we still have dephasing but at a slower than exponen-
tial rate; instead the off-diagonal elements decay algebraically. Recall that when vy, = 3
the bath decouples from the central system and we expect the decoherence rate in this

case to go to zero. When we include non-zero temperatures

[(nB/nt) sinh(rt /hB)] 7>
[1+ (wet)?] /2

We can once again inspect for short times. First we look at the low-T case where we

[{(Pas(t))] = (G.9)

expand in the dimensionless quantity 7t/hfS << 1, which essentially defines the limit of
small bath fluctuations relative to tunnelling energy i.e. for ¢t ~ 1/A, kgT/hA < 1

(Pt = | o7 (wclt o [ <%> s (w_t)] ¥ mt/hB < 1

i 1 7t
(Pes O = | o i (55

) exp(—Yapmt/hB), ¥ wt/hB > 1 (G.10)

For the super-Ohmic case (s=3) we have for the spectral density J,(w) = po(w?®/w?)ew/w.

Calculating the bath-correlator

Qgh(t) = /Ooodw we™@/%e[1 — cos(wt)] coth(hBw/2) (G.11)
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we find for the zero-temperature case

| ) 3+ (wat?]
[1 + (wct)z] ’

For short and long times respectively (to 2nd-order in the respective small parameters)

for T =0K (G.12)

@Zh(t) =3wit? for VT =0K,wt < 1
~ 1 ct 2
Qi (t) = w? (—(tf—(:)?)) VT =0K,wt>1 (G.13)

For non-zero temperatures we get a temperature dependent correction and the integral

is computed to be

o= B ] frann - () - (252

(G.14)
which still contains the small parameter w.hf3 > 1 intrinsic to the continuous-discrete

system truncation procedure and would be inconsistent to relax it now. We find

_ we (wet)? [3 + (wct)Q] T2 [1 + (wct)Q] 2

Qgh@) = 2 + 2 (G.15)
[1 + (wct)Q} 240(h3)* [1 + (wct)ﬂ
We can explore the same limiting time-domains as before
oY/ 4,2 7T4t2
Qph<t) = Jw,t” + W for V hA/kBT > Lwtk1
~ 1+ (wet)? mht?
() = w? . AAJkpT < 1wt > 1 1
Qph( ) We < ((x}ct)z + 240(h/8)4 v / gl < L iwit > (G 6)

where in both cases we obtain a temperature dependent correction that goes as T*. So
for the case of short times and low temperatures, the loss of coherence is algebraic in

time
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7.(.4,}/0Z t2
(PuslO)] ~ 1~ B0t — 7100 @17

and for long times and/or high temperatures, the loss of coherence is of course exponential

in time.
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