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Abstract

Many developments in modern physics rely on the understanding of quantum systems that
are strongly coupled to complex, structured environments. In particular, quantum emitters
such as single molecules and quantum dots are of great interest in many applications in pho-
tonics, solar energy and nano-electronics. In many of these situations, the traditional tools of
quantum optics break down, requiring a non-perturbative approach to system-environment
coupling. Understanding strongly-coupled open quantum systems is still an active area of
research, with many powerful numerical and analytical techniques being developed. In this
thesis, we attempt to combine the approaches of strongly-coupled open quantum systems
with the study of natural and artificial solar energy conversion. Light-harvesting systems
are highly non-equilibrium in nature, since they interact with multiple environments at
different temperatures - a regime which is difficult to treat with many cutting edge open
systems techniques. Starting from the simplest possible model, that of a single transition
in a molecule, we uncover some common inconsistencies that get made in the literature and
develop further the notion of environmental non-additivity. We show that this effect, where
the coupling of a quantum system to one environment affects how it couples to another en-
vironment, is a general property of many non-equilibrium models. We see that for sufficient
phonon-coupling it can directly lead to population inversion in a two-level emitter under
incoherent thermal driving.

After analysing the two-level case, we then expand the model to include two interacting
emitters. This builds on the previous work in the literature on excitonic energy transfer, in
order to more realistically evaluate the effectiveness of these systems within a quantum pho-
tocell context. Using non-perturbative open systems techniques, we demonstrate a striking
diversion from the weak-coupling theory in the resultant dynamics and steady-states.

Finally, we derive a novel model for a molecular photocell, which allows us to explore
the interplay between strongly-coupled vibrations, photon absorption and molecule-electrode
coupling. This setting gives rise to an array of rich non-additive phenomena, which ultimately
determines the photocell performance. We identify regimes where strong phonon-coupling

enhances photocurrent.
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Chapter 1

Introduction to Open Quantum

Systems

1.1 Overview

The preparation and control of quantum systems is an area of great interest in physics and
engineering. These systems are never truly isolated from their environment, which can often
lead to the destruction of their coherence properties, causing a decay of quantum mechanical
behaviour as both system and environment tend towards maximal disorder. Probing the
properties of a quantum system often relies on observing how it relaxes back to equilibrium
after it has been perturbed or excited by an external energy source. Additionally, a rich set
of behaviour can occur when a dissipative system is continuously driven. As we will see,
the strength and nature of the dissipation and driving can determine a wide variety of ob-
servable phenomena within even the simplest quantum systems, making system-environment
interactions an important aspect to consider in developing new quantum technologies.

Much like in open-classical systems, such as classical thermodynamics, there is a temp-
tation to model the interplay between a system and its environment in the limit of weak
coupling. This assumes that the correlations between system and bath decay extremely
quickly and any energy or information transferred from the system is irretrievably lost to the
many degrees of freedom of the bath. This information is not accessible at later times and
so the bath contains no memory of the past system states. In this limit it is not possible
to model strong system-bath coupling, where correlations caused by the interactions can
persist on timescales relevant to the system evolution itself. If these correlations exist, they
can non-trivially alter the future evolution of a system. For many quantum systems, such as
semiconductor quantum dots [I, 2], it is crucial to account for these memory effects in order
to accurately predict the true dynamics.

The design principles of many modern solid-state quantum technologies rely on controlling
quantum degrees of freedom that are under the influence of strongly-coupled electromagnetic

fields, vibrations and phonon modes [3]. In many such instances, it becomes necessary
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to move beyond the weak-coupling regime and develop formalism which allows for strong-
coupling, capturing the non-equilibrium nature of the environment and the build up of

system-environment correlations.

Open-quantum systems techniques have also been used extensively to study excitation
behaviour during light-harvesting processes in natural photosynthetic organisms. Dynamical
properties observed in time-resolved spectroscopy of such systems not only suggest inherently
quantum evolution [4, B 6] which could be enabled by strong electron-vibrational interac-
tions [7, 8,9, [10], but also that the interplay between electronic coherence and strong phonon
dissipation could play a key role in the highly efficient energy transfer [11, 12, 13}, 14}, 15, [16].
This indicates that weak-coupling treatments which neglect bath-memory effects may not
capture the complete dynamics, since strongly-coupled low-frequency modes result in longer
bath-correlation times and significant system-bath correlations. The charge-separation mech-
anism of photosynthesis is responsible for all life on Earth, so understanding it is not only fun-
damentally important, but it also has the potential to inspire the future design of nanoscopic
photocells [I7]. Again, the fabrication of such systems relies on the understanding of very
far from equilibrium systems and excitation dynamics which are significantly influenced by

complex, structured molecular environments.

Photovoltaic and photosynthetic systems can also be modelled as non-equilibrium quan-
tum heat engines and their thermodynamic properties are currently of great interest [18], [19].
Many classical thermodynamic quantities and limits are yet to be understood in the quantum
regime and strong system-bath coupling marks a fundamental departure from the classical
theory. The non-equilibrium nature of these problems inherently relies on the existence of
multiple environments, some of which are strongly-coupled to the system, which poses a
difficult theoretical problem. In this thesis, I will develop methods for dealing with multiple
baths, as well as study the interplay between electromagnetic and vibrational environments

in simple molecular systems and photocells.

This chapter will lay the theoretical groundwork necessary for later chapters, that of open
quantum systems formalism and the weak system-environment coupling regime. In Chap-
ter 2 I will then move beyond weak-coupling and introduce two non-perturbative techniques
that are used in later chapters. In Chapter 3, a simple toy model of a quantum emitter which
has strongly-coupled vibrations, as well as a weakly-coupled optical environment is studied.
I show that a full treatment of the interplay between vibrational and electromagnetic en-
vironments is required for physically consistent results - an important requirement that is
often ignored in the literature. I show that this can lead to wildly different predictions, par-
ticularly in the case of thermal optical driving - conditions that are relevant for photovoltaic
applications. In Chapter 4, I explore how strong vibrational coupling affects energy trans-
fer between systems of coupled emitters, such as molecular dimers found in photosynthetic
pigment-protein complexes. I show that the non-perturbative theory leads to profoundly dif-

ferent predictions compared to weak-coupling. In Chapter 5, I then introduce a novel model
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of a toy molecular photocell, which requires the coupling of quantum emitters to electrodes

and leads to a rich array of behaviour due to the interplay with strongly-coupled vibrations.

1.2 Mathematical preliminaries

Quantum mechanics was devised to explain the behaviour of systems which are isolated
enough to justifiably be described as closed. The Schrodinger equation describes the re-
versible and unitary evolution of wave functions, but cannot deal with the uncertainty intro-
duced by randomly fluctuating environments on its own. Therefore, in order to study open-
quantum systems some formalism for dealing with statistics in quantum dynamics needs
to be introduced. I will also review other useful analytical tools which shall be needed to
derive the dynamical equations of these statistical ensembles, such as the interaction picture

representation. Many further details can be found in [20] 211, 22].

1.2.1 Time evolution of density operators

In many applications, we do not know precisely which quantum state a system is in. In
this case, ensembles of pure states need to be accounted for, which probabilistically describe
the actual state of a quantum system in question. The probability of finding a quantum
system in a particular state, or superposition of states, is therefore going to be a classical
probability. This classical randomness might arise from a lack of information about the
measuring apparatus or due to being coupled with an unobserved external system, such as
a bath.

To describe these ensembles, or mized states, density operators are used. In the density

operator formalism, we can represent a pure state |¢)(t)) as a simple outer product,

p(t) = [Ny ()] (1.1)

In the case that [¢(¢)) is an N-dimensional vector, [¢(¢))t(¢)| is now an N x N matrix.
Now suppose that we have a system that is described by an ensemble of pure states {|u,,)},
with corresponding probabilities {p,}. We can construct a density matrix by a sum of the

underlying states weighted by their probability
p(t) = pa[n())Xton(t)] - (1.2)

From this we can see immediately that density matrices are Hermitian, since {p,} are real
numbers. For pure states, which can always be written as equation ([1.1]), we have effectively
pn =p =1, so p?> = p. Whereas, for mixed states the same is not true.

If a particular basis {|u,)} is chosen, the density operator can be written as a matrix. In

this form the diagonal elements of the matrix correspond to probabilities of the various basis
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states being occupied and the off-diagonal elements to coherences between basis states,
pig(1) = D Do (wslthn (D)) (W0 [ug) = (sl p(t) |uy) (1.3)

We can write any operator as a spectral decomposition A = )" ay, |y, )(Un,|, so the definition

of an expectation value follows
(A1) = P (©n () vm)]* = Tr(p(t)A). (1.4)

So, to find the expectation value of the ensemble, we find the expectation value of the
operator for each (nth) item in the ensemble and then find the weighted sum over the
classical probability distribution.

We summarise some general properties of density matrices:
o pl=p

e Trp=1lor) p,=1

e For mixed states Trp? < Trp =1

e For pure states Trp? = Trp =1

e Expectation value of an operator A is given by (A) = Tr(pA) = Tr(Ap)

In order to study the dynamics of open-quantum systems, we must first have the formalism
for time-dependent closed quantum systems in place. The state of a system [¢(t)) as it
evolves in time and space depends on the Hamiltonian H (), which is a description of the
total energy of a system. In the non-relativistic case, this evolution is described by the

Schrodinger equation

) — bty oy, (15)
which has the formal solution
[Y(t)) = Ut to) [¥(t0)) - (1.6)

Note that we take h = 1 throughout this thesis.
In the case that the governing Hamiltonian is time-dependent, the wunitary operator
U(t, ty) mapping the system from some initial time to future time ¢ involves a time-ordered

exponential,
t
Ult,to) = To_exp [—i / dsH(s)] (1.7)
to

which are difficult to treat in practice. In the time-independent case, where H(t) = H, the

unitary operator reduces to
Ult,ty) = e Ht=to), (1.8)
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which is often far easier to compute. To make the solution of many problems more mathe-
matically tractable, the time-dependence is removed from the system Hamiltonian by trans-
forming to a moving reference-frame. This typically happens in sinusoidally-driven systems,

which we will study in Chapter 3.

In order to describe the time-evolution of mixed states, we now need an equivalent to the

Schrodinger equation but for density matrices rather than state vectors.

Using equation [I.6] we write
p(t) = ZPnU(t7to) [0 (t0) Xon (t0) | UT (2, t0) = U (1, 10) p(to) U (¢, L), (1.9)

which can be differentiated with respect to time

op(t)  OU(t,ty) oUT (t,t0)

ot = ot p(tO)UT(ta tO) + U(t, to)p(to) ot (110)
= —iHU(t,to)p(to)U' (t, to) + iU (¢, to) p(to) U (t, to) H (1.11)
= —i[H, p(t)], (1.12)

where we have used the derivative of equation (|1.8) and its Hermitian conjugate to get
the commutator form, although the same approach is valid for the time-ordered form in
(1.7). This is known as the Liouville-Von Neumann equation, which is the equivalent to the

Schrodinger equation but holds for any density operator.

1.2.2 The interaction picture

When dealing with interactions between different degrees of freedom of quantum systems, it
becomes useful to transform to the interaction picture, or interaction representation. In the
interaction picture, the time-dependence of a quantum system is incorporated into both the
wave function and the operators. This is in contrast to the both the Schrédinger picture,
where time-dependence is included only in the states and the Heisenberg picture where
time-dependence is contained within in the operators acting on time-independent quantum

states [20]. We initially write down the total system plus interaction Hamiltonian as
H=Hy+ H; (1.13)

where typically H, gives the free evolution of the system and the environment, which are
usually exactly solvable in isolation. Hj is a more complicated interaction term which dy-

namically mixes the two subsystems.

In changing from the Schrodinger to the interaction representation, we perform a unitary

transformation on the states and operators which moves the time-dependence due to Hy to
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the system operators
A(t) = ettot=to) ge=iHolt=to) — {71 (¢ 1) AU, (L, t), (1.14)

from which it can be seen that the free Hamiltonian Hj is left unchanged by such a trans-

formation, since this means moving the time-dependence due to the operator onto itself.

As seen in [1.2.T], the expectation value of a Schrodinger picture operator A is given by
(A(t)) = tr (Ap(t)) = tr (AU (¢, to)p(to)U' (¢, 1)) - (1.15)
The time-evolution operator can be decomposed
Ult,to) = Ug(t,to)Ur(t, to) (1.16)
where Uy(t,tg) = e *o(=%0) which means (1.15) becomes

(A1) = tr (Ap(t)) = tr (ATy(t, 1) Us(t, t)plto) U (1, 1)U (1, 10)) . (117)

where we have used Eq. (|1.14). Using the cyclic property of the trace, such that tr(ABC) =
tr(BCA) = tr(CAB) we find

(A(E)) = tr (Ut t0) AU (8, 1)U (1, to) plta) U (1, 6) ) = tr (A()(2)) (1.18)

where we have used equation and

where we have used (1.16)). We then differentiate equation ([1.19)) with respect to time to get

the time evolution:

op(t) _

Op(t
) =it o] + Ul(eo) (P0) vttt

t
= i[Hy, p(t)] — iUJ(t, to) [H, p(t)] Us(t, o) (1.20)
= i [Ho, p(t)] — i [Ho, p(t)] — iU (t,to) [Hr, p(t)] Uo(t, o)
i []:.ll(t), 5(15)} .

The third line is reached by noticing that Hj is left unchanged by the interaction picture
transformation, since it is unitary. This is the Liouville-Von-Neumann equation for the
interaction picture representation. Note that we have used a general start time ¢y, but for

the rest of the thesis we will assume t5 = 0.
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1.2.3 Composite systems and the reduced density operator

If a system and its environment are two separate, distinguishable entities, each with its own

Hilbert space, we can represent the joint Hilbert space with a tensor product
H=Hs®HE (1.21)

where Hg is that of the system, with basis set {|;) s} and Hg of the environment, with basis
set {|1;) ,}. In this case the complete basis of the joint Hilbert space is {|1;) ¢®|¢;) ;. }. In the
case of indistinguishable subsystems, which arise when dealing with fermionic environments,
this tensor product structure does not necessarily exist and so further steps must be made -

we will deal with these in Chapter 5.

For most of this thesis we will be dealing with bosonic baths, which are commonly
modelled as infinite collections of harmonic oscillators. The combined Hilbert space of these
oscillators is normally vast in comparison to the small system of interest, which may only
have a few available states. In this case we will not be able to keep track of the entire
environment, but it is possible to obtain expectation values for the subsystem of interest by
defining system operators as

A=As® 1§ (1.22)

where 1g is the identity operator in the environment Hilbert space. Expectation values for
the reduced density matrix pg(t) are then essentially marginal probability distributions over

the total density matrix, where the bath degrees of freedom are averaged over

(A(t)) = trsym (As @ 1g - p(t)) = tr(Asps(t)), (1.23)

with the reduced density operator

ps(t) = trp(p(t)). (1.24)

This will allow us to gain expectation values for the observables of interest Ag without having
to keep track of the enormous environment Hilbert space. In many instances we will calculate

expressions of the form
Ms = trg (As ® Bpps(t) ® pe(t)) = Asps(t) - tr (Be ® pe(t)) (1.25)

where the density operator can be factorised p(t) = ps(t) ® pg(t), the environment state
is time independent and operators are acting in both the system and environment Hilbert
spaces. If the operators Ag and Bg commute, they can simply pass through the density
matrix of the other Hilbert space and the partial trace can be taken directly over the en-
vironment where the tensor product has turned into a normal multiplication as the partial
trace is a (potentially complex) scalar. This gives rise to the right-hand side of .
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1.3 Dynamics of open quantum systems

I will now introduce a widely used method for modelling open quantum systems, specifically
the evolution of the reduced density matrix pg(t). This will be done by deriving a quantum
mechanical master equation for a system interacting with a large thermal bath, in the Born
and Markov approximations. This is the standard approach that assumes weak-coupling
between the two subsystems, an assumption that we will go beyond in this thesis. This

section follows the references |21, 22] closely.

1.3.1 Born-Markov master equation

In this section, we derive an equation which describes the evolution of an open-quantum
system whose influence from some large environment is described perturbatively in the cou-
pling strength between the two. We first split up the total Hamiltonian of the system and

environment
H=Hgs+ Hg+ Hy, (1.26)

where Hg and Hg are assumed to not share the same Hilbert-space and thus commute, H;
contains operators which are in both the system and environment Hilbert spaces. We now
transform to the interaction picture, where the evolution due to the interaction Hamiltonian

is treated perturbatively,

Hy(t) = ' HstHe)t pp e=ilHs +Hp)t (1.27)

The evolution of the total, closed system can be described by the Liouville-von Neumann

equation in the interaction picture
L — iH (1), (1)) (1.28)
which can be integrated directly to obtain the formal solution
t ~
pt) = p(0) ~ i [ dslx(s), ) (1.29)
0

Equation ((1.29)) can be substituted back into ([1.28) to obtain an exact dynamical equation

in terms of second order products of H;

O9) _ ). 3(0)] — / ds[H(t), [Hi(s), ()] (1.30)
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We now perform a partial trace over the environmental degrees of freedom, to obtain a
marginal distribution function - or reduced density matrix - for the system variables only,
Oplt) . m s : : oo
5 = ! trg[Hy(t),p(0)] — [ dstrg[H(t),[Hi(s), p(s)]]. (1.31)
0
We now set trp[H;(t), 5(0)] = 0 since it is proportional to the identity and may instead be

included in the system Hamiltonian without loss of generality, this gives

o) _ / ds tr[Hy (1), [Hi(s), (5)]) (1.32)

We now make a few important assumptions:

e The system and bath density operators are initially in a product state p(0) = ps(0) ®
p5(0).

e The bath density operator is time-independent, so is unaffected by the influence of the
system, pp = pp(0) = pp(t), and does not have time-dependent statistical properties
(stationary process). Due to the first approximation, this means also that the system
and bath density operators are in a product state at all times p(t) = pg(t) ® pp for
t>0.

The second assumption is known as the Born approximation and is heavily association with

regimes of weak-coupling. This leaves

9pt) _ /0 ds tr[H(t), [H1(s), ps(s) ® ps]], (1.33)

which still involves an integral over time in pg(s), so its dynamics depend on its entire history,
making the calculations potentially difficult to deal with. We now make the Markov approx-
imation, in which we assume that any correlations in the environment decay on timescales
much faster than the system evolution. This means that if the current state of the system af-
fects the state of the environment, the effect equilibrates fast enough that it does not change
the future system evolution, so the environment contains no memory of past system states.
This is often physically relevant when the environment is a very large heat bath which is
likely to tend back to equilibrium on very fast timescales.

Note that the Markov and Born approximations are closely related, but they can be made
independently of one another, for example if the system and bath are sufficiently weakly-
coupled so as to enforce a product state of the density operator, but correlations are not

short-lived.

The Markov approximation allows us to put the integral into time-local form by replacing
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ps(s) — ps(t) so that

ott) _ _ / ds tre[ 1 (), [Hi(s), ps(1) @ ps]]. (1.34)

In the Markov approximation, we also assume that the dynamics do not depend on any
initial time t = 0, but only on the difference in time between s and ¢, this means we can

make the substitution s = ¢ — 7 which gives

0p(t) _ _ / ' dr tepl (), [t = 7). ps(t) @ pall (1.35)

Since there is such a separation in timescales between system and environmental evolution,
we can also extend the integral ¢ — 0o, so that all time-differences are included. This allows

many of the subsequent integrals to be evaluated analytically and yields

oy _ / " dr gl A1), [yt — 1), ps(t) @ pp), (1.36)

which is a Born-Markov master equation in the interaction picture.

In several models we encounter in this thesis, the interaction Hamiltonians take the

product form
Hy =) Ay® B, (1.37)

which become

Hi(t) = Z ¢iflsts A _o=itHs @ oiHBts B =itHs _ Z Au(t) @ Ba(t), (1.38)

in the interaction picture since the system and bath Hamiltonians are mutually commutative.

Substituting this into the definition of a Born-Markov master equation yields

L) — i [42(0) )] = [ ar [A0), 120 - ), sto)] -
S T ) ) (1.39)
=S / dT( |Aa(t), As(t = 7)ps(t)| Cas(r) + | s() Aa(t = 7), Aa()] cﬁa(—T))
ap 70
where we define the correlation functions
Cap(T) = tr (Bo(7)Bspi) (1.40)

and we have assumed that [Hg, pp]=0, which is true for a thermal state with respect to Hpg,

and have used the cyclic property of the trace. Finally, converting back to the Schrodinger



1.3. DYNAMICS OF OPEN QUANTUM SYSTEMS 11

picture gives

Clps ) = —ilts. ps()-3 [ dT( [ Aas As(=7)ps(8)| Cas(7)+ [ ps(D) As(—7), A cﬁa<—7>),
o (1.41)

which is a Born-Markov master equation, valid in the limit of weak coupling between the
system and environment. The formal solution of (1.41)) is given by [22]

ps(t) = e“[ps(0)], (1.42)

1.3.2 The secular approximation

In some applications, the non-secular form of the Born-Markov master equation does
not give reliable physical results since the dynamical maps are not completely positive or
necessarily trace-preserving [21]. For this reason, it is common to make a further secular
approximation on by discarding terms that have time-dependence in the interaction

picture. To elucidate this time-dependence, we define

[Hg, Au(w)] = —wAq(w) (1.43)
[Hs, Al (w)] = wAl () (1.44)

where {w} are the spectrum of fixed differences of eigenenergies of Hg. This means that
Au(t) =3 e ™t A, (w) and Al (1) = 3 e Al (w), enabling the interaction Hamiltonian to
be written

Hi(t)=> e ™ Ay(w) @ Ba(t) = Y e“'Al (w) @ Bi(t) (1.45)

w w
where the second equality comes from the completeness of the eigenbasis. Inserting these
forms of the interaction Hamiltonian into ([1.36)) and decomposing system operators into
sums of operators with a spectrum of eigenenergy differences leads to the interaction picture

equation

chsl = -3 [ (dfeme““-w)t(caﬁv) (AL (), As(w)ps(0)]
a8 ww (1.46)

FCaa(=T)ps(t1As() ALWD ) + e

where we have defined correlation functions C, g(7) = <B&(7‘)Bﬁ> which take a different
form to (|1.40]).

We now discard terms for which w’ # w, which allows us to put the master equation
into Lindblad form, which ensures that it is a completely positive trace preserving maps
that gives physical evolution of the reduced density matrix. This is known as the secular

approximation and is justified for most quantum optical systems along the same lines as
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the rotating wave approximation, which occurs at the Hamiltonian level. After moving back
into the Schrodinger picture, the secular approximation results in a dissipator which is in
Lindblad form:

Clps(0)] = —ilHys. ps(0)] + 303" Tplw) <2Aﬁ<w>ps<t>A2<w> AL @) As(w), ps<t>})

w b

(1.47)

with Lamb-shift Hamiltonian

His = 303 ~iSus(@)[AL()As(w), ps(t)] (1.49)

w b

and decay rates and Lamb-shifts defined as Ayg(w) = Iap(w) + iS,5(w) given

Aus() = /0 " dre ey (7). (1.49)

1.4 Application: The spin-boson model

The aim of future work is to study complex molecular systems which naturally have many
energetic degrees of freedom and excited states. Molecules often have highly structured vibra-
tional characteristics and any bound excitations are likely to interact with these vibrations,
or phonons, affecting their dynamics. Often the interaction between phonon environments
and excitations are described in the limit that the two are weakly coupled. As we have seen
in the previous section, in making a Born approximation we have restricted the dynamical
equations of the reduced system to the case where there is no entanglement between the
system and its environment, meaning that the bath does not evolve from its initial state. We
have also used the likelihood of a separation of timescales between the system evolution and
environment correlation times to justify ignoring any past states of the system. This means
that the future state of the system at any time only depends on its current state and not on
the reaction of the bath to any events in the past.

Here we will treat a canonical model, known as the Spin-Boson model, of a spin-1/2 sys-
tem coupled to an infinite bath of harmonic oscillators. As we will see, the non-commutative
relationship between the system and interaction Hamiltonians gives rise to a rich set of
behaviour.

A system interacting with a bath of quantum harmonic oscillators, where interactions

are mediated by a generic system operator s, can be described by the Hamiltonian [23]

2
i + wi (ask — %s) ] , (1.50)

where k counts over bosonic wavevectors and f;, is the coupling strength between the system

H:Hg(t)+%z

k
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and environment which we have assumed to be real. Here we have written the harmonic

oscillator degrees of freedom in second-quantised notation,

1 Wk
T = m(b; +br) and  pp =4/ 7(62 — bg). (1.51)

The Hamiltonian in this form is analogous to Hooke’s law for classical oscillators, since the
energy depends on the displacement of each oscillator away from its equilibrium position,
this ensures that the spectrum of the Hamiltonian is properly bounded from below for all

coupling strengths [24] 23]. Expanding out to make the system-bath interaction explicit gives
H=Hs() s fimt 23 2 IS~y ) (1.52)
k 2 k wi 2 k

Substituting the definitions of position and momentum operators, we identify a new scaled

coupled strength g, = fi/v/2wy to get the simple well-known form:
2
_ Ik 2 T 1
H=Hg(t)—s bl +by) + =5+ w(bb —i——). 1.53
s(t) Ek i (b + br) Ek o Ekk WOk + 5 (1.53)

In order to get some insight into this Hamiltonian, we will now choose a time-independent

system Hamiltonian. For a two-level system (TLS), we define the Hamiltonian,
Hg=¢eolo+ Vo, (1.54)

where e quantifies the two-level system energy splitting and V' the tunneling term and the

TLS operators are defined as of = |e)(g|, 0 = |g)e| and o, = of + o.

For bosons with sufficiently low energy, such as acoustic phonons, the interactions with
a quantum system often cannot mediate electronic transitions, i.e. do not couple to system
populations, but instead couple to the phase. This is equivalent to having a diagonal dipole-
transition matrix [1], so we can set s = oo which means the quadratic term causes an upward
shift of the excited state energy. The interaction Hamiltonian can be then be written in the
form )
H;=—0lo ng(b}C + br) + Ik 5t 4. (1.55)
k P

Choosing Hamiltonians (1.54) and (1.55) means that Eq. (1.53) is now the Spin-Boson

model.

For an environment mode k with n excitations we denote the state |ny),, the creation

and annihilation operators, bL and by, respectively, have the effect [20]
bilng) gy =vVn+1|ng+1), and belng)y = vl —1) 4, (1.56)

recalling the multi-mode commutation relations for the creation and annihilation operators
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[bk, b,L,] — S

The interaction between the two-level system and the harmonic environment is charac-

terised completely by the spectral density
Jsp(w) = Z |96 (w — wi), (1.57)
k

where | gk|2 is a measure of both the coupling-strength and environmental density of states

of the kth mode.

Throughout this thesis, when considering the weak-coupling case, we shall assume that

the environment is at thermal equilibrium, so described by the state

_ exp(—SHp)
PE = Tolexp(—BHp)]’

(1.58)

where inverse temperature is defined § = 1/kgT. In order to proceed with the calculation
of a weak-coupling master equation as in section we need to directly transform the
interaction Hamiltonian of the system to the interaction picture. Depending on the com-
mutativity of s and Hg, the unitary transformation can sometimes be expanded as a series
of nested commutators and converges to something analytically manageable, such as in the
case where the tunneling term V is taken to zero, known as the independent-boson model.
In the spin-boson model this step becomes more complicated, so we write the interaction
Hamiltonian H; in terms of eigenstates of the system Hamiltonian Hg. The eigenstates of

the single-excitation subspace are:

Vi) = %2_77 (VIEele) = ViIFelg)) . (1.59)

with corresponding energies

M = %(e L) (1.60)

where w. = w, + € and n = V€2 +4V2 These states have been written so that V' only

appears within 7. We can also express the original states in terms of the eigenstates |v):

1
) = 5= (VAT el + Vi elv-) o

1
l9) = N (Vi —e€lve) —Vn+elv)),

which allows us to write the system operator ofo in the eigenstate basis

ol = % (0 + O W) + (= ) Yoo | + 2V (wadoo | + Yol (162)
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which is transformed trivially to the interaction picture
. 1 i —i
gla(t) = 2 (74 €) [ )ve | + (=€) [ Xv| + 2V (Jpy M| €™ + v )ve[e™™)) . (1.63)

Due to the form of the interaction, a secular approximation cannot be made, so we insert

(1.63) into our definition of a Born-Markov master equation using the definitions

A(t)=6'6(t) and DBt Zg (bl ™+t 4 ety (1.64)

since the shift term is also in the interaction Hamiltonian, this also appears as a term in the

dissipator:

il Hai (1), ps(1)] = — iX | A2(2), 5s(0)| = X / "ar [A20), 1A% - 7). 5s(0)] (165)

where A = 37, ¢2/wy. Since this does not converge for ohmic spectral densities, we use the
fact that —i[ﬁshift(t),ﬁg(t)] ~ —i\ [&%(t),ﬁg(tﬂ, where Hyite = Aoto, which comes from
the second-order expansion of the interaction in the Liouville Von-Neumann equation. This
yields the expression

p ;t(t) = —i[Hg + Hgpige, ps(t)] — /0 h dT( [615,616(—1)ps(t)] C(7)

Here, the double sum has disappeared since there is only one object being summed over in

the decomposition, leading to the autocorrelation functions
ZTr [gkgk/ ( T 4 cre M”) (c,t, + ck/> pB} . (1.67)

This expression can be simplified by calculating the operator-product expectation values over

the thermal environment state pp,

tre(ckCr pE
tre(c ck,pE

f = (5kk/N(wk/)

lre(cyCr pE

) =
) =
)=
) =

(
(c}

trg (Ck C/PE
(

where N (wy) is the occupation number of the oscillator mode with wavevector k,

1

N(wi) = 55—

(1.72)
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This allows us to simplify the autocorrelation function

C(r) = gp (N(wk)e™ ™ + (1+ N(wg))e ™) (1.73)

_ zk:gi (coth(%) cos(wyT) — iSiﬂ(wkT)) : (1.74)

We can now move to the continuum limit by turning the sum over wavevectors to an integral

over frequency, utilising the spectral density J(w) = >, gzd(w — wy)

O(r) = /0 " () Gmh(%") cos(wr) — isin(wT)) . (1.75)

With the master equation in the form [1.66, we can take the integrals into a single operator
to yield the form

dps(t)
ot

= —i[Hs, p(t)] — [0z, Zps(t)] — [ps(t) 2", 02], (1.76)
where we have defined the operator

Z = = (e Xooo | = [0 Xw-)AO) + V([0 Xv— | Aln) + [0 X4 [ A(=n))) . (L.77)

| =

The complex factors A(v) are given by

Alv) = / eVTC(1)dT = / ei”TdT/ dwJ(w) (coth(%u) cos(wT) — z'sin(cm‘)) :
0 0 0
(1.78)
with real and imaginary parts corresponding to decay rates and energy level shifts, respec-

tively. These can be evaluated using the Sokhotski integral identity

/OOO Fw)dw /OOO drete=nT — w/ooo fw)d(w —n)dw £iP { EiC) dw} o (179)

o wW—1N

where P denotes taking the Cauchy principle value of the divergent integral. The Cauchy
principle value can be calculated by integrating up to some small ¢ from the pole of the

integrand from both sides and taking the limit as ¢ — 0,

A e[ [ 22) o
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Figure 1.1: Dynamics of (a): excited state population, (b): (o,) and (c): (o) for the spin-

boson model in the weak-coupling approximation at different phonon coupling strengths a.
Parameters are e =0, V = 10meV, I' = 30meV, wy = 20meV, T = 300K.

Resolving the delta functions yields the expressions for rates,

( CO ﬂl - CO &
2 J(v) (coth () — 1) +iP { S < ()71 coth( j}“) dw} it v >0,
Alv)y=<1Z hH(l] (J(v coth(%)) [ > Jf)dw} if v =0,
v—

- coth 57” -1 coth +1 .
\EJ(lyy) (COth<%) + ) +iP |:f0 ( w<+\1/|) - ( IVl) ) dw:| if v < 0’
(1.81)

To solve for the dynamics we choose a Drude-Lorentz spectral density
T 2

J(w) = ke ld (1.82)

(w2 _ wg)Z + 122’

which has approximately linear behaviour at low frequencies w < w,. but tends to zero as
w — oo. The Drude-Lorentz spectral density is often used to approximate the spectral
density of electron-phonon interactions in molecular systems. The rate operators Z and

principal value integrals are all calculated numerically to solve the dynamical equations.

1.4.1 Dynamics of the spin-boson model

In figure [1.1] (a)-(c), the dynamics of from weak to intermediate coupling are shown.
It can be seen in that the Rabi oscillations in the TLS population are dampened by the
system-environment interaction. Coherences are also strongly affected, illustrated by (o)
and (o,). The environmental coupling causes transitions between the TLS eigenstates, even-
tually leading to a thermal equilibrium with respect to Hg. Larger system-environment
couplings mean this steady-state is reached more quickly, which is reflected in the large

increases in magnitude of (o).

In figures|1.2| (a)-(c), the same expectation values are calculated as in|1.1)but for different
values of vibrational peak position, wy. When wg = V, the vibrations are off resonance with
the energy gap n, which means that the effective coupling is weaker, causing the decay rate

to be smaller.
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Figure 1.2: Dynamics of (a): excited state population, (b): (o,) and (c): (o) for the
spin-boson model in the weak-coupling approximation at different vibrational frequencies
wo. Other parameters are e =0, V = 10meV, I' = 30meV, T" = 300K.

1.5 Summary

In this chapter I have introduced the basic building blocks of the theory of open quantum
systems and derived a generic Born-Markov master equation. I then applied this theory
to a canonical model, the spin-boson model, and investigated how bath properties change
its behaviour. Now I will investigate the short-comings of the weak-coupling approach and

propose some methods for going beyond it.



Chapter 2

Beyond the weak-coupling

approximation

2.1 Introduction

In many applications, it becomes necessary to model the coupling between a system and its
environment beyond the second-order perturbation in coupling-strength seen in the previous
chapter. Additionally, the Born and Markov approximations mean that correlations cannot
build up between the two subsystems as they interact with one another. The existence of
these correlations can lead to many qualitative changes to the short-time and steady-state
behaviour of the reduced system [25].

Here I will outline two techniques for going beyond the weak-coupling approximation,
namely the polaron transformation [26, 27, (1] and the collective coordinate (CC) mapping [28,
29, 25, 23]. I do not present any original results in this chapter, only redeveloping previous
work for the context of this thesis.

Both of the polaron and CC approaches apply unitary transformations to the original
Hamiltonian to essentially extend the boundary of what the system of interest is, to include
important elements of the bath. By including salient environmental features within the
system description, the strong interactions can be dealt with non-perturbatively and anything
that remains can be expanded to second order as we have seen in the previous section. As
we will see, this can come at a cost, either by enlarging the basis considerably, as in the CC
approach, or by shifting the perturbation expansion onto other important interactions, as
with the polaron approach.

Currently, the polaron and CC theories also have limitations, which encourage their use
in slightly different parameter regimes. As we will see, the regions of validity are determined
by the low-frequency character of the bath modes. Apart from introducing the reader to
these important tools, the central focus of this chapter is to evaluate which approach is most
suitable for studying molecular systems. The validity restrictions of each theory ultimately

determine the choice of approach taken throughout this thesis.

19
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It should also be noted that there are several other advanced non-perturbative open
quantum systems techniques, these include path-integral methods [30}, B3], [32], many-body
wave functions with tensor networks [33] and multi-configuration time-dependent Hartree-
Fock [34]. Notably, the hierarchical equations of motion (HEOM) approach [35] is valid in
similar regimes to the CC methods and is widely used in chemical physics applications [30,
37]. All of these powerful techniques also have their limitations, particularly in the case of
say path-integral and HEOM methods when it comes to dealing with so called non-additive
effects where systems are coupled to multiple independent environments [38]. We will see in
the next chapters how the CC model can be used to account for non-additivity in a simple
and elegant way. The simplicity of CC and polaron approaches also allows us to gain deep

physical insight into fundamental problems in open quantum systems.

Formally exact methods also exist, such as Zwanzig-Nakajima projection operator tech-
niques [39], but these often give equations that are intractable without perturbative expan-
sions in coupling strength [21]. Due to their complicated dynamical maps, these techniques
also do not lend themselves to treating systems coupled to multiple baths, which form the

focus of this thesis.

2.2 Polaron transformation

In situations where some quantum system of interest interacts with a harmonic bath, the true
state of the bath will be dependent on the exact state of the system. As a simple example, we
take exciton formation in a semiconductor lattice. When the electron is in its ground state,
the surrounding bulk will approach a particular equilibrium configuration. Upon excitation,
say by the absorption of a photon, the electron moves to a new orbital with a totally different
charge configuration, causing the surrounding lattice to distort. Depending on the coupling
between charge carriers and lattice conformation, these displacements can be considerable
enough that it makes sense for the entire exciton-plus-distortion cloud to be thought of as a

separate quasi-particle, called a polaron [27, [I].

By incorporating the lattice displacements due to the electronic excited state into the
Hamiltonian, one can derive equations of motion for the electronic degrees of freedom which
are far more widely applicable than those obtained from perturbation theory in the original
frame. In some simple models, such as the independent boson model, which will be visited
later, a polaron transformation alone can be enough to obtain an exact solution for the

dynamics of both the system and the bath.

Given a Hamiltonian of the form H = Hg+ H;+ Hpg, a transformation which only mixes
the subsystems together and performs coordinate displacements must be unitary H' = UHUT

where U = ¢ and S is a Hermitian operator [26]. Specifically, most Hamiltonians I treat
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will be some variant of

2
H=Hs+AY gu(b) +bi) + Y wibby + A2 f)—k (2.1)
k
k k k

which permits a choice for S of the form S = A(>_, i—i(b; —by)). For a general Hg and A,
the transformation gives rise to the partition H' = Hg + H; + Hp:

2
) S -8 2 [P
Hy=eSHge > + A ;w_k (2.2)
2
g
Hy = ;wkbLbk - Azk: gr(bl + by) + A2 k w—’; (2.3)
2
g
H}:Aggk(bhbk) —2,4%&)—’;, (2.4)

which allows us to see exactly how the linear coupling term A S, ge(bl 4 by) is removed
by the transformation. If Hg commutes with A, as in the independent boson model, then
eSHge™® = Hg and this transformation displaces the Hamiltonian to a representation which
completely removes any interaction term and just renormalises the system and bath energy
scales. In this decoupled representation an exact solution of system and bath dynamics can
be found.

Where [A, H;] # 0, e.g. in the Spin-Boson model, then further interaction terms arise

and various approximations are usually made to obtain closed solutions.

2.3 Collective-coordinate formalism

Here I will give an overview of another non-perturbative technique which is typically valid
in complementary parameter regimes to the polaron formalism, known as the Collective
Coordinate mapping. They are complementary because they are each valid for different
subclasses of environmental spectral densities.

The underlying idea of the Collective Coordinate mapping [28, 29, 25] is that we can
perform a normal mode transformation on the original closed system Hamiltonian to
gain a completely equivalent model but in slightly different form. Essentially, the most
important effects of the entire bath are summarised in a single bath coordinate, known as
the collective coordinate (CC). The mapping is such that the system only interacts with this
CC, which in turn couples to a bath of residual modes. The idea is that this CC-residual
bath coupling should be weak enough to perform perturbation theory on, as in the previous
chapter, giving rise to time-local, Born-Markov master equations which describe the time-
evolution of the entire system-plus-CC. This means that the original system Hamiltonian is
augmented to explicitly include a bosonic or fermionic mode, of the same type as the original

bath, thus enlarging the dimension of the reduced system.
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We restate the generic Hamiltonian ((1.52)) in Hooke’s law form for convenience
g

and define the spectral density for the system-bath interaction as Jo(w) = Y., g2d(w — wy)
where we scale the coupling strength for convenience g, = §i/v2wr. We now define the

normal mode transformation [25] 23]:
X =A% and P=Ap (2.6)

such that the operators for the new set of oscillators are given by M; = >, Ajpmy, where
AT = A1, The collective coordinate is defined by

Zﬁkxk = AoXi, (2.7)
p

where )\ is the system-CC coupling strength. The residual bath oscillator frequencies, €2,
for m > 1, are related to the original frequencies by the orthogonality condition AAT = 1
which gives

> WAk g =Y Wik, = Gnf2, (2.8)
k k

Focusing on the final term in (2.5)), we get

k. mmn

which allows us to identify

h, = w,zAlkAnk form=1 (2.10)
h,, = Wik forn =1 (2.11)

so an interaction term X; ), iszk can be extracted. We also notice that Ay, = )\alhk, which
comes from 1) Further, we can see that [ X1, Pl =i, %Alk[xk,pk/], which means that
> i heA1 = Ao and so N=> i e must be true to preserve commutation relations for the CC
since [y, pr] = 10y for any harmonic oscillator. Finally, by also defining Q3 = Y, wiAy,

the full mapped Hamiltonian then becomes
Ji
H = Hg(t)— Xos X1+~ Z —k52+ (P2+ 02X+ X, ; I Xi+ 5 ;wgmzxg). (2.12)

We can also define the CC-residual bath spectral density as J;(w) = >, hid(w — wy), where
the CC-residual bath coupling strength has been scaled as hy = Ry, /v/2wy.. This mapped
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Hamiltonian looks formidable, given that we do not know from the outset what A is. However,
for the mapping to be exact, the dynamics of the system of interest in the original and mapped
cases must be the same. Thus by calculating the equations of motion for the system of interest
in each case, we can relate the two models and calculate dynamics from knowledge of the
original spectral density only. The original spectral density does not specify any information
about the system of interest itself, only its interaction with the environment, so we can

replace the system with a classical coordinate with position ¢ and momentum p,

2

Hq:P —ngkxk+q—zg—k+ Z P+ wexh), (2.13)

where we also write the oscillator degrees of freedom in the position-representation,

1 Wk
Ty = \/m(b,t +bp) and pp =4/ 7(1)2 — by) (2.14)

and we have drop the time arguments from the system Hamiltonian. From this, the equations

of motion are calculated using Hamilton’s equations ¢ = %_;I? p=q= —%—ZI yielding,

i) = U0~ Y gt — ) 2 (2.15)

27
- 2w;;

En(t) = —gra(t) — wize(t), (2.16)

where U'(q) = dU(q) The bath variables x(t) and pg(t) are then eliminated by making use
of the Fourier transform f(z f f(t)e**tdt. This is done by substituting the definition
of the inverse Fourier transform into the equation above and rearranging. This leads to an

equation of the form K(z)q(z) = —U’, where the Fourier space operator is defined as:

K(z) = —2? (1 + Xk: W’%) = 22 (1 + /OOO dw %) : (2.17)

In getting to the integral in the last equality, we have moved to the continuum limit in
the number of boson modes. The integration over frequency is now performed for the most
general spectral density that could be found, the details of which are contained in Appendix

1. In summary, we assume that a general spectral density can be written in the form

wf(w)

Jo(w) = N . . ’
@) [T (w—iag)(w + iag)

(2.18)

where any poles are written explicitly in the denominator and must be imaginary (a;y € R)
to avoid non-physicality, specifically appearing in conjugate pairs to ensure Jy(w) is real. It
should be noted that the spectral density is decomposed in a similar manner to [2.18| within
the hierarchical equations of motion (HEOM) formalism [35, [40]. The function h(w) is
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arbitrary but well behaved (say some polynomial), real-valued and has no poles. To simplify
the calculation we treat the case where there are only two poles but as long as they are all
imaginary the actual number of poles does not matter. We can then write (2.17)) as

K(z) = —22 (1+m(‘]°(z)) @ /(i) _ il > (2.19)

22 at —a3)(a3 + 2%)(a1)  (af —a3)(ai + 2%)(az)

Since the 2? cancels out on the imaginary term (f(w) is real-valued), the spectral density
can be retrieved from the Fourier-space operator by writing z = w — i€ and taking € to zero

from the positive direction (so it lies in the contour) and discarding the real part,

Jo(w) = ! lim Im [K(w — i€)] . (2.20)

T e—0t

Now we have the form of the spectral density in terms of the Fourier space operator which
governs the dynamical evolution of the classical coordinate. The equations of motion of the
classical coordinate should be the same before and after the mapping, since it is exact. We
now do the same procedure to write K(z) in terms of the CC spectral density, to equate
the original spectral density with the CC spectral density. Firstly, we swap the system for a

continuous coordinate in CC Hamiltonian

P? 1 g o1 . 1
2 k 2 22 2 2 v 2
H=—-+U(g) = AoaXi+4°3 Ek w_]%+_(P1 +OIXT) + X1 ) X+ 5 D (P A+ QXR).

2 2
k>1 k>1
(2.21)
This Hamiltonian enables the equations of motion to be calculated
. A5 ,
Q) + Ao+ 30 = ~U'(a) (2.22)
. ) Bi .
k k

Xao(t) + hod + w2 X,,. (2.24)

As for the Hamiltonian in the original frame, we transform to the Fourier space operator

to eliminate the CC and residual environment degrees of freedom:

K(z) = -2 + %% (2.25)

By moving to the continuum limit and using the definition of the CC-residual bath spectral

density

L(z) = -2 (1 + zk: #i_zz)) _ (1 4+ 40 /OOO dw %) O (2.26)
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We can now relate Jy(w) and J;(w) by equating (2.19) and (2.25)) and taking the limit as in
2.20).

In order to go any further, we could use the method given by Martinazzo et al [41] to
map from the original spectral density Jy(w) to the new spectral density J;(w), however,
there is a perfectly adequate mapping in the reverse direction Jj(w) — Jo(w) [25], for the
case of Drude-Lorentz spectral densities as first described by Garg et al [28]. Since the
Drude-Lorentz family of spectral densities is general enough for the applications within this

thesis, this example is shown in the next section.

2.3.1 Example: Drude-Lorentz spectral density

With the aim of finding the associated Spin-Boson Jy(w), we start with an Ohmic spectral
density for the CC-residual bath,

Ji(w) = ywexp(—w/A). (2.27)

In the limit that A — oo, following the same contour integration procedure as in the un-

mapped case and noticing that .J;(w) has no poles yields
L(z) = —2* + 2imQyz. (2.28)

Substituting this into (2.25) and then into the mapping (2.20) gives

22y Ndw
(Q2 — w?)? 4+ (27Qy)2w?’

Jo(w) = 1 lim Im[K (w — i€)] = %

T e—0t1

(2.29)

which is in the form of an under-damped Drude-Lorentz spectral density which we restate

for convenience )
al'wiw

(w2 _ wg)Q + 122"

J(w) = (2.30)

Setting I' = 2myA2 and wy = 2 makes the mapping exact. However, this is in terms of )\
and v which are as yet unspecified. By comparing the different derivatives of the equations
of motion in the two cases, it can be shown that the following relations hold

2 00 o0
% _ / D) 1y and a20 = / w0 Jo(w)dw. (2.31)
0 0

w

This gives v = T'/27Q and A2 = 7af)/2.

The overdamped case can be found by defining

Q 272

d o= 2.3
and o= —q (2.32)

We = ——
21y
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which can be used to recast the spectral density (2.29) in the form

1 QW
J(w) = 9 2w2w2 wh? 9" (233)
ﬂ-wc - = c | Q4C + w

In the limit where €2 > w. then this spectral density reduces to

QWW

J(w) = e (2.34)

w? + w?’

where we have retrieved the overdamped Drude-Lorentz spectral density. Thus a CC spectral
density in the form of (2.27]) can be used to recover a spin-boson model with a Drude-Lorentz

spectral density in both underdamped and overdamped regimes.

2.3.2 The collective-coordinate master equation

Now we have performed the mapping, we can derive a Born-Markov master equation for
the interaction between the system and the residual bath. Inputting the definitions for the

position and momentum operators for the collective coordinate

1 Q
S —_— T H— 1 —_ T —_
z 2Q(a +a) and p=1iy/ 5 (a" —a) (2.35)

and the residual bath coordinates

N 1 o
Xp=1/=—(cl +cn) and P =iy/2(c — ) (2.36)
2Vk 2

into the mapped Hamiltonian (2.12)) gives

2

H:Hs—{—SQZ& — Xos(a’ 4+ a) + Qa'a
PR

. (2.37)

+ (a' +a) Z hi(ch + cx) + Zwkczck + (a' + a)? Z =,

w
% % gk

Note that we have expressed this in terms of g, and hy instead of the scaled couplings g
and izk We now partition the Hamiltonian |D into the form H = Hy+ Hp + H; where

Hy=Hg+s* ; i—’i — Xos(a’ +a) + Qa'a (2.38)
Hp = Z wkclck (2.39)
k
H; = (a' + a) Z hi(cl 4 ¢) + (af + a)? Z h—i (2.40)
k PRl

where we have kept the quadratic counter term inside the interaction Hamiltonian.
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We will now derive a master equation for the reduced density matrix of the two-level
system and reaction-coordinate, where the CC is weakly-coupled to the residual environment.
In the same way as previous sections, we transform to the interaction picture and decompose

the Hamiltonian this time using

H(t) = A(t) ® B(t) + AA%(t) (2.41)

hi

where A(t) = ! (af +a)e Mot B(t) = 3, grlche™ ! + cre™™ ) and A = 3, oo Using the
Born-Markov master equation ({1.36]) this gives

= —itrg [ﬁ;(t),ﬁg(t) ® pB} - /000 dr trp []:11(75)7 [ﬁl(t - 7)755(75)“ (2.42)

In this final equality, there are the bath correlation functions (B(£7)B) 5 which are complex
valued. It becomes useful to split the correlation functions into real an imaginary parts by
defining rates such that (B(£7)B), =TT £ T'~

't =tr ((B(1)B £ B(—7)B)pz) /2, (2.44)

whereby I'" is real and '~ is imaginary. If we assume a thermal bath, as in (1.58)), then we

can follow methods outlined in previous sections by moving into the continuum limit

T+ (r) = /0 Oodwjl(w)coth(%“’) cos(wr) and T=(7) =i /0 " oy (w) sin(wr).  (2.45)

This allows us to write the Equation ([2.43]) in the form

8I5§t(t) = —i) [AQ(t), ps(o)} - /0°° ar [Ag(t)’ (A%t =), ﬁs(t”]

_ /0 ar ([A®), [A@ = 7). ps(n)] | T () + [A@), (4G = 7). 251} T-(7))

We now notice that the first two terms (involving A2(t)) are reminiscent of a second order
expansion of the Von-Neumann equation, e.g. Eq. (1.31]),

—iX | A3(2), ps(0)] = A2 / Car A1), (A2t — ), ps(0)]] = —iX [ A2(0), (1) (2.47)

0
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as seen in section [1.3.1, this means that the quadratic terms have induced a unitary,
Hamiltonian-like contribution the open-system evolution. We also complete the Markov-
approximation by extending the time integral to infinity, the evolution Equation ([2.43]) now

becomes

3ﬁs( )

=i} | 20,7 <t>]
/ / dwdT [fl(t — T),ﬁg(t)” Ji(w) coth(%d) cos(wT) (2.48)
/ / dwdT ), {A(t — 1), ps(t )}] Ji(w) sin(wr).

The spectral density Ji(w) = ywexp(—%) where A is the CC cutoff frequency in the limit
A — o0, is unbounded, which means that some of the frequency integrals appear divergent,

though we can cancel some out by integrating the last term in equation by parts using

/0 " drsin(wr)A(t — 1) = —@cos(m) 4 /0 N dTCOSf:’T) M%T_ D) (2.49)

The principal value part of the integral cancels with the first term of (2.48) since A = >k Z—j’z
and the original definition J;(w) =Y, h#d(w — wy), which gives

z'/ooo dwjl(w) [ (t), {A(t) —z/ Zg,%é w— wk [A (t),ﬁ(t)} (2.51)

_ izw_fz [A?(t),ﬁ(t)] =i\ [A?(t),ﬁ(t)} . (252)

Now we tranform into the Schrodinger representation and use the Heisenberg equations of

motion —8Ag;T) =i [HO, At — T)} + 24

/ / dadr [A, [AA(7).p00)] | e comn (5 Jeostor) (2

_/0 /O dwdr {A,{ A(—r),HO} ’p(t)H Jl(w)COSLW)-
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At this point we can include the integrals over 7 and w in the definitions of two new operators

_ / b / " dodr () coth<5—“’) cos(wr) A(—7) (2.54)
7]

/ / duodr i (o) 25T )[HO, (2.55)

With these expressions, the Liouvillian has essentially been derived, but in practice these

[I]

operators are difficult to calculate analytically due to being in the interaction picture with
respect to the augmented system Hamiltonian, which seldom commutes with the interaction
Hamiltonian. To proceed, the operators (2.54))-(]2.55)) can be written in the augmented system

eigenbasis:

A= Z (&il Alos) [d:) 5l (2.56)

where Hy |¢n) = by |¢n). The time-dependence on the operators A(—7) is found via (1.14)),

the system operators become

Aty =) (dil Algy) e @9 |6;) (51 . (2.57)

(]

Substituting this into (2.54))-(2.55)) and integrating using ((1.79) yields

e coth(“”) (6 Al6) |6, (2.58)
=~ Z J1(&ij) (0il Ald;) |9iX 5] (2.59)

where §;; = (¢; — ¢;) and the imaginary Lamb-shift terms have been neglected, justified in

[25] by numerical benchmarking.

This form of the operators lends itself to numerical construction, by truncating the space
of the collective-coordinate to some appropriate excitation number and then numerically

diagonalising the augmented system Hamiltonian H,. Finally, we can write the CCME as

O00) i (B, pl0) + (4. (2] + [Z7p(0). A 260

where (2.59)-(2.59)) have now been simplified by the definition Z = x + =, which gives:

7= S ie) (com(52) +1) @Al kol 261
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2.4 An exactly solvable model: the independent boson

model

Here the canonical independent boson model (IBM) is treated, since it can be exactly diag-

onalised by using the polaron transformation [42] 21]. This will allow us to test the regimes

of applicability of the CC method. The IBM corresponds to a choice of Hg = € | X )} X| and
= |X)X]| in (2.1), which means that [Hg, A] = 0.

2.4.1 Exact Solution

After accounting for the renormalisation term Y, g7 /wy, the Hamiltonian becomes

H = ¢ |X0X] + 3 bl + X0 S o8]+ be) (2.62)

where € =€+ >, = g’i. We then perform a unitary, polaron transformation H' = eSHe™*
where §' = | X )} X| Zk I (bT br). This yields transformed bath and interaction Hamiltonians

HY = ¢ | XX (2.63)

Hyy = D by — | XT3 au0f + ) +1XKX] D2 (2:64)
k k k

Hy = PO Y gu(th+ ) — 21006 3 2 (2.65)

(2.66)

which together form the polaron-frame Hamiltonian

H' = €| X)X[+ ) wiblb (2.67)
k

whereby the system and bath are now decoupled but the initial system energy renormalisation
has been exactly cancelled out due to the polaron shift, which is induced by the coupling.

The time-evolution operator in the polaron frame is thus
U/(t) _ 6—ie|X><X|t6—i >k wkbibkt' (268)

We will now show that in the original frame the environmental modes undergo a shift depen-
dent on whether the system is in the ground or excited state. We partition the full original

Hamiltonian as

Hy =€ |XXX|+ ) wiblby and  Hy = |[XXX|> ge(b] + bi) (2.69)
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in order to write

U(t) = ey (t) = etote=5U" (t)ed (2.70)

— giHote=5g—iHot GiHot [/ (1)eS (2.71)

where we have used the reverse of the unitary polaron transformation U(t) = e 5U’(t)e”

and resolved the identity operator for the final equality. From this we identify

iHot ,—S ,—iHot _ Ik iwgtyt —iwt
% e =e — | X)X —(e"™*"b, — e "D 2.72
s (XX et — ) ) 272)
and ,
T (1) = ¢ T o I (2.73)
By using the theorem eAt? = eAePe[4B)/2 after some algebra we reach
U (t) = e~ 0 XXX Zlon(t)b, —ai ()be) (2.74)
where ®(t) = Z—% sin wyt — Z—Et and oy = (1 — ewkt)g—’z. By performing a series expansion of
2 ,

the second exponent in (2.74)) and inspecting the first few terms we can identify a convenient
form of the time evolution operator (2.74)) that is still exact:

U(t) = e (IOXOI + X)X D (ak(t))> (2.75)

where we have introduced the displacement operator D(ay(t)) = exp (ak(t)bL — ag(t)by ).
We assume that system and bath are initially in a product state p(0) = ps(0) ® pp(0) and

that the bath starts in thermal equilibrium at temperature Tg

pB(O) = eXp (— Z kaLbk/kBTR) / tr [exp (— Z wkbLbk/k:BTR>

Since the interaction term in Eq. (2.62)) commutes with the system Hamiltonian, within the

independent boson model the phonon bath causes no transitions between system eigenstates

. (2.76)

and thus the system populations are static. Transforming back to the Schrédinger picture

we have
poo(t) = poo(0) [0X0]  p11(t) = p11(0) [X XX (2.77)

which we verify by using

pis(t) = (il Tep |T(Dp(O)T(1)] 1) (2.78)
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The system coherences do evolve, and are governed by
proft) = p1o(0) T (H D(ak<t>>p3) — pro(0)e TV (2.79)
k
por(t) = por(0) Trp (PB 11 D*(Oék@”) = por(0)e™" Ve (2.80)
k
where we have defined the decoherence function

I(t) = ln<TrB <HDak )) Zln V5) (2.81)

with the expectation value over the bath (O), = trg(Opg). This allows us to identify the

Wigner characteristic function for bath mode £,

(D(an(0)s = exp(~glanf ({0t} ) (282

so the decoherence function becomes

k

00 = 3 ~glonf? (], = - 20— o) 2 com (%) ss)

where the second equality comes from the definition of ay(t) after equation (2.74) and a

fair amount of algebra. We can then use the spectral density we have already defined,
Jo(w) =>4 lgk]?6(w — wy), to get

r(t) = —/OOO deCi )coth(ﬁ>(l—cos(wt)). (2.84)

The full time evolution for the coherences is thus

por(t) = por(0)e e and  pio(t) = (pou(t))*. (2.85)

2.4.2 Weak-coupling approach

This calculation is very similar to the weak-coupling spin-boson model seen in the previous
chapter, but it is greatly simplified by the fact [Hg, A] = 0. From the Born-Markov master
equation in the Schrodinger picture , we input the appropriate system operator to get
a master equation:

ag—f) = L(ps(t)) = —ilé, ps(t)] +T(0) (2 XWX ps(t) [ XXX] — {|XXX], ,,S(t)}) (2.86)
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Figure 2.1: Two-level system coherence dynamics ((0,) = peg(t)+ pge(t) and (o) = i(pegy(t) —
pge(t))) as a function of time for the independent boson model in the strong-coupling regime:
exact solution (dots), collective coordinate master equation (solid curves) and Born-Markov
master equation (dotted curves).

where é = ¢ — S(0) and decay rates and Lamb-shifts defined as A(0) = I'(0) —iS(0) given

A(0) = = lim (J(z/) coth(%)) —iP { /0 N de} . (2.87)

w

For a Drude-Lorentz spectral density, the decay rate can be evaluated analytically I'(0) =
mal'/(2Bw?), but the shift S(0) principal value integral will be calculated numerically.

2.4.3 Comparison to collective coordinate approach

The dynamics of the exact solutions can be compared to the collective coordinate mas-
ter equation and the weak-coupling approach. The initial condition for the two-level sys-
tem is taken to be ps(0) = i(le) + |g)){e|] + (g]). For the exact solution, the envi-
ronment is initialised in the thermal state pg(0) of Eq. (2.76), as stated before, while
for the collective coordinate master equation the CC is initialised in the thermal state
Pih = exp(—QbTb/ kBTR) /tr [exp(—QbTb/ kBTR)} with the residual environment held in ther-
mal equilibrium at temperature Tr throughout the dynamics. In Fig. above we compare
the two approaches and find that the collective coordinate master equation matches the exact

solution well into the strong phonon-coupling regime.

2.5 The spin-boson model revisited

In the previous section we saw that the collective coordinate master equation performed
well at simulating non-perturbative open-quantum systems in the case where the system

Hamiltonian and system coupling operator are mutually commutative. We will now revisit
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the spin-boson model, as seen in Section [I.4] where

H=¢éolo+V (ol +0) + > wiblbe + | XXX| D gr(b] + br), (2.88)
k k

where € = e+, gi/wg. In the weak-coupling case, the fact that the tunnelling term does not
commute with the interaction Hamiltonian was circumvented by moving to the eigenbasis of
the system Hamiltonian before transforming to the interaction picture. At strong-coupling,
the eigenbasis of the system Hamiltonian may be a sub-optimal basis, incapable of expressing
non-trivial contributions due to the environmental degrees of freedom. As we have seen, the
collective coordinate formalism deals with this by expanding the Hilbert space of the system
and transforming to the new supersystem basis. The polaron approach attempts to move to
a representation where the displacements due to the system-bath interaction have already
been accounted for, which we will now show becomes very limited in two key regimes of

interest: finite intrasystem tunnellings and low-frequency environmental spectral densities.

Since the spin-boson model is not exactly solvable, we will benchmark the collective coor-

dinate and polaron approaches against a numerically exact approach known as Hierarchical
Equations of Motion (HEOM).

2.5.1 Polaron approach for the ohmic spin-boson model

After a polaron transformation, the Hamiltonian (2.88)) becomes

H' =eolo+V(o'By +0B_)+ Y wiblby (2.89)
k

where By = [[, Di(%gx) are the mode-dependent displacements due to the phonon-coupling,
which now augment the tunnelling term. Before we expand this term in order to derive a
master equation, we notice that the term proportional to V has a non-zero expectation value
with respect to a thermal environment state Trg{(c'By + 0B_)pg} = (B) 0., which is a
requirement for deriving Born-Markov master equations in the usual way [21]. We then
subtract (B) o, from the interaction and add it to the system Hamiltonian, so the pertur-
bative expansions represent fluctuations around the thermal average. The final partition is
therefore Hp = Hgp + Hip + Hg, where

Hsp =eo'o +(B)o, and Hip=V(0,B,+0,B,) (2.90)

where we have defined

(2.91)
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Figure 2.2: (a): Dynamics of TLS population, (b): (o,) and (c): (o,) for the spin-boson
model. Dashed lines correspond to the weak-coupling approach described in the previous
chapter, solid red lines are from the CCME approach. Parameters are a = 0.5meV, € = 0,
V =10meV, I' = 30meV, wyg = 20meV, T = 300K.
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Figure 2.3: (a): Dynamics of TLS population, (b): (o) and (c): (o,) for the spin-boson
model. Dashed lines correspond to the weak-coupling approach described in the previous
chapter, solid red lines are from the CCME approach. Parameters are @ = 10meV, € = 0,
V =10meV, I' = 30meV, wy = 20meV, T' = 300K.

Following the approach of [27], (B) can be expressed in terms of the spectral density:

(B) = exp (—% /0 ") o %‘“J) (2.92)

W

By series expansion of the coth %w we can see that the integral only converges for spectral
densities with at least cubic low-frequency dependence. This means that the Drude-Lorentz
phonon spectral-densities which are considered throughout this thesis cannot be modelled
properly using the polaron approach, since they have linear low-frequency dependence. This

further motivates the use of the CCME for studying dynamics in molecular systems.

2.5.2 Comparison of CC and weak-coupling approaches

In figures (a)-(c) the dynamics of {¢7c), (0,) and (o,) are shown for the weak-coupling
(dashed blue) and the CC (solid red) approaches in the weak-coupling regime, where a@ =
0.5meV, e = 0, V = 10meV and 7" = 300K. We can see that the weak-coupling theory

approximates <0Ta> and (o,) well in this regime, however it does not replicate coherent
oscillations that are observed in the dynamics of (o,) due to the CCME.
For a lower frequency bath where wy = 10meV, the weak-coupling approach predicts

much smaller damping rates of the population oscillations, as seen in figure (a). This
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Figure 2.4: (a): Dynamics of TLS population, (b): (o,) and (c): (o,) for the spin-boson
model for a = 0.05V and wy = 10meV. Dashed lines correspond to the weak-coupling
approach described in the previous chapter, solid red lines are from the CCME approach.
Remaining parameters are the same as figure 2.2 We can see that the lower frequency
environment has caused the weak-coupling theory to perform worse than when wy = 20meV
in figure [2.2

spectral density is more sharply peaked at a lower frequency, which is a regime that can
cause Redfield to break down, even at this weak coupling strength of @ = 0.05V = 0.5meV.

In figures2.3] (a)-(c), the same dynamics are shown but this time in a strong-intermediate
coupling regime, where a = V' = 10meV. We can see here that the dynamics and the steady-
states of the weak-coupling theory are now significantly different to those predicted by the
CCME theory.

2.6 Summary

Due to a requirement to go beyond the weak-coupling theory derived in the previous chapter,
I presented two possible methods, namely the polaron and collective coordinate approaches.
I have highlighted an inability of polaron theory to properly account for ohmic spectral den-
sities, such as the Drude-Lorentz form - used ubiquitously to model molecular phonon envi-
ronments - which supports the choice of the collective coordinate mapping as an appropriate
non-perturbative technique to use in the following chapters. I derived the CC mapping and
master equation, which was then benchmarked against the exact solution of the independent
boson model. I then used the CCME to explore the spin-boson model in the intermediate
and strong-coupling regimes. It was seen that the weak-coupling theory is not capable of

reproducing the complexity of the CC model, particularly for peaked, low-frequency baths.



Chapter 3

Environmental non-additivity in

quantum emitters

3.1 Introduction

The focus of this thesis is on the interplay between vibrational and optical interactions in
quantum systems. In the previous chapter, I reviewed some non-peturbative open quantum
systems techniques which are suited towards modelling exciton-phonon interaction processes,
however so far optical interactions have not been treated at all. In order to be optically
excited or de-excited, a dipole must interact with an electromagnetic field and absorb or
emit quanta of energy. In the absence of vibrational modes, quantum emitters such as bare
two-level atoms have Lorentzian emission lineshapes, with linewidths corresponding to the
lifetime of the excited electronic states [43]

For many modern information processing applications, it becomes useful to embed quan-
tum emitters into solid state devices [3], which means that the phonon modes of the host
can interact with the electronic states of the emitter. For example, in quantum dots excited
electrons interact with an effectively positively-charged host material, which has some bulk
phonon modes or lattice distortions which change the local electromagnetic field around
charge-carriers [27, [I]. Similarly, in photosynthetic systems, networks of light-sensitive
molecules are embedded into large sheets of interconnected proteins, which constitute a low-
frequency environment of delocalised phonons to the excited electronic states [44], 45| [46]. In
both of these examples, the phonons interact in intermediate-strong coupling regimes where
traditional weak-coupling approaches do not necessarily apply. These scenarios also require
that the quantum system of interest interacts with both a vibrational /phonon environment
and an ambient electromagnetic field, so I will now lay the foundations for how to do this in
a consistent way.

I will begin this chapter by introducing Hamiltonians that will be used often throughout
this thesis, that of a two-level dipole coupled to both the vibrational modes of a host lattice

and also an external electromagnetic bath. Effectively, the model is the independent boson

37
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model with the addition of optical fields, but I will term this the monomer Hamiltonian,
since it is analogous to a two-level electronic transition in a single small molecule.

Applying a CC mapping to the phonon bath allows us to incorporate its influence on the
electronic dynamics non-perturbatively, and in particular to capture the resulting dynamical
generation of electron-vibrational correlations [28] 47, 25] [16].

Using this non-perturbative theory, I will investigate the phenomena of environmental
non-additivity. This occurs when two or more environments interact with the same quantum
system and where it is not valid to calculate their impact on the system in isolation and
instead their collective effects must be accounted for to accurately describe the system. It is
demonstrated that non-additivity is essential for modelling quantum emitters in the presence
of vibrations, since enforcing an additive approximation essentially disregards the Franck-
Condon principle and leads to inconsistencies in electronic transition rates. I show that the
non-additive theory can lead to population inversion when the two-level emitter interacts
with high temperature thermal electromagnetic fields.

The population inversion observed in the two-level emitter only occurs for super-ohmic
spectral densities of the electromagnetic field, where the frequency dependence is greater
than linear. I present a minimal analytical model that fully explains the remarkably different
qualitative behaviour between the ohmic and super-ohmic cases, which also sheds light more
generally on the nature of non-additivity.

A model of coherent excitation is then derived, where the monomer system is excited with
a continuous-wave laser, rather than thermal electromagnetic fields. As well as calculating
steady-state emission spectra of the monomer to better understand the dynamics, I also
investigate the phenomenon of population inversion in vibronic systems under off-resonant

coherent driving.

3.2 Exciton-phonon interaction

Here we introduce the form of exciton-phonon Hamiltonian that will be used in the following
chapters. This is the same form that is used across the literature of open-quantum systems
and within quantum optics, chemical physics and quantum biology. Starting from a generic
form of system-bath coupling as in —, I choose the system operator s = ofo as in

the case of the spin-boson model, which gives:

2
g 1
HPH = E V—zO'TO' —olo g gk(bz + b)) + E Vg (b,tbk + 5) . (3.1)
k k k

Here H™™ just denotes all of the contributions of the Hamiltonian, H = Hg + H® + HFM,
due to the phonon interaction. As we have already seen, for a Hamiltonian of spin-boson
model form, Hg = eolo + Qo,, the first term in (3.1) gives rise to a shift of the TLS

energy. The second term is the system-phonon interaction, which in the absence of coherent
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coupling V' — 0, commutes with the system Hamiltonian and thus does not cause transitions
between the TLS states. This is justified phenomenologically by the fact that emission
energies of the systems of interest to this thesis are on the order of a few electronvolts,
with phonon/vibrational energies rarely exceeding 100meV. These low-frequency vibrational

environments are unable to cause population transfer on their own.

As we have seen in the previous section, when |V| > 0, the system part of the Hamilto-
nian no longer commutes with the interaction part, so the environment can lead to direct
transitions between the Hamiltonian eigenstates. In chemical physics, these are often known
as non-adiabatic transitions [48)], since the system exchanges energy with the phonon envi-

ronment in order for the populations to equilibrate.

The final term is the self-energy of the oscillators in the phonon bath. We will omit the
zero-point energy of ), 1/2, since this is proportional to the identity operator and does not
influence the qualitative behaviour of the dynamics. It is useful to formally define a spectral
density for the system-vibrational interaction, J(v) = >, |gx|*6(v — 1), which as discussed
is a measure of the environmental density of states weighted by the system-environment

coupling strength for a mode frequency.

Throughout this thesis a Drude-Lorentz spectral density is used:
J(v) = aviyv/ [(V2 — 32 + 72,/2} (3.2)

which is phenomenologically motivated as it is used to model both localised, intra-molecular
vibrations as well as delocalised inter-molecular vibrational environments, by using small
and large ~, respectively [48]. The latter case are often called phonons, since they arise
from bulk mechanical effects in the host crystal [I] or protein substrate [45] that an emitter
is embedded in. These can be derived in much the same way as the approach known to

solid-state physics [L, [3].

3.3 Exciton-photon interactions

Here I sketch the derivation of the form of light-matter interaction Hamiltonian that is used

throughout this thesis. The magnetic and electric field can be written as [49)

B=VxA (3.3)
0A
E=-Vd—- — 3.4
T (3.4)
In the Coulomb gauge, where V- A = 0, the scalar potential is ®(r,t) oc [dr'p(r’,t)/|r" — r|.

It is assumed that the EM fields are in free space and there are no free charges, which means
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that ® = 0:

O0A

E=——.
ot

(3.5)

Since the magnetic fields are 1/c smaller than electric fields, they are neglected. The vector

potential can be expressed as a superposition of plane waves
A(r,t) = e [An(t)e™™ + A, (t)e ™ ] (3.6)
K\

where Ay, (t) are complex field amplitudes, which have wave-vector k and polarisation A and

obey
d A (1)

dt
which has the solution Ay (t) = Agre™“* where Ay = Ak (0) and T have defined wy, = clk]|.
Differentiating this as in Eq. [3.5] gives the electric field in the form:

+ wiAa(t) =0, (3.7)

E(I‘, t) = iZwkeks [Ak)\ei(k'r_wkt) - Ai)\e_i(k'r_wkt)} . (38)
kA

In quantising the electric field, it is assumed that the field is contained within a cavity of

volume V| which gives rise to the Heisenberg picture operator [49]:

i) = (5 )éak@), (39)

2wk60V

where ag(t) are annihilation operators of the bosonic field. Using these definitions we can

rewrite the electric field as

~ hw 3 . .
Bl =i Y (k) e @0 — o] (o)
kA

In the case where the matter-system of interest is much smaller than important mode wave-
lengths, then \/27 = |k| ™" > [Femitter|, 50 k-1 < 1 and the variation of the electromagnetic
field over the extent of the system can be neglected. In this thesis, I mostly consider small
molecular systems which emit primarily in the visible and near-infrared part of the spec-
trum. For example Dibenzothiophene has a zero-phonon line at 785nm [50] but is only made
up of three aromatic rings, so has length on the order of only one nanometre. Making this

approximation gives:

BE(r,t) ~ E(t) = zz ( o )5 € [ak(O)e—W — aL(O)eW] . (3.11)
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Moving to the Schrodinger picture we have

E = ZZ (2}3:‘];) ’ €Ls (CALk)\ - &L)\) . (312)

kA

In the multipolar gauge [51] and the dipole approximation, the dipole-field interaction can
be written [49, 52]

HPM = _4.E. (3.13)
If we write d = 3~ , (j| d |k) |5)(k| where we use the TLS basis j, k € {g,e} and (e|d |g) = d,

then we get
HPM = —(g)el + [e)gl) D (finiion + firil) (3.14)

kA

NI

where fi, =1 (22‘:’{/) (d - exn).

It becomes useful to define a spectral density, such that J(w) = 3., | fir|?0(w — wi),

which gives

jM(W) = Z h:jk |d-ek,\|2(5(w—wk). (315)

Following [22], 1 choose a coordinate system such that |d-ew|* = [d]*(1 — ‘&E‘) =

|d|*(1 — cos?6), where 6 is the angle between the unit vectors d and k. We now move
to the continuum limit using >, — L*/(87%¢*) [;° dwy wi [, dfsin 6 fo% d¢, which after

integration by substitution gives

d2
jM(W)_ ’ ’ wS.

672¢

(3.16)

For a TLS with energy splitting €, optical spectral densities will be given in terms of a bare
electronic decay rate I'y = 277 (¢), so
r
T (w) = —=u?. (3.17)

= w
2med

Alternatively, in the Coulomb gauge [51] we have

HM =p-A=-0,3 fin (am + ab) : (3.18)
k

=

1 1/2
where now fi, =1 (%) ’ (d - exn) (:—2) . Using the same analysis as above, a spectral

density with a different frequency dependence is obtained

To(w) = 22

C 27e

(3.19)

We can also see that Jys(€) = Je(€), so both theories give the same predictions for the decay
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rate of the TLS.

3.3.1 Rotating-wave approximation

If the system Hamiltonian is considered to be Hg = €|e)e|, and transform (3.14]) to the

interaction picture with HFM(t) = eflot M=ot where Hy = Hg + Hp, then we get:

HM(t) = —(oe™™ 4 oTe™) Z (kaflkxe_w’“t + fﬁxdﬂxeiwkg
o)

- Z (fkw&“e_i(ewk)t + f;AUdLA@_i(e_wk)t + fﬁAUTdLﬁi(ewk)t + kaUTdkxei(e_wk)t> :
kA
(3.20)

Light-matter interactions will be dominant around resonance, where w;, =~ €, so the time

:I:i(E—‘rwk)t)

evolution of the first and third terms (x e will be much faster that the time-evolution

of the second and last terms (oc et (c=wr)t)

, with the latter terms being almost stationary with
respect to system evolution. This means that on time-scales relevant to system evolution,
the fast-oscillating terms are likely to average out to zero and therefore be unimportant to
the overall evolution of the system. On top of this, we can see that the fast-oscillating terms
correspond to processes which do not conserve particle number: oay, and O'TCALI(A. It is often
argued that these virtual processes are only likely to be significant at very large coupling
strengths, on the order of system energies and so they are omitted to make the Hamiltonian
exactly solvable, as in the Jaynes-Cummings model. This, known as the rotating-wave
approximation (RWA), gives the light-matter interaction Hamiltonian in RWA form after

moving back to the Schrodinger picture:

HM ~ — Z (fk)\OTdk)\ + ff:AUdLA> : (3.21)
I

Now I will move on to investigating the interplay between vibrational and electromagnetic

degrees of freedom in the monomer system.

3.4 The Franck-Condon principle

The Franck-Condon (FC) principle [48, [52] is an invaluable tool in the study of solid-state
and molecular emitters. The principle states that, due to the disparity in mass between
electrons and nuclei, after absorption of a photon changes in electron configuration occur
instantly on time-scales of nuclear motion. This means that electronic transitions of an
emitter occur without changes to the position of its nuclei or those of its environment. As a
result, transition rates become dependent on the overlap between vibrational configurations
in the initial and final states, which are generally displaced from one another [see Fig. [3.1](a)].

This displacement comes from the instantaneous, vertical transition to a different electronic
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manifold, such that the nuclear degrees of freedom are out of equilibrium.

The differing overlap between two displaced vibrational states in different electronic man-
ifolds determines the intensity of that wvibronic transition line in emission and absorption
spectra. Larger displacements lead to an increase in absorption frequencies, as higher-lying
vibrational states have an increased overlap. This also causes energy to be dissipated into
the nuclear environment as the excited vibrational modes in the electronically excited state
relax to their equilibrium configuration. This is observed as an energy difference between
the absorption and emission profiles.

It is possible to calculate the optical response for such a system, where the system-
vibrational interactions are accounted for non-perturbatively [43], with the optical interaction
in the linear regime. These treatments are illuminating, however they do not generalise
well to studying the full system dynamics or to cases where there is incoherent driving by
thermal photons. As we will see, these are two important situations where environmental
non-additivity manifests itself.

Finally, it is also worth noting that figure (a) shows a distinctly symmetrical system,
where the potential energy surfaces of the excited and ground states have the same curvature.
However, in many real systems, a change in electronic configuration can also be accompanied
by a change in shape of the potential, leading to asymmetries in the emission and absorption
profiles [4§]. In the following, we will only treat the symmetrical case, but extensions to the

formalism may be of interest to future work.

3.5 Environmental non-additivity in the monomer

The Franck-Condon picture provides an intuitive starting point for studying the complex
interactions between the electronic and vibrational degrees of freedom of an emitter and its
environment, for example through rate equations derived from Fermi’s Golden Rule [48] [52].

Faithfully representing the full non-equilibrium dynamics of such systems requires mov-
ing beyond rate equations and instead employing an explicitly time-dependent approach.
This should be non-perturbative in the electron-vibrational coupling and thus capable of
capturing the dynamical influence of vibrational displacement on the electronic states. Ex-
amples include polaron [53] [I] and collective coordinate |25, 16, 28] 29] 54] master equations,
hierarchical equations of motion [35] [55, 56], path integrals [57, 58, 59, and tensor network
methods [60] [61), B0]. Nevertheless, it is interactions with the electromagnetic environment
that ultimately give rise to the observed electronic (e.g. optical) transitions. Our focus in
this chapter is thus on the important question of how to incorporate electromagnetic inter-
actions into the dynamical formalism, such that they respect the non-perturbative nature of
the vibrational coupling.

Given that interactions with the electromagnetic field in free space are weak, it is often

assumed that the Markovian dynamics they generate can be added to the equations of motion
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Figure 3.1: (a) Illustration of the vibronic energy structure commonly associated to the
Franck-Condon principle. Vibrational coupling leads to the formation of manifolds corre-
sponding to the ground and excited electronic configurations, with transition probabilities
proportional to the overlap of the displaced and undisplaced vibrational states. (b), (c)
Schematics of the collective coordinate (CC) mapping. In the additive case (b) the elec-
tromagnetic field (shaded) is sensitive only to the two-level emitter (TLE), whereas in the
non-additive case (c) it is sensitive to the full augmented system (TLE+CC).

unmodified due to the presence of vibrations [62], [63] 64, 65 66] 67, 68, 69, 70l [71), (72, 73,
(74, [75), [76], [77]. Though justifiable in certain circumstances [78, [79, 67, 80, 8], additivity
is in general a stringent requirement [80), R1, [82], 83, 4] that can break down even if all
environments are weakly coupled to the system [82]. In fact, we shall show below that
the dynamics obtained in this manner can exhibit fundamental flaws, such as disregarding
the FC principle. In certain cases, both the vibrational and electromagnetic environments
may be treated non-perturbatively [85, [86], but this comes at an inevitable cost in terms of

computational effort and complexity within the formalism.

Here we seek to retain both the simplicity of the Markovian description of the electro-
magnetic interactions and a non-perturbative treatment of the electron-vibrational coupling,
but without the undesirable additivity restriction. This is made possible through a collective
coordinate transformation [28, 47, 25, [54] which, as we have seen in the previous chapter,
incorporates non-perturbative effects of the vibrational environment into an enlarged (aug-
mented) system [see Fig. [3.1(b),(c)]. This in turn enables a Markovian master equation to
be derived in the eigenbasis of the augmented system space, rather than that of the orig-
inal bare emitter, by tracing out the electromagnetic environment and residual vibrational
modes [54]. On doing so we find that electromagnetic transitions become sensitive to the
non-perturbative vibrational dynamics captured by the CC mapping, and our procedure thus
retains the non-additive effects crucial to obtaining quantum dynamics that are consistent
with the FC principle [Fig. [3.1)(c)]. If instead we enforce additivity [Fig. [3.1(b)], the result-
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ing electronic decay dynamics becomes independent of the electron-vibrational coupling. We
show that capturing non-additivity is also vital for accurately representing the stationary
non-equilibrium behaviour within our model. Specifically, under incoherent electromagnetic
excitation the non-additive interplay between the electromagnetic field and vibrations di-
rectly enables electronic population inversion for situations impossible within the additive

approach.

Before examining non-equilibrium dynamics explicitly, we can illustrate the shortcomings
of an additive approximation through arguments based on a simple Fermi Golden Rule calcu-
lation. We consider a two-level molecular emitter (a monomer) with electronic excited state
le) and ground state |g), separated by an energy € (h = 1 throughout). Coupling to the elec-
tromagnetic field induces transitions between the electronic states, which are also assumed
to couple with strength 7 to a single (harmonic) vibrational mode of frequency {2, leading
to the formation of a displaced manifold associated to the excited electronic configuration.
This is the situation depicted qualitatively in Fig. (a), though our considerations here and
throughout the rest of the paper also apply in the case of continuum phonon environments,
where the discrete mode would be identified as the CC post mapping (see below). As we
have seen in the previous chapter and as shown in [25], the CC approach can reproduce
numerically exact dynamics of the spin-boson model for overdamped Drude-Lorentz bosonic

environments, far from the single-mode regime.

We assume for the purpose of calculating the rate that shortly after excitation the system
has relaxed to thermal equilibrium in the excited state manifold, peq = Y. pm |e,m) (e, M|,
where p,, = e ™¥ksT /5 e~n/keT with temperature T', and the displaced vibrational basis
is denoted |m) = D(n/Q) |m) for vibrational Fock state |m) and displacement operator D(«).

From Fermi’s Golden Rule the electronic excited to ground state decay rate is then [4§]

Leng = Y pad (Bwpp) [(mfn) . (3.22)

n,m

There are two principal components to this expression. One is the overlap between vibra-
tional configurations, | (| n)?, which is known as the FC factor. The other is the electromag-
netic spectral density J(w). This describes the system-field coupling strength weighted by
the electromagnetic density of states, and should be sampled at all energy differences between
relevant states in the excited and ground manifolds, Aw, . In the additive approximation,
however, the electromagnetic field coupling is treated in isolation from the vibrational in-
teractions, and the electromagnetic spectral density is then incorrectly sampled only at the
single frequency € corresponding to the bare electronic ground and excited state splitting.
The expression for the emission rate then reduces to I'e.,y = Jo ), |<(~)‘ n>|2 = Jo, where
Jo = J(€) and we have used ) [n)(n| = 1. Thus, in the additive case the FC factor
vanishes, and the transition rate loses its dependence on the electron-vibrational coupling.

Note that this reasoning can be used to show that the flat spectral density approximation
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commonly used in quantum optics theory [87] also fails in regimes of strong coupling to

vibrational modes.

We now develop a microscopic description in order to establish the extent to which non-
additivity can influence the quantum dynamics of electron-vibrational models beyond the
heuristic arguments outlined above. Our Hamiltonian is written as H = Hs + H;+ Hg, with
system Hamiltonian Hg = €|e)(e|. The electronic configuration of the emitter molecule is
directly influenced by both vibrational and electromagnetic environments, such that Hy =

HPB+ HEM . Within the harmonic approximation the electron-vibrational coupling is written
HPP = |e)(e] ® ng b+ by) + le) Z 9. (3.23)

where b, is the annihilation operator for the k™" phonon mode and the second term shifts
the excited state due to the reorganisation energy associated to vibrational displacement.
The coupling to the phonon environment is characterised by its spectral density, for which
we take the common form J(v) = Y, |gx|?0(v — vy) = avgy/ [(V? — 15)? + 7%, Here «
and 1 define the coupling strength and peak position, respectively, and + controls whether
J(v) is narrow (underdamped) or broad (overdamped) [88, [16]. In addition to the phonon
environment, we also have an explicit coupling to the electromagnetic field, given by HIM =
—d - E in the dipole approximation, where d is the emitter dipole operator and E is the
electric field operator [89, 2], [90]. Ignoring polarisation degrees of freedom and working in

the rotating wave approximation, this then takes the form

HP = Y it + froa)) (3:21)

l

where 6 = |g){e| and q; is the annihilation operator for the I mode of the electromagnetic
field. The spectral density for the light-matter coupling is defined as J(w) = >, |fi]*d(w —
wy) = (2me3)Tow? [89, 21), 0], where Ty is the spontaneous emission rate for the two-level
emitter in the absence of phonons. Finally, Hg = HEM + HE? = Y7, wla;ral + > kaLbk is

the sum of the internal Hamiltonians for the electromagnetic and vibrational environments.

After performing a CC mapping on the electron-phonon interaction as seen in the previous
chapter, our Hamiltonian maps as H = Hg + H; + Hg — H{ + H{* + HFM + HY + HEM
which leaves the light-matter coupling unchanged. Here, we have introduced the transformed

Hamiltonians

H{ = Hs +nle){e| (b" + b+ ma/2n) + Qb'b, (3.25)
h2
R __ T T T 2 m
Hit = (b1 +5) Y hn(ch, + em) + (b + ) E:—ﬁm, (3.26)

HE = Ul em, (3.27)
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where b+ b1 = >, gk(bL +by) /n defines creation and annihilation operators for the CC, ¢, is
the annihilation operator for the m™ mode of the residual environment to which it couples,
and we have expressed the reorganisation energy as >, gz/vi = [, dvJ(v)/v = ma/2. The
CC parameters can be written in terms of the quantities defining the vibrational spectral
density: 7? = mavy/2 and Q = 1y [16]. As shown in Section [2.3.1] the coupling between
the augmented emitter-CC system and the residual phonon environment is described by an
Ohmic spectral density Jr(v) = Y. |hm|*0(v — Um) = yv/271p [16], which ensures that the
vibrational environment still acts as a continuum of modes after the mapping. As in the single
mode case discussed earlier, the coupling to the CC leads to the formation of two vibronic
manifolds associated to the ground and excited electronic configurations. The coupling to the
residual environment induces transitions within each vibronic manifold. This leads both to
broadening and to dynamical relaxation of the phonon environment, which typically occurs

on a sub-picosecond timescale.

From the mapped Hamiltonian we can follow the same procedure as in Section and
derive a second-order Born-Markov master equation by tracing over the residual environment
and the electromagnetic field [21], both of which are assumed to remain in thermal equilib-
rium at temperatures Tk and Tgy, respectively: p; = e~ #6/k8Ti /tr[e=Hb/ksTi] for i = R, EM.

The resulting master equation can be written 9;p(t) = L[p(t)] with Liouvillian:

Llp(t)] = —i[Hg, p(t)] + Kr[p(1)] + Kem[p(t)], (3.28)

where p(t) is the reduced state of the augmented emitter-CC system. Here, Kg is a super-

operator representing the action of the residual phonon environment [16]:

Krlp(t)] =[S, p(t)] + [¢'p(t), ST (3.29)
with S = b + b and
(= g%: Tr(Ajr) {wth(%) + 1] Sk |05 )xl (3.30)

where the eigenbasis of the augmented system is defined through H¢ [v;) = v; [1);), giving
Nk = ¥ — ¥ and Sjp = (Y] S [¢,). We solve for the eigenvalues 1); and eigenstates [¢;)
numerically, taking the basis {|g) ,|e)} for the TLE and a Fock (number) state basis for the
CC.

The effects of the electromagnetic field interaction are contained within Kgy. Impor-
tantly, the augmented emitter-CC system Hamiltonian, Hg, is treated (numerically) exactly
within the formalism. This is crucial in capturing non-additive effects of the electromagnetic
and vibrational environments, as it means that when we move the electromagnetic interac-
tion Hamiltonian [Eq. (3.24)] into the interaction picture, we do so with respect to the full
augmented system Hamiltonian H§ [Eq. ] The mapping thus ensures that the elec-
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tromagnetic environment is sensitive to the underlying eigenstructure of both the electronic

and vibrational states.

3.5.1 Non-additive and additive quantum optical master equa-

tions

In this section we outline further details of the master equations used in the main text. We
begin by considering the non-additive case, whereby, after the collective-coordinate (CC)
mapping, our interaction Hamiltonian is given by the sum of residual phonon bath and
electromagnetic field coupling terms, Hy = S ® B + S2Y°  h2 /Uy + >, Aa @ E,. Here,
S =b +band B =Y hylcl, + ¢n) describe the CC-residual bath interaction, while
Ay =06", Ay =6, By = Y, figy and Ey = Y, fl*a; define the coupling of the two-level
emitter (TLE) to the electromagnetic field. We now move into the interaction picture with
respect to the augmented system Hamiltonian describing the coupled TLE and CC, H{ =
Hs+mn le){e| (bT+b+ma/2n)+Qb'b, plus the residual and electromagnetic bath Hamiltonians
HE =3 Opch ¢, and HEM = 3, wiala;, respectively. This gives

Hy(t) = S(t) @ B(t) + St)* @ + ) Au(t) ® Eo(t), (3.31)

m Vm @

where S(t) = estSe=iflst A (t) = et A e™™5t B(t) = 3 hp(ch et + ¢, mt),
Ey =Y, ime ™" and Ey = Y, l*alfei“”t. Within the interaction picture, we then follow
the standard procedure to derive a Redfield master equation, tracing out the residual and
electromagnetic environments within the Born-Markov approximations [21]. Moving back
into the Schrodinger picture, the resulting master equation may be written in the general

form

Oip(t) = Llp(t)] = —i[Hs, p(t)] + Kr[p()] + Kenlp(?)], (3.32)

where p(t) is the reduced density operator of the augmented system, from which either
the TLE or CC dynamics may be obtained by tracing out the relevant degrees of freedom.
The superoperators Kr and Kgy encode, respectively, the influence of the residual bath
and the electromagnetic field interactions on the augmented system dynamics. Note that
due to the Born-Markov approximations there are no mixed terms between the residual
phonon bath and the electromagnetic field in the master equation above. Nevertheless,
our master equation is still non-additive with respect to the original phonon environment
and the electromagnetic field due to the CC mapping, which incorporates non-perturbative
vibrational effects into the enlarged augmented system Hamiltonian H§ used to move into
the interaction picture. This results in an electromagnetic superoperator that has explicit
dependence on the form and strength of the system-vibrational coupling, as we shall see

below. Next, we consider the superoperator for the electromagnetic field, which can be
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written
Kemlp(t)] = - / dr ([o",6(=7)p(t)] Cra(T) + [p(t)5(=7),0"] Cor(=7))
° (3.33)

~ [ ([0, -p(0]) € + [p)5"(~7),0) Cua( 7))

0

Here, the bath correlation functions are defined as Cyo/ (7) = (Eo(7)Eo/) with the expectation

value taken with respect to a thermal state at temperature Tgy. This gives

o o0

Cra(r) = /de(w)(n(w) +1)e™™7 and Cy(7) = /de(w)n(w)eiW, (3.34)

0 0

where we have defined the electromagnetic field spectral density J(w) = Y, |fi]*d(w — w))
and the field occupation number n(w) = (exp{w/kgTEm} — 1) .

For the non-additive treatment of the electromagnetic field interactions we again decom-
pose the system operators into the eigenbasis of the augmented TLE-CC Hamiltonian such
that o(t) = > o ik |10,) (|, where oy, = (1] o |¢)1). Inserting this decomposition into
Eq. and exchanging the order of the time and frequency integrals, we perform the
integral over 7 using the Sokhotski-Plemelj theorem as before, [ dre*™ = 16(e) £iP(1/¢),
where P stands for the Cauchy principal value. Again, after some algebra and neglecting

small imaginary terms, we find

Kenlp(®)] = — [0, x1p(8)] — [0, xap(®)] + b c., (3.35)
with rate operators
X1 =) ol () [4) (Wl (3.36)
jk
Xz = ol () [ (51 (3.37)
jk
where
7T (|A])(n(|A]) + 1), if A<0
') = li_r}r(1) 7J (z)(n(x) + 1), if A=0 (3.38)
0, if A>0
and

7T (|IA)n(|A]), if A<0
Ly(A) = ¢ lim n T (x)n(x), it A=0 (3.39)

z—0

0, if A>0.
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For the form of super-ohmic spectral density we have assumed, the A = 0 case above goes to

zero. In fact, for a general polynomial spectral density of the form J,(w) = (27e®) 1 Tyw?:

0 for s>1
:lcig(lj nJs(z)n(x) = ilir(l) 7 JTs(x)(n(x) + 1) = %Eﬁ for s=1 (3.40)

+00 for s < 1.

This will become useful for section [3.5.4.

From the expressions —, it is evident that the interaction between the system
and the electromagnetic field is dependent on the eigenstructure of the augmented system,
and thus on the emitter-vibrational coupling through the identification of the CC, and its

coupling to the electronic system. We therefore refer to this theory as being non-additive.

Additive

Within the additive master equation the description of the residual phonon bath is un-
changed, as Kr[p(t)] has no dependence on the electromagnetic field coupling. However,
the electromagnetic field superoperator Kgy|[p(t)] is altered significantly, as it is no longer
sensitive to the (non-perturbative) vibrational coupling.

Specifically, to get Krnm[p(t)] in the additive case, one should completely ignore the pres-

ence of vibrations when moving the relevant system operators o and o' into the interaction

picture. This results in 6(t) = efstoge st = ge~ and 61(t) = etffstole st = gleleT,
where Hg = €|e) (e|. The impact is a simplification of the rate operators to

=T (e)o, (3.41)
and

X = Ty(e)o, (3.42)

which when inserted into Eq. (3.35)) results in the standard Lindblad form common in quan-
tum optics theory:

L'y

Kenlp(t)] = 5 -

(n(€) + 1) Lo [p(t)] + 5 n(e) Lot [p(t)], (3.43)

with Lo[p] = 20p0T — {070, p}. Tt is thus clear that within the additive approximation the
electromagnetic field superoperator loses its explicit dependence on the vibrational environ-
ment. For vanishing electromagnetic interactions (I'y — 0), the additive and non-additive
theories become equivalent and the problem reduces to the independent boson model, for
which we have already derived an exact solution and verified the CC model against within

the appropriate parameter regimes in Figure 2.1}
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Figure 3.2: (a) Emitter population dynamics from the additive (dots) and non-additive
(solid) theories for increasing vibrational coupling strength e 1ar = 0.025, 0.05, 0.1, 0.15, 0.2,
and 0.25. The non-additive theory shows a steady reduction of the decay rate for increasing
coupling, whereas within the additive theory the rate remains constant (i.e. all dotted curves
lie on top of each other). (b) Excited to ground state emission rate against vibrational
coupling strength from the additive (dashed) and non-additive (solid) theories in units of the
bare decay rate I'y. Parameters: € = 2 eV, 1y = 50 meV, v = 10 meV, Fal = 100 ps, and

3.5.2 Non-additive effects on spontaneous emission

We are now in a position to investigate the impact of non-additive effects on the dynamics of
our model system. We begin by considering the decay of an emitter initialised in its excited
state with the collective coordinate in a thermal state set by the residual bath temperature
Tw: p(0) = |e)(e| @ pu, where py, = exp(—QTb/kgTR)/ tr[exp(—Q'b/kgTr)]. This approx-
imates a canonical thermal state of the original vibrational Hamiltonian in the unmapped
representation at the same temperature, and is thus consistent with rapid (vertical) excita-
tion of the system whereby the electronic state changes suddenly but the vibrational states
remain unchanged. The vibrational environment will subsequently relax towards the dis-
placed thermal state associated to the excited state manifold, captured dynamically within
our approach. For concreteness, we consider an emitter splitting within the visible range
and a vibrational spectral density peaked around a typical value for modes of certain dye

molecules [50, 9], polymers [92], and photosynthetic complexes [93], 94].
Fig.[3.2|(a) shows the emitter excited state population dynamics predicted by the additive

(dotted) and non-additive (solid) theories for increasing electron-phonon coupling at ambient
temperature. Both theories give rise to exponential decay, with the rate in the additive theory
remaining constant across all electron-phonon coupling strengths. The non-additive theory,
in contrast, displays a monotonic decrease in the decay rate with increasing phonon coupling.
This can be seen explicitly in Fig. [3.2[(b), where we extract the decay rates directly from the

master equation. Specifically, the excited to ground state transition rate can be written as

Loy = Y _ {g,n] L[px(0)]1g, n), (3.44)

n
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Figure 3.3: (a) Steady-state emitter population as a function of the electron-phonon coupling
strength for the additive (dashed) and non-additive (solid) theories. The electromagnetic field
temperatures are Tgy = 6000 K (blue, lower), 12000 K (orange, middle), and 60000 K (red,
upper). (b) Steady-state emitter population with varying temperature for a = 0.3¢ from the
additive (dashed) and non-additive (solid) theories. In the additive theory the stationary
population asymptotically approaches 0.5 (grey line) and never displays an inversion, in
contrast to the non-additive treatment. Other parameters are as in Fig. [3.2,

with the Liouvillian taken to be additive or non-additive depending on which case is under
investigation. Here we must modify the initial state to account for the aforementioned rapid
residual bath induced relaxation of the CC to a displaced thermal state prior to emission:
px(0) = le){e] @ e X ppeX, where X = Q7 In(b! — b). As expected, the rate from the ad-
ditive theory displays no variation with phonon coupling strength, in line with the simple
Golden Rule calculation discussed previously but at odds with the FC principle. This again
highlights deficiencies with the phenomenological additive treatment of the electromagnetic
field. Conversely, the non-additive theory shows a steady reduction of the emission rate as
a function of phonon coupling, consistent with FC physics. As the displacement between
the ground and excited state manifolds increases linearly with the electron-phonon coupling
strength, this reduces the overlap between the vibrational states and thus suppresses elec-

tromagnetic transitions.

3.5.3 Incoherent excitation

It is important to stress that discrepancies between the additive and non-additive treatments
in our model extend further than spontaneous emission processes. For example, we now
consider situations in which the emitter is driven incoherently via thermal occupation of the
electromagnetic environment at increased temperature Tgy;, which constitutes an important
building block of widely used models for natural and artificial solar energy conversion. See
also Chapters 4 and 5 for more on this topic. Fig. [3.3(a) shows the steady state population
of the electronic excited state as a function of electron-phonon coupling strength, where
the additive treatment once again displays no variation, simply matching the equilibrium

distribution expected in the absence of vibrations. The non-additive treatment, on the
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other hand, shows a monotonic increase in the steady state population of the excited state
manifold. Most strikingly, at large coupling strengths there emerges a steady state population
inversion. In the absence of phonons, such an inversion would be impossible, with emission
and absorption processes balancing each other in equilibrium. This remains true in the
presence of phonons when the electromagnetic field is treated additively, as highlighted in
Fig. (b) Here, the additive theory approaches, but never exceeds, a maximum steady
state population (676) = 0.5 in the limit of very large temperatures. Since the phonons
do not have any effect on the populations in the additive theory, the steady states are
effectively at equilibrium. In contrast, within the non-additive theory, cooperative effects
between the electromagnetic and vibrational environments lead to non-equilibrium stationary
states that display substantial levels of population inversion. That such effects should be
possible, even for continuum environments, is made clear from the CC mapping. Within the
non-additive theory the electromagnetic field has access to the full vibrational structure of
the emitter, providing the necessary states to drive a population inversion. This points to
a crucial difference between non-additive and additive treatments, where disregarding the
eigenstructure of the combined electronic and vibrational system misses key aspects of the

non-equilibrium physics.

3.5.4 Requirements for population-inversion

As outlined above, using an optical spectral density
J(w) = (2me®) Tow* (3.45)

where s = 3 can lead to population inversion in the steady-state when the system is subject to
high temperature incoherent driving. In this section, we show that non-additive population
enhancement, and inversion, as shown in the previous section is restricted to a subset of s,
namely s > S,.;, Where s,,;, is a real number greater than 1, for which we find an analytic

value.

Equivalence of incoherent driving to 4-level laser model

We will now gain some more intuition about the behaviour observed in the previous section,
by investigating the low phonon-temperature regime kgT < hf), where a simple analytical
model of the populations can be attained. Although the phonon-temperatures in the previous
section are not particularly low, the insight we can gain from this analysis is be able to
qualitatively explain higher temperature behaviour too.

For low phonon-temperatures kg1 < hS2, the populations of the above model can be
represented by a 4-level laser model, as depicted in Figure (b). This means that pj; is
the population of the state |g,0) = |g) ® |0), where numbers indicate the excitation number

of the CC, p33 of the state |e, 6> and p;; for i € {2,4} are the populations of non-equilibrated
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Figure 3.4: (a) : Threshold spectral density frequency-dependence, s,,;, as a function of
electromagnetic temperature Ty for € = 2eV. (b): Diagram for the four-level laser model.
Only important transitions have been included.

vibrationally excited states which are populated vertically by emission and absorption of a
photon. As in the previous section, shifted bosonic states are denoted by |m) = D(n/Q) |m).
The w3y and wqy are effective energies that lie some dw above the vibrational ground state
in their respective manifolds, which is determined by the Franck-Condon overlap factors as
described in the previous section. For this analysis, neither the exact value of dw nor the
form of the states corresponding to ps4 and py are important. All we need to know is that

dw is some function of phonon-coupling strength «, which follows from the FC principle and

the form of the displacements 1n/Q = \/ma /2.

The red and blue arrows in Figure (b) represent photon and phonon-mediated
processes, respectively and since phonon populations relax on sub-picosecond timescales and
the electronic populations decay on nanosecond scale, we can assume that I'y3 ~ ['9; > I'ss.
From the low-temperature assumption can also approximate that there is little thermal
excitation to vibrationally excited states: I'g; /T'15 & I'34/T'43 — 0 and thus keeping only the

dominant transitions we get the system of equations:

pri(t

(t) = —(T1a + Tiz3)pir + Ta1paa + Ta1p033
pa2(t) = —Ta1p22 + T'32p33
p33(t) = —(Ts2 + I's1)p33 + Tizp1r + Cuzpas
(t) = —Tzpas + Trapnr-

(3.46)

Paa(t

When setting the left-hand side to zero and solving for the steady state populations in terms
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of pss3, these yield

e+ 15
P11 = mpzﬁ
P22 = %P:&?’ (3.47)
21
. [y
P44 = F—43P11

which give the population inversion ratio

_ putpss _ Tu+Tis

P = .
pi1+p2 DIsa+T'g

(3.48)

Due to a separation of timescales, the non-radiative process do not factor into these rates

and so we are left only with

Lo

s = Z—n(wlg)e_sw‘f3 x n(e)
T

r dw\?®
= ﬁn(wM)e’swﬁ x n(e+ dw) (1 + ?)

r e (3.49)

w

Fax = 52 ez + ey o (nfe = 60) + 1) (1- 22)

Lo s s
F31 = %(TL@JB) -+ 1)6 Wiz X TL(E) + 1.

Here we have introduced the energy definitions which are perturbed by dw, as defined via
Figure (b). We have also identified that wy3 = €. The common factor of e * comes
from the denominator of the spectral density . As expected, if the driving field was
on resonance only with wqy, then I'\3 — 0 and this would reduce to the normal model of
a four-level laser. We will see this in more detail in the next section. Plugging in the rate
expressions and cancelling pre-factors yields

n(e+ ow) (1 +%)° + n(e)
(n(e—dw) +1) (1 = 22)" +n(e) + 1’

pP= (3.50)

As we have seen in the previous chapter, one hallmark of non-additivity is a positive
dependence of population on phonon coupling strength. Due to the nature of displacements
between manifolds, P(dw) is a monotonically increasing function. This means that dP/déw >
0 holds for all values of dw. We posit then that dP/ddw > 0 is a precondition for population
inversion (P > 1) to occur under incoherent thermal driving. It follows then that a choice
of s which causes P(dw) to be increasing for small dw, will lead to non-additive population
inversion at large dw. We assume that there is some threshold value of s = s,,;,, such that

dP/dsw = 0.

For small phonon-couplings, the displacement between manifolds is small, so dw < € and
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Figure 3.5: (a) : Steady-state population of TLS excited state as a function of phonon-
coupling for Tgy = 6000K, where s,,;,, = 2.017 and (b) where Tgy = 12000K and
Smin = 1.294. Negative gradient of population for s < s,,;,, meaning that the phonons
are suppressing the population of the electronically excited manifold.

ow.
oF

we can expand P to first order in

ow ow
P = —e/kTEMm —e/kpTEM _ ; th ; - )2 51
€ +6 5 Zk’BTEM o QkaTEM € +O(( € ) )7 (35 )

we then take the derivative and then set dP/déw = 0 to get

€ €
Spmin = ST coth (m) ) (3.52)
In figure (a) we plot Sy (TEar) for € = 2eV, where we can see that s,,;, diverges as
temperature decreases and converges to S,,;, — 1 for large temperatures. This shows that
the spectral density must always be ohmic and the temperature must be sufficient enough
for population enhancement to occur.
We can also take the first order expansion of P in Eq. and set P > 1 to see what

the conditions are on dw for population inversion, which gives:

E(ef/kBTEM _ 1)

dw > (3.53)

S — Smin
This expression gives some intuition: if s = s,,;, then dw diverges since P has zero gradient,
this means that phonon-coupling would have to be infinitely large for population enhance-
ment to occur. If s < s,,;,, then the denominator is negative which means that, due to
the positive numerator, population inversion is not possible since this would require states
|2) and |4) to lie lower than |1) and |3), respectively. In effect this just means that the

vibrationally excited and unexcited levels on each manifold will swap and the laser model in

equation ([3.46)) breaks down.

In Figure the full Collective Coordinate master equation is solved using s =
{1,2,3, Spnin} for the optical spectral density at (a) Ty = 6000K and (b) Ty = 12000K.
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We can see from these figures that, at the threshold value s = s,,;,, the master equation
predicts invariance due to « in the steady state TLS population.

From Eq. we can see that for values of s either side of s,,;,, the Collective Coor-
dinate model has qualitatively different behaviour. It is important to understand the two
competing processes in incoherent excitation, determined by the fact that w3y = € — dw and
w14 = € + dw are changing as a function of phonon-coupling strength, the former being red-
shifted and the latter, blue-shifted. On the one hand, there is the sampling of the spectral
density J(w) = (2me®)"'Tgw?® at these different frequencies, which means J(wy4) increases
and J(wsz) decreases. This occurs because the displacement causes higher-lying vibrational
states to be excited by the optical field. On their own, these processes would lead to an
enhancement of excited state population. On the other hand, as dw increases, the thermal
occupation number n(wy4) decreases while n(ws2) increases, which leads to a suppression of
I'14 and T3y, respectively. For s < s, the spectral density is still an increasing function,
but this frequency dependence is not enough to outweigh the decrease (increase) in thermal
excitation of the absorption (emission) transitions.

Through this analysis, we can now explain the population inversion observed in the previ-
ous section as a phenomenon that depends entirely on the cubic form of the electromagnetic

spectral density.

3.6 Spectrum of resonance fluorescence

Here we take the same monomer system as in the previous section, but instead of exciting
it incoherently with thermal light, we take a low-temperature EM environment and model
coherent driving with a continuous-wave (CW) laser. This is a typical experiment that is
performed in order to characterise the emission properties of a fluorescent system, such as a
molecule or quantum dot.

The emission properties of single molecules has become of great interest over the last few
decades, since it has been found that they can behave like nearly-ideal two-level systems [95]
96]. TLS have the property that the light they emit is anti-bunched, which means that they
can be used a sources of single photons. Single photon sources are of great importance to the
fields of quantum computing, quantum cryptography and quantum communication, where
pure, single photon quantum states are manipulated and interfered. Furthermore, these
single photons must be indistinguishable from each other, in order for interference effects
to be properly observed, e.g. for coincidence counts to be minimised in Hong-Ou-Mandel
experiments [97]. This means that highly efficient sources of indistinguishable photons are a
requirement for making linear optical quantum computing a reality [98].

There is a growing amount of research into using quantum dots in single-photon source
applications [99, 100, [101], since these artificial atoms can be made to behave like single

two-level systems, which have anti-bunched photon emission statistics. The possibility of
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exploiting Purcell enhancement to increase spontaneous emission rates and efficiencies has
been a major focus, although recent work on quantum dots has shown fundamental trade-offs
in efficiency and indistinguishability due to phonon interactions [102].

Over the last few decades, experimental developments have also allowed single organic
molecules to be isolated and trapped in transparent molecular crystals [103]. Similarly to
quantum dots, the TLS absorption frequencies changes with the size of the molecule, as
this changes the confinement of delocalised electrons. Recently, single Dibenzothiophene
(DBT) molecules have been trapped by Van Der Waals forces within a host crystal of an-
thracene [103], which is completely transparent around the zero-phonon line of DBT near
785nm. The Van der Waals forces are very weak, which means that there is very little phonon-
interaction within the DBT molecule due to the host [104], which differentiates them from
quantum dots. Bulk phonon modes and discrete vibrational modes present in DBT, which
while leading to deleterious effects on indistinguishability are also exploited in order to attain
population inversion in the TLS [105].

Although quantum information generally relies on pulsed, monochromatic single photons,
broadband and CW sources are still of value in the quantum communications industry [105].
Here we build a simple model of the latter, which is intended to pave the way for future work

and also understand the extent to which non-additivity plays a role in these systems.

3.6.1 Photon-statistics, emission spectra and quantum regression

theorem

In order to study the spectrum of emitted light under resonance fluorescence, we need to
relate system observables to electromagnetic fields. We quote the result from Ref. [22] for
the probability of detecting a photon of frequency v in the interval from ¢t =0 to t = T, with

an ideal detector,
T T
P(v) / dt / dt' e (5 (e (1)) . (3.54)
0 0

When the system is in the steady-state and the dynamics are described by a Born-Markov

master equation, we can express the spectrum of emitted light under coherent driving as

[e.o]

S() = /_ drei g (7) (3.55)

o0

where we have defined 7 =t — ¢, for ¢ > ¢ and

63°(7) o (305 (7)), = Jim (3,(1)5 (¢ +7)) (3.56)
Two-level emitters behave like single photon sources because at the moment that they
have just emitted, the probability of them re-emitting goes to zero. The probability then

increases with time and depends on how fast the TLS is repopulated. This means that the
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emission of photons from a single two level system should be anti-bunched, because it is
less likely for photons to be emitted at around the same time. As the number of emitters
increases, the more likely it is that two of them can emit at the same time. The degree of

bunching in photon statistics can be found by measuring the second-order coherence function
g2(7) = Go(7)/ lim, _, oo Go(7), where

Ga(r) = (64(0)34 (1)5_(1)5_(0)), (3.57)

For single-photon sources to operate effectively, the rate with which the system is repopulated
by the driving field, known as the Rabi frequency, should be smaller than the spontaneous
emission rate. This is to make sure that the TLS will not have been repopulated appreciably
within one lifetime of an emission event, as well as preventing the laser from coherently
depopulating the TLS.

So far in this thesis, we have explored methods for evolving the reduced density matrix
for a system of interest given some bath interactions. From equations — it is clear
that these single time averages alone, will not be sufficient for calculating emission spectra.
Instead we need a way of calculating the first-order correlation function (6. (0)6_(7)). Firstly,
we define the full density operator of the system and bath as x(t) = p(t)pgr(t), and then use
the Heisenberg picture representation of the operators, x(0) = U~1(¢)x(¢)U(t) and O(t) =
UL (#)O(0)U(t), where U(t) = e *Ht:

(O1(t)Oa(t")) = trs{trr{O1(t) Oa(t')x(0)} }
= tr, {trr{U (1) 01 (0)U () U (") O(0)U ("YU (t)x (1)U (£)}}  (3.58)
= tr{ O2(0) trp{U (' — t)x ()01 (0)U ' (' — )} }

where we have used the resolution of the identity I = U~(¢)U(¢). If we define 7 = t' — ¢, for
t' > t, then we can identify the object

A7) =U(r)x()O01(0)U(7) (3.59)
which evolves under
W _ iH A ()], (3.60)

with the initial condition A;(¢,0) = x(¢)O1(0). This gives the second-order correlation
function as:

(O1(t)Os(t + 7)) = tr{ O2(0)p1(t, 7) }, (3.61)

where we have also defined py(t,7) = trr{A1(¢,7)}, p1(t,0) = trr{x(¢)O:(0)}. To proceed
we must assume that the density matrix factorises for all times x(t) = p(t) ® pr. This
effectively imposes the Born approximation, since we assume that the action of the time-

evolution operator does not evolve the bath on timescales relevant to system evolution. This
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means that p;(¢,0) = trr{p(t)O1 ® pr} = p(t)O;. From equations (1.12)) and (3.60]), we can
see that x(t) and A;(¢, 7) evolve under the same Hamiltonian. This means that after making

the Markov approximation a Lindblad master equation can be derived in exactly the same
way as before, so we can use master equation definitions (1.41)) and (|1.42)) to approximate
the dynamics of p;(t,7), giving

(O1()Os(t + 7)) = tr,{O2(0)e“ [p1(t,0)]}. (3.62)

This means that (3.56)) becomes

(5005 (7),. = tr{o—“puo ]} (3.63)
Similarly becomes
(04(0)04 (1) (7)5-(0)) = tr{o-(0)pss04(0)04(T)5—(7)} (3.64)
= 0 {U()5_(0)pui- U (M52 (0)5-(0)}  (365)
~tr{e [o_pssoi]oio_}, (3.66)

where we have again used the cyclic property of the trace, the resolution of the identity and

the Born-Markov approximation on the dynamical evolution.

3.6.2 Monomer-laser Hamiltonian

We will now derive a theory for a coherently-driven emitter with strong vibrational coupling.
The treatment includes the transverse (vacuum) field and the laser driving in a non-additive
manner. Although the CC approach we employ gives non-Markovian dynamics, the un-
derlying master equations are Markovian, which means that standard quantum regression

theorem can be applied.

We start with the Hamiltonian H = Hy + HFM + HFPH + HEM + HEH where the
phonon-renormalised Hamiltonian is Hy; = €'ofo with molecule-field interaction described
by

HFPM = —d- [E)(0,t) + E.(0)], (3.67)
with the longitudinal field component El(ﬁ, t) = £ cos wrt. This goes to Hy = (o, coswt,
which we take into the system Hamiltonian, giving H, = €ofo +Qo, coswt. The transverse
component of the electromagnetic field is given by —d - E, (0) = ;0a( fja} + fFa;), which

we have seen in the previous sections. Overall, this gives the Hamiltonian

H = dolo + Qo, coswt + Z am(fja} + fra;) + H ™" + Hg, (3.68)

J
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with
Hp = HE" + HG" =) " wiala; +> " viblb. (3.69)
7 k

In order to remove the explicit time-dependence from the system Hamiltonian, we now
make a rotating wave approximation by transforming briefly to the interaction picture with
H(t) = ettt Hemtt with Hy = €ofo + > wja;aj, after expanding out the cosine in terms

of exponentials it becomes

Q L, ., ) .
H(t) — E(O'TSZEt + ge e t)(euuLt + 6—zth)

., , ‘ . 3.70
+ Z(aTe“t +oe™ " t)(fjaTe*“‘“t + fra;et) + HPH 4+ Hp. (3.70)

J
k
In the two electromagnetic interaction Hamiltonians, there are terms oscillating with +(¢'+v)
where v € {wr,wy} the frequencies of the monochromatic laser and the transverse electro-
magnetic vacuum modes respectively. Around resonance, where the system couples most
strongly to the external fields, v & € the processes are either stationary or oscillating with
~ +(2¢'). These fast interaction terms are likely to affect the bare electronic system on very
short time-scales (=~ 1 — 3fs) but to average out to zero on the longer timescales that we
are interested, so we can approximate the full Hamiltonian by neglecting them, which after

transforming back to the Schrodinger picture gives:

Q . 4
H(t)~éolo+ 5(06“” + olem™rt) 4 Z(fjaa} + f;‘aTaj) + HP 4+ Hp. (3.71)
J

Next, we transfer the time-dependence from the laser-driving term to the free-field term by

moving to a frame rotating at the laser frequency with the unitary transformation H —
UHU' — iUU", where U = e~wro'ot

Q , .
Hpw(t) = (€ —wp)olo + 5(0‘ +of) + Z(fjaa}e_“%t + f;‘aTajeWLt) + HPH 4+ Hp.
J

(3.72)

3.6.3 Quantum master equations for resonance fluorescence

Next, we perform the collective coordinate mapping on the phonon bath, which takes the
salient features of the system-bath interaction and puts them in the system Hamiltonian,
this repartitions the closed system as Hg + HEM + HPH + HEM + HPH — HL + HEM +
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HE+ HEM + HE:

Hfy = Hg +no'a(b" +b) + 1pb'h, (3.73)
Q

Hg = (¢ —wp)olo + 5(0 +of) (3.74)

Hff = (b + )Y h (&, + ), (3.75)

HE = il (3.76)

We follow the same procedures for constructing the residual bath and optical field dissipators

as in the previous section.

The non-secular master equation is attained by performing the same steps as before, by

moving into the interaction picture numerically:

M () =Y <o<z-,j> [pi)os] €€ S fratent 1ot il e 6 3 f>

irj k k
(3.77)

where o(; ;) = (i| o |@;). This gives the interaction picture operators:
5(0) = Y o ool e .19
510 = 3 il 165740 (3.19

(4,9

This allows us to define the rate operators, X1 = >, 0(imI'1 (&5 — wr) lw))(pr] and X2 =
>k 0GmT1(&i — wi) [er)(p;|. After discarding the Lamb-shift terms, we can find analytic

forms for the decay rates:

L\ = 17\ () + 1), (3.80)
Ly(\) = 17 (\)n(N). (3.81)

So we can see that the effect of the rotating wave approximation in the optical dissipator is
to the frequency values at which the decay rates are evaluated. This allows us to write the

full master equation in the Schrodinger picture

Oip(t) = L[p(t)] = =i [Hg, p(t)] + Kr[p(1)] + Kem[p(t)], (3.82)

with the non-additive electromagnetic dissipator in the compact form:

Keulp(t)] = = [0, X1p(t)] — [6, X2p(t)] + L. c. (3.83)
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Figure 3.6: Steady-state population as a function of detuning and temperature at: (a):
weak-driving where 2 = I'gps. (b): Strong-driving where 2 = 500T".

and residual bath dissipator in the exact same form as (5.22]) with Drude-Lorentz system-
phonon spectral density given by (3.2)).

3.6.4 Analysis of resonance fluorescence

Figure shows steady-state populations as a function of phonon temperature and detun-
ing for weak-driving (left) and strong-driving (right). The former corresponds to the case
where the Rabi frequency is equal to the inverse of the optical lifetime, 2 = I'gp,. We can see
that in this case, the temperature of the phonons hugely affects the steady-state population,
since the vibrational populations equilibrate to higher states in the potential wells, which
causes more decay channels to be available. At low-temperature, the electronic population
in the excited state is quickly dissipated to the vibrational ground state which emits photons
less efficiently than higher vibrational states (due to a reduced FC overlap).

On the right axes in Figure , the Rabi frequency is much larger, 2 = 5000 g,,.
In this case, high levels of population inversion are attained when exciting to higher lying
vibrational modes, but population always saturates to <JTJ> = 0.5 when pumping the system
on resonance with the zero-phonon line. In the resonant case, population is not trapped in
the excited state. The strong-driving case is within the Mollow regime, which means that
there are available states to emit through close to resonance with the ZPL. Large population
inversion can be achieved through off-resonant driving for Rabi-frequencies much smaller
than these.

In Figure (3.7) (a)-(b), we can see dynamics, emission spectra, first and second order
coherence functions for the weak-driving case. The emission spectra has been normalised so
that the maximum value is always 1, but in reality the peak amplitudes decrease at larger
phonon couplings, as seen in figure (a), since more power goes into the side-bands and

less emits through the zero-phonon line, which is centred close to zero. These vibrational
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Figure 3.7: (a): Population dynamics, (b): Emission spectra (c): First order optical coher-
ence function g\ (1) (d): Second order coherence function g'®(7) for different phonon cou-
plings at weak-driving: Q = gy = 1/4ns™!. Other parameters: 'y, = 10meV, T,, = 77K,

side-bands occur due to the phonon spectral density given in (3.2)).

3.7 Summary

In summary, we have demonstrated that for models of electronic systems strongly coupled
to vibrational environments, including the electromagnetic field in an additive manner can
lead to dynamics inconsistent with the FC principle. By developing a dynamical formalism
based on collective coordinate mappings, we capture the impact of non-additive effects to
recover both transient and stationary non-equilibrium behaviour consistent with FC physics.
Furthermore, we find that for common model assumptions on the forms of vibrational and
electromagnetic couplings, non-additive phenomena enable steady-state population inversion
under incoherent electromagnetic excitation conditions. In relaxing the cubic restriction on
the optical spectral density and mapping to a simple four-level laser model, we were also
able to analytically show that population inversion due to non-additivity can never occur

for ohmic frequency dependency of the electromagnetic field. It would be interesting to
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Figure 3.8: (a): Un-normalised version of emission spectra in figure : QO =Tgy=1ns1
I'pp = 10meV, Ty, = 77K, Ty = 0K. We can see that phonon coupling causes a decline in
overall emission. (b): Temperature dependence of emission spectra.

explore whether such inversions could be harnessed to enhance work extraction (i.e. current)
in models of solar energy conversion devices. Furthermore, we have shown that the CC
approach can be used in conjunction with standard quantum regression theorem to calculate

optical spectra for emitters with non-Markovian evolution.
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Chapter 4

Vibronic effects on energy transfer in

molecular dimers

Biological systems have been under the lens of quantum physicists ever since the seminal
lecture series What is Life?, in which Erwin Schrodinger proposed a theory for the chemical
basis of genetic information, sparking what would later become the field of molecular biology.
Although quantum mechanics underpins the structure of molecules and their interaction with
light, non-trivial quantum effects - such as superposition and entanglement - were largely
thought to be irrelevant to the biological realm. In the past two decades, quantum effects have
been proposed as the explanation for a variety of biological phenomena [44], such as magneto-
reception in birds [106], olfaction [I07] and energy transfer in photosynthetic systems [44], [46].
The latter has gained most of the attention in the field and forms the background of this
chapter. In photosythetic systems, networks of interacting chromophores known as pigment
protein complexes (PPCs) can exchange energy via dipole-dipole interactions [48, 52]. The
role of PPCs is to transport absorbed excitations from the absorption antennae to the reaction
center (RC), where charge-separation occurs, driving the necessary chemical reactions for life
to occur. PPCs also act as a valve, moderating the number of excitons which come through
the RC [8]. This means that efficiency and tunability are key for the proper function of the

system.

Early experiments claimed to observe ultra-fast wave-like transfer of excitons [108], 109
4], which manifested itself as beating patterns in the 2D optical spectra of a PPC called
the Fenna-Matthews-Olsen complex [I10] (FMO). These oscillations were seen to persist
for several picoseconds, even at physiological temperatures, and were thought to be signals
of quantum coherence between electronically excited molecular orbitals. For many years
this coherence was thought to be mostly electronic in nature and enabled by relatively
strong coupling between the densely-packed chromophores, which can be as close as a few
nanometres apart. The protein environments were configured in such a way as to shield
the superposition states just enough so as to allow for partial wave-like exciton diffusion

but also to slightly decohere states in order to trigger efficient energy transfer via non-

67
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adiabatic phonon transitions [I1]. This mechanism, known as environment-assisted energy
transfer, would allow quantum states which were trapped far from the reaction centre to
be destroyed, leading to a quantum speed-up of transfer as compared to purely incoherent
or coherent transfer [109, 11T} 11]. These theories gained popularity as they hinted at the
biological role that coherence could fulfil in enhancing efficiency and the possibility of its

emergence from Darwinian evolution.

Theories arose that the spectra could be fully explained by the presence of electron-
vibrational interactions. Resonant vibrational modes could transfer energy on ultra-fast
timescales and the vibronic coherences would cause off-diagonal peak oscillations in the 2D
spectra of FMO [112, 113] and other complexes [114. 115 116} [7]. Localised vibrations could
also cause the formation of polarons around excitations which effectively decrease the inter-
action between excitations and the transverse phonon environment [9]. Today the dominant
explanation for coherence in the spectral signals is through a combination of resonant vibra-
tional modes and intermediate-strength dipole-dipole interactions, although the biological

function they serve is still disputed [117].

Of great interest to researchers in this field is how these biological systems can permit
such large electron diffusion lengths and fast exciton transfer timescales despite being highly
disordered systems [8]. This could be of great benefit in developing organic photovoltaic cells
(OPVs), since the efficiencies of these suffer due to short electron diffusion lengths and low
charge mobilities [I18], [17].

A key theoretical concept in studying these systems is that the molecular electronic
degrees of freedom can often be treated as two-level systems, with the highest occupied
molecular orbital (HOMO) at ambient temperature representing the ground state and the
lowest unoccupied molecular orbital (LUMO) the excited state. These HOMO and LUMO
states are generally the bonding and anti-bonding orbitals of m-conjugated systems, respec-
tively [48], 52].

Another key concept is that, for sufficient interaction-strength between two parallel
dipoles, the energy eigenstates can delocalise across the LUMO states of two or more
molecules. The alignment of two molecules gives rise to symmetric and anti-symmetric eigen-
states in the single-excitation subspace, which are known as bright and dark states due to
the enhancement/suppression of their dipole moments (via constructive/destructive interfer-
ence). In the ideal case of two identical monomers and in the absence of vibrational mixing,
the dark state will have zero optical decay rate and the bright state will have twice that of
the underlying monomer. The bright state energy is larger than the dark state energy for
plane-to-plane parallel dipoles. An analogy can be drawn with H- and J-aggregates of con-
jugated polymers [119], where inter-chain coupling gives rise to optically active H-aggregate
bands which lie higher than the uncoupled monomer energy [120]. For head-to-tail arrange-
ments then the opposite structure occurs, giving rise to J-aggregate bands. In the latter, the

lowest energy exciton state is optically active, which can lead to super-radiance [120]. This
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chapter will focus only on the former dipole arrangement where the bright state lies above
the dark state, so excitons vibrationally relax to the optically inactive state. Though we use

this analogy, the details of polymeric aggregation is beyond the scope of this work.

Due to their symmetry, transitions between bright and dark states are largely medi-
ated by localised or delocalised vibrational environments which can cause non-adiabatic,
irreversible transitions from bright to dark states, given adequate spacing of energy levels
(e —_ > kgT). This potentially allows dimer-based systems to overcome the principle of
detailed balance, which restricts classical systems in that “good absorbers must also be good
emitters”. Instead energy can be absorbed efficiently in the bright state and then parked in
the dark state, where it will be resilient to spontaneous emission [121],[122]. This has naturally
led to the proposal that molecular dimers could be used in photovoltaic devices [18], which
could utilise quantum superposition of excited emitter states to overcome classical perfor-
mance restrictions [I121]. These studies have used weak-coupling master equations [121], [122],
resonant vibrational modes [69] and recently with strongly-coupled continuous phonon envi-
ronments [54], 123]. Ultimately, phonons are seen to have a variety of effects on photovoltaic
performance, by influencing steady-state populations and mediating non-adiabatic transi-
tions from highly absorbing bright states to weakly-emitting dark states, a concept that has
been termed dark-state protection [122].

In this chapter, I investigate the underlying models used in these previous studies by
deriving a full non-perturbative model for two coupled emitters in order to elucidate the
interplay between vibrational and electromagnetic degrees of freedom. This allows us to
further the understanding of using realistic dimer systems as absorbers in proposed photo-
cell applications. I employ the Collective-Coordinate model, which extends the validity of
master equations well into the strong-coupling and non-Markovian regimes, for the electron-
vibrational interactions. This method not only shows substantial qualitative differences to
weak-coupling theory but also offers a concise framework to understand and explain the
behaviour. As well as explaining the influence that phonons have on populations in these
dimer models, steady-state quantum coherence is observed in the excitonic basis which is
not predicted at all by a secular weak-coupling master equation approach and is not repli-
cated accurately by Redfield theory beyond the weak-coupling and broad phonon-spectrum
regimes. I show that stronger phonon coupling does not increase the transition rates from
bright to dark states, ultimately putting into question the notion that dark-state protection
can be sustained in realistic molecular systems. Recently, a similar conclusion was arrived
at independently by using a polaron theory treatment [123], although the analysis is com-
plementary to this work as it focuses on changes to absorption coefficients rather than our

approach which is based on eigenstructure and thermalisation considerations.

In section 4.1.1 T lay out the model and Hamiltonians for the bare electronic systems,
electromagnetic interactions and phonon environments. In section 4.1.2 the Redfield theory

is introduced. In section 4.1.3 I derive the CC master equation and non-additive optical
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master equations. In the remaining sections I explore the behaviour of the model and gain
physical insight in order to understand the predicted steady-state populations and coherences

of the dimer system.

4.1 The dimer model

4.1.1 Dipole-dipole interactions and the dimer Hamiltonian

Here we derive a Hamiltonian for dipole-coupled monomers with inter-molecular coupling,
each with independent, continuous vibrational environments due to the dynamical confor-
mation changes of the host nuclei. The set of states in the combined space is written as
{]|00),|0X),|X0),|XX)}, where tensor products of the two subsystem states are repre-
sented as [my) ® |mg) = |myms), with m; € {O, X} corresponding to ground and excited
states of each two-level system (TLS). In the subspace of each TLS the raising and lowering
operators are o' = |X)XO|, o = |OXX|, with identity operator Z = | X} X |+ |OXO|. In order
to maintain simplicity in the model, we assume that all the electronic states are singlet in
nature and that no inter-system crossing occurs. However, spin-characteristics of excitons
are hugely important, with singlet fission an active area within photovoltaic research, due to

its potential to greatly enhance quantum yield.

Following [124], we arrive at the full dimer Hamiltonian, which has explicit longitudinal
dipole-dipole and dipole-host couplings, in addition to the coupling between each dipole
and the transverse (vacuum) electric field modes. The notion of phonons arises from the
quantisation of host excitations in the coulomb gauge and must therefore be consistent
with the transverse field interaction - this gauge consistency is important at strong phonon-
coupling and is commonly overlooked. In total, this yields a Hamiltonian of the form H =
Hy+Hi+HL+HY' + H”" where Hy = Hyy, + Hy, +Hy, with the Hamiltonian for monomer
J given by H);, and the dipole-dipole (longitudinal) and dipole-field (transverse) interaction
Hamiltonians given by H ﬂ and Hi, respectively. Setting the ground state energy of each

TLS to zero, we write

Hy=wi (00 @)+ w(Z®@o'o)+ V(e +0)® (67 +0) + wmpolo@0olo (4.1)
= w1 [ XOXXO| 4 ws [OXNOX| 4+ wxx | XXX X|

+ V(| XOXOX|+ |OX)XXO| + |OOXXX| + | XX )OO|) 42)

where V' is the dipole-dipole coupling strength between the two monomers and wxyxy =
Wee + Wy + we is the energy of the doubly occupied state subject to Coulomb repulsion w,,.
The coupling terms |OOXX X | + | X X)YOO]| are fast-oscillating and are often omitted due

to time-scale considerations, which we will analyse later when looking at the transverse field
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Hamiltonian. We can relabel the basis states for convenience such that
Hy = wy |11 4+ we [2)(2] + wxx [3X3] + V (|1)2] + [2)(1] + |0X3]| + [3)0]) . (4.3)

We take w; = ws + €, with € > 0. The eigenstates of the single-excitation subspace are:
1

|V:|:> = \/%

with corresponding energies

(\/7]2|26|1>:i:\/77:{:6|2>) ) (4.4)

1
Ay = wo + 5(6 +17) (4.5)

where w; = ws + € and 1 = V€2 +4V2. The excited monomer states can be expressed in

terms of these eigenstates

1
1) = —= (Vi +elvs) +Vn—elv))
\1/2_" (4.6)
2) = NeT (Vi —elvy) = Vn+elv)).

Exciton-phonon coupling

We take the form of electron-phonon coupling which is common throughout the literature [48]

52], akin to two coupled monomers as seen in the previous chapter,

2
1 i
Hfh =5 Z Z pik + wik (mlk — %03@-) , (4.7)
ik

ik

where the vibrational environments cannot directly cause electronic transitions on uncoupled
monomers and their whole influence on the electronic system is incorporated into coupling
strengths {g;x}. We have also introduced the notation o; = [0)(1] + [2)(3| and o9 = |0}2] +
|1X3|. Expanding out the mass-weighted position x;; and momentum p;; operators of the
bath, which fulfill [z; , p;;] = 1k, we have:

H = Hd — ZO’JO}' Zguk(bik + bz,k)
i k
2

+ Z Z le; (oo + Z Z Wi,kb;kbi,k; (4.8)

+ H*

We also now define spectral densities for the phonon environments

T @) =" |g2|o(w — win), (4.9)
k
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(a)

Figure 4.1: (a): diagram of dipole-dipole coupling between sites 1 and 2 of the dimer system.
(b): energy eigenbasis of the dimer where green (red) arrows correspond to phonon (photon)
mediated population transfer processes.

as seen in previous chapters.

Since the aim of this work is to study the effect that correlations between system and
environment have on system observables, we assume that each phonon environment is un-
correlated with the other so as to avoid any effects due to the existence of decoherence-free
subspaces. However, the non-Markovian formalism used later allows for inter-bath correla-
tions to build up via their back-action against the electronic subsystem, which can be studied

2

9: .

wf”; are second-order in system-
2,

explicitly. The renormalisation terms proportional to ),
bath coupling strength and a discussion of how they should be treated at the various levels

of approximation follows in the next section.

Light-matter coupling

The ambient electromagnetic field Hamiltonian and its interaction with the system dipoles

are derived in the long-wavelength limit,

=3 (10 +ol) + [ 02+ o)) (d o+ df) + Yl (410)
k k

where d; are the bath annihilation operators and f,g? are the coupling strengths between

dipole ¢ and field mode &, which in the Coulomb gauge take the following form [51]:

1 1
i . Wi B¢ wi '\ ?
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with the electric field vectors €}y, polarization A, dipole orientation vector J; = |d,|dz and w;
is the transition frequency. Other constants are the elementary charge e, the quantization

volume L and the permittivity of free-space €.

The long-wavelength limit means that the distance between each monomer (typically
1 — 10nm in light-harvesting complexes [125]) is small compared to the wavelength of the

absorbed visible light (400 —900nm), such that each dipole is influenced by an identical field
ep\ = e,(:; ~ e,(i). We also assume that the electric dipole moments of the two monomers are

—

parallel such that % = %. This allows the interaction Hamiltonian to be written
HEY = 3 (o8 4 10) & 100, + ) (a1

J

where )
fj _ wg(ej . d2) _ w2|d2|
£ wileg - di)  wildi|’

i (4.13)

and the polarisation vector notation has been omitted for compactness. By this definition,

the system-bath interaction strength is fully characterised by the spectral density

J

0L 6w = wy) (4.14)

which, given Eq. (4.11)), leads to the expression

2, .2 1

CELNT e - di PO (w — wp). (4.15)

Jeyv(w) =
EM( ) 2€0L3 3\ W

We now choose a coordinate system such that we may write |y - dq|? = |di|2(1 — |d - k|) =

|d|2(1 — cos? A) and take the continuum limit using

o) g 2m
Z — LS/(87T303)/ dwy, w,%/ de sin@/ d¢ (4.16)
5 0 0 0

and find

x Rl
Ton(w) = 2 3eomdcd

(4.17)

Rather than input specific dipole information into (4.17)), we instead consider molecules
with zero-temperature excited state lifetimes ~ 100ps — 1ns, which gives a value for sponta-
neous emission rate (I'y &~ 10° — 10'°s™!). We can then express the spectral density in terms

of thiS, JEM((,U) = 2F7?_c:)1'

Now we have set up the Hamiltonian, we will apply the Collective Coordinate mapping

to enable modelling of strongly-coupled phonon environments.
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4.1.2 Redfield theory for system-phonon interaction

For many years, the dominant method of studying energy transfer in theoretical chemistry
and open-quantum systems has been Redfield theory, in which one expands the electron-
phonon interaction to second-order in the coupling-strength and derives a (non-secular)
master equation in the Born and Markov approximations for the reduced density matrix of
the electronic system. Including optical dissipation therefore amounts to deriving a separate
(additive) master equation. In order to ensure complete positivity and trace-preservation of
the dynamical map, it is also very common to make the secular approximation at the master
equation level to get equations of Lindblad form. These simple forms are also appealing since
they can quite easily be incorporated into models in a phenomenological way to introduce

quantum noise and thermal relaxation.

Given that, in Redfield theory, we expand to second-order in the coupling strength «;,
we will keep the counter terms in the interaction Hamiltonian and expand them to second-
order H fh = > ,A.® B, + :\aAi, which means that any shifts they induce emerge from

commutators in the master equation, which after moving to the continuum limit has the

form:

dps(t)
ot

— —ilHs. ps(8)] ~ A [A2(0),p0)] =32 [ ar [22(0) L2t~ 7). s(0)]

N ) ) (4.18)
— Z/o dT([Aa, Ao(—=7)ps(t)]Co(T) + [ps(t) Aa(—T), Aa]ca(_T))

where A, = [0 dwjlsz) (w)/w, the system operator for sites 1 and 2 are

(n+¢)
2n

A = 1= oo+ D o o+ %(mxw 4 oY <) (4.19)

Aal0) = D oK1+ T sl = L (loadoo 4 oYl ) a20)

and correlation functions are

Co(1) = / deIEZ) (w) coth(BaTw) COS WT — z/ dwjlgz) (w) sin wr. (4.21)
0 0
Making use of (4.19))-(4.21)) and (4.18) gives the Redfield master equation:

Lalps(t)] = —icalokoa, ps(t)] = Y ([0h0a: Zaps(t)] = [ps(t)ZL, ol oa]) (4.22)

o

where

Z, = /0 A (=) O (7). (4.23)

This Born and Markov approximations that have been made in reaching (4.22)) mean that
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Normal mode
transformation
Residual

environment

> v

Figure 4.2: Schematic of dimer system before and after the Collective Coordinate mapping.
After a normal mode transformation, the sites do not couple directly to the a phonon bath,
instead interacting only with the discrete CCs.

it is only valid in the weak-coupling limit, however we will see that it does not give reliable

results even within this regime.

4.1.3 CC mapping and quantum master equations

Here we follow the techniques outlined in previous chapters and perform a Collective Coor-
dinate mapping [28, 29, 25] on the electron-phonon interaction Hamiltonian in Equation
This means that two discrete bosonic modes are incorporated into the system description,

which collectively encodes the most salient features of both baths, given by the definition:

(a] + a;) Zglkbzk—kblk (4.24)

where ); is the coupling of dipole ¢ to the CC of its corresponding bath and a; are the CC

annihilation operators. After the mapping, the system Hamiltonian is expanded as
HS = Hd + Z 5wi0'20'i - Z /\iO'ZTO'Z'(C_LI + C_li) + Z Qid;{di, (425)

where we have defined the CC annihilation operators a; = 1 ® I ® a1 ® I, and as =
I ® I, ® Ioo, ® as to absorb the total composite Hilbert space. We have also defined the
level shifts dw; = >, 91'2, /wik. This leaves the CC oscillator frequencies €2; and system-CC
coupling strengths \; to be defined by the CC mapping and these will depend on the spectral
density appropriate for the problem.
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Each residual bath is a collection of oscillators, much like in the original frame but with

newly defined bosonic operators and dispersion relations
HE = Z Z l/i’kc;k,ci,k. (4.26)
ik

In the new frame, both of the CCs are coupled bi-linearly to their respective residual baths

2
HE =34 furlel e +3 A2 fin (4.27)
% k % k

Vik

with the system operators being defined as A; = ZLI + a;. We can also define spectral
densities for the CC-residual bath interactions Jg) (W) = >2p [A0(w — wig). The second
term is an environmentally-induced renormalisation of the bath energies. In this form the
total Hamiltonian governing the closed, interacting system and environment dynamics is
H=Hs+HE+ HF+ HEM + HFM,
For the specific case of Lorentzian spectral densities
aifiwgviw

J;EQ (W) = (4.28)

(Z, — &) + T2

the mapped parameters in the CC frame are \; = /Tawy;/2, J,(;) (w) = yw with CC-
residual bath coupling strength v; = I';/27wy; and §2; = wp,;. In the continuum limit
Yok f}—’}% — J57 J(w)/w = ma;/2, so in the mapped frame the energy shift becomes dw; = AZ /€.
We consider the two residual baths to be kept the same constant temperature T = T7 = Ts.

Following the same method as in [25], we derive a master equation under the Born
and Markov approximations for the reduced density matrix of the two coupled electronic-
vibrational subsystems, such that ps(t) = —i[Hg, ps(t)]+Kg, [ps ()] +Kry[ps ()] + Kealps(t)],
where p(t) = Trgr{ps(t)}, this gives

K los(®)] = [ps(t)2], 5] = 1) Zips (0] (4.29)
with S; = a} + a; and
o~ (4) 5j€pq ()
Z; = Z IR’ (§pg)(coth o + 1)Spq |Pp) ] - (4.30)
pq

Electromagnetic field dissipator

The symmetry of the electronic and phonon Hamiltonians alone means that population is
prohibited from leaving and entering the different electronically excited subspaces. The
presence of ambient/transverse electromagnetic fields can cause the electronic excitations

to spontaneously decay to the ground state as they emit photons. In this study, we are
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interested in the effect that high-temperature thermal occupation of electromagnetic fields
has on the behaviour of molecular systems, in this case the system can also absorb photons

and occupy excited states or decay via stimulated emission.

We will take the thermal occupation of the field to be the blackbody spectrum of the sun,
which is approximately 5800K and emits photons with no phase coherence. This incoherent
excitation is expected to populate the various energy eigenstates of the dimer system as a

classical mixture and to have a much longer time-scale than that of the vibrational coupling.

The Hamiltonian (4.12)) is in the form
HFM = A® B (4.31)

with A = 6" + uﬁg(gQ) and B =), fk(bL + b;jx). We obtain a quantum master equation in

the Schrodinger picture in the manner outlined in previous chapters:

KEMMAM—=—AdeOAwﬂ—ﬂndmC@?—L&nﬂﬂAFJHCPWO (4.32)

with autocorrelation function

PB

C(r) = 3 Il (e + bre™s) (b], + b))
F (4.33)
= Z |hi|* (27 + 1) cos wyT — i sin wyT)
k

where we have defined the thermal occupation of mode k in bath 5 by n, = <b£bk> =
(ePr — 1)~ where (-) is the expectation value over a thermal state of the electromagnetic
field. The autocorrelation function can be written in terms of the spectral density by taking

the continuum limit

C(r) = / dwJ(w) <coth(%u) coswT — isin w7'> : (4.34)
0
This permits the ME to be written as

Kenlps(t)] = [, Cos(B)] - lps(t)C, A (4.35)

where

(= /000 dTC(T)A(—T), (4.36)

which can be calculated numerically by expressing the system operator in terms of eigenstates

by truncating the Hilbert space of the CC and using

A(t) = Z Am,neigmnt |©m )Pl - (4.37)

m,n
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Bringing this all together yields
¢= Z Aol (&mn) [@mX ol (4.38)

where the temperature-dependent rates are defined

F(gmn) = /OOO dr /OOOdCU(fl(w)ei(w—&mn)T + fZ(W)e_i(w-i-fmn)T) (439)

Fulw) = %J(w)(coth(ﬁw/2) .y

1 (4.40)
fo(w) = 5J(w)(coth(@w/2) +1).
These integrals can be evaluated using the Sokhotski-Plemelj theorem
7Tf1 (5mn> if gmn > 0;
(&mn) = { 5 lim (J(2) coth (%)) if &mn =0, (4.41)
7 f2([€mnl) if &y < 0.

Additive field approximation

In deriving the optical field dissipator, we moved to the interaction picture H ) =
Ut(t)HFU(t) with U(t) = e #ste5t ysing the full augmented system Hamiltonian Hg.
Here we will discuss the additive approximation that is often made in calculating the dipole-
field dissipator. This amounts to using the bare electronic Hamiltonian when moving into
the interaction picture with the unmapped system Hamiltonian U(t) = e~ #dte~tH5t Here
H,; should use the bare electronic levels w; and not incorporate the phonon-induced level

shifts Aw,;ofo;.

From Equation 4.8, we can see that the electronic level shifts Aw; arise at the Hamiltonian
level due to phonon counter terms and are incorporated into the dipole energy scales in the
closed evolution and in the derivation of the CC dissipator. In order for the additive approach
to be consistent with non-additive in the appropriate regimes, the level shifts should not be
included in the Hamiltonian when deriving an optical dissipator. This is so that the bath
interactions have no reference to each other and because the energy shifts are cancelled out
during diagonalisation, as illustrated in the polaron transformed Hamiltonian |4.47]

)

The coupling operator A = ot + ,uag(f) for the dimer system is

A= 2)(XX]| + [0)1] + p(JIXXX] 4+ |0X2]) + h.c (4.42)
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which in the eigenbasis becomes

A=——((Vn—e+pm/n+e) )X XX|

— (Vn+e—pyvn—e) lv_}XX| (4.43)
+ (Vi + €+ puy/n—€) [0)vy |
+ (V= €—pu/n+e) [0Xv_|) + h.c.

El
3

We can transform this operator to the interaction picture with respect to the unperturbed

electronic Hamiltonian and decompose it into a sum of eigenoperators such that A(t) =
>, Alw)e ™t + AT(w)e™! given by

A(wrs — As) =¢i2_n<¢n e T O XXX
1
AlWze —A) =— \/_2—7](\/77+6_N\/77_5)|V7><XX‘ (4.4

1
A == (I e+ /=) 0
A\) = (T — p/TTE) [N

Thus we can calculate ((t) = Y A, (—w)A(w)e ™! + ATT(w)AT(w)e™!, where A, corre-
sponds to the matrix element of A corresponding to the bra and ket in the eigenoperator,
e.g. Ay, = (0| Alvs). Note that due to the symmetry of the dipole operator: A, = Al.

Moving back to the interaction picture, we get the non-secular Liouvillian

Keulps(t)] = [A,Cps(t)] — [ps()¢", A] (4.45)

where ( is now additive. This Liouvillian has 128 terms to calculate, many of which will be
identically zero due to the overlaps of the eigenoperators. The dipole operator does not couple
the populations of |vy) and |v_), but some non-secular terms in the master equation couple

721t which may

populations and coherences of these states together with timescales of o e
be slowly evolving for nearly resonant monomers. One can obtain an equation in Lindblad
form by making a further secular approximation in which all terms with time-dependence

are discarded, though we only use the non-secular version in this chapter.

4.2 Analysis

Now I will take the above models and analyse their behaviour. Firstly, I determine whether
removing the doubly-excited state |X X), which turns the model described by (4.3) into a

three-level system (3LS), is a safe approximation to make. I do this by comparing steady-
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state observables in the 4LS and 3LS and seeing how their qualitative behaviour changes as
a function of phonon bath properties and biexciton Coulomb repulsion w,;.

Following this, the next few sections are primarily concerned with taking the non-
perturbative model we derived above and testing the hypotheses that increasing the phonon

coupling causes:

1. faster decay rates of population from bright to dark states
2. larger steady-state population of the dark state,

which are properties that appear in weak-coupling treatments and are posited to increase
the output of biologically-inspired photocells [121) 122]. In studying the short-time (~ ps)
population relaxation due to the phonon environments we find that, while larger phonon
couplings do cause faster decay rates, they also cause a decrease in dark state population.

In order to gain some insight into the (perhaps surprising) dynamical evolution, I explore
the effects of making a single-mode polaron transformation on the two monomer-CC cou-
plings. This transformation elucidates the interplay between the vibronic coupling and the
dipole-dipole coupling and ultimately allows us to approximate values for the minimum en-
ergies in the bright and dark manifold. To a first approximation, the analytical eigenenergies
show that the vibronic coupling actually suppresses the excitonic coupling, which effectively
pushes the two manifolds closer together. These energy shifts are seen in the exact diago-
nalisation of the (CC-dressed) augmented system Hamiltonian , which agree with the
approximate polaronic values relatively well for sufficiently weak excitonic couplings.

I then move onto long-time behaviour of the full CC model under the influence of in-
coherent optical driving, analogous to solar illumination, where the effects of optical bath
dissipation become significant. My results show a significant difference in the qualitative
phonon-coupling dependence of the CC and Redfield theories, even in the weak-coupling
regime. By deriving an analytical model for the predicted populations of the full model in
a restricted regime, I determine that the underlying cause of these qualitative differences is
the closing of the energy gap between vibronic manifolds due to phonon renormalisation.

Finally, I move onto studying electronic coherences of the dimer system, distinguishing

between site-basis and eigenbasis coherences and highlighting their physical importance.

4.2.1 Single-excitation approximation

One of the most common approximations that is made in studying light-harvesting and
energy transfer in molecular systems is to look at only the single excitation subspace. To
account for optical dissipation, the state of zero excitations must also be included, so it
is a three-level approximation. For dimers, this amounts to removing the doubly-excited
state from the Hilbert space, on the basis that it is not appreciably occupied under natural
illumination conditions. In Figure [4.3] it can be seen that approximating the electronic

levels of the dimer as a three-level system does not change its qualitative behaviour in this
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Figure 4.3: Qualitative agreement between the full four-level dimer system (grey dashed)
with the three-level approximation for steady-state system observables (solid). System pa-
rameters: wy = 1.4eV, € = OmeV, V = 15meV. Overdamped phonon baths parameters:
we =1/2, w(()l) = w((f) = 5n, Tr = 300K. EM bath parameters: I'g = 1ns™!, Txy; = 5800K.

regime where T, = 300K and ¢ = 0. As biexciton repulsion w,, increases, the three-
level approximation becomes more valid, exponentially converging on the four-level theory
as wy, — 00. The degree of this agreement is put into perspective in figure [4.4] where
the excitonic state populations are plotted on the same axes and the 4LS (solid) and 3LS
(dashed) theories are virtually indistinguishable.

Regardless of the parameter regime, the net effect of the three-level approximation is an
decrease in total excited state population and smaller inter-site coherence. Given then that
it is a safe assumption and that it reduces the complexity and computational requirements
of the model considerably, we will continue in the three-level approximation. Therefore the

system Hamiltonian becomes
Hg = wj [IX1] 4+ [202] + V(IIX2] + [2X1]) = > A liXil (@] + @) + Y Qala;  (4.46)

where w} = w; + dw; for i = 1,2.

4.2.2 Phonon-induced renormalisation of dipole-dipole coupling

After removing the doubly-excited state, we are still left with a model which has several
interactions, occurring on a variety of timescales, and we have little intuition about its inter-
nal behaviour. We can gain some insight into the augmented system Hamiltonian (4.25)) by

performing a single-mode polaron transformation on each of the collective coordinates, such
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Figure 4.4: Agreement of 4LS (solid) and 3LS (dashed )models (same populations as figure
. Left: ¢ = OmeV and Right: € = 15meV. System parameters: wy = 1.4eV, V = 15meV.

Overdamped phonon baths parameters: w. = 1/2, w(()l) = w(()z) =51, T = 300K. EM bath
parameters: I'g = Ins~!, Tgyr = 5800K.

that H' = UUJHU,U, where U; = exp(é—iajai(aj — ai)>. In the three-level approximation
this becomes U; = |0)0| + |¢)(i| D; with displacement operators D; = e:x;p(%(aT — a)). Ap-
plying this to the total Hamiltonian mixes the electronic and vibrational subsystems, with

the new system Hamiltonian part given by
HY = wy [1Y(1] + w2 |2)2] + V(|1)2| DI Do + 21| DiD1) + Qualar + Qoabas.  (4.47)

We can see from that the polaron transformation has removes the TLS-CC couplings
from the augmented system Hamiltonian by displacing the equilibrium positions of the ex-
cited states to the origin, this in turn makes the phonon-influence on excitonic coupling
explicit. Here the polaron shift to the monomer energies also exactly cancelled out the

counter-term in the original Hamiltonian w; = w; — A\?/€Q;.

The polaron transformed model is still not exactly solvable, due to the mixing of electron-
vibrational subsystems via the non-linear interaction term. In order to investigate how the
eigenstates of the coupled system are influenced by the phonon coupling, we can treat this as
a perturbation and expand to first order in V, but as a first approximation to the energy of the
ground vibrational states in the single-excitation subspace we can (naively) take an ansatz
|4,0,0) and directly calculate the eigenenergy of this state i = (&,0,0] Hg |+,0,0). The
justification is that for small enough V, this state should be approximately accurate, since
the superposition states have zero displacement. Using this ansatz gives the renormalised
excitonic energies:

L Wyt ws €2 +4V?2B, By
0

- + 4.48
5 2 (4.48)

where B; = (0| D; [0) = (0|f;) = e /?/2, where f; = X\;/Q; is the equilibrium displacement
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Figure 4.5: Comparison of analytic vibronic energy levels as given by Eq. (4.48|) (dashed) and
numerically exact (solid) values. The two approaches agree at weak dipole-dipole coupling
and/or weak phonon coupling. All energies have been normalised by their bare electronic
value.

of the CC in the absence of excitonic coupling. We can see that the B; factors effectively
suppress the excitonic coupling between the two monomers. This suppression increases as a

function of phonon-coupling strength, bringing the dark and bright manifolds closer together.

If we relabel the last term in (4.48)) as ' = %, we can see that this eigenvalue has
the exact same form as the bare electronic version in {) ot () = wy + %, where we

have made the phonon-coupling dependence explicit for convenience.

In Figure we compare the analytical eigenvalues <p3[(oz) to the lowest vibronic eigen-
state calculated through exact numerical diagonalisation of . Note, these eigenvalues
are normalised to zero against the = (0) values. We can see that the two methods agree for
sufficiently small dipole-dipole and/or phonon couplings. This indicates that we can intu-
itively understand the low-energy eigenstates on the single-excitation manifolds as similar to
the phonon-free counterparts Ay but with suppressed V. As we will see in later sections, the
distance between these low-energy eigenstates are important in understanding the qualitative
behaviour of the CC model.

4.2.3 Population dynamics

In Figure (left) short-time dynamics of bright (dashed lines) and dark state (solid lines)
are shown, for the dimer system with overdamped Drude-Lorentz spectral densities (right).
The system is initialised in the bright state and we set Tgry; = Tpy = 300K. Here we can
see that the phonon dissipation causes rapid electronic population redistribution, with decay
rates increasing with coupling strength «. Along with an increase in decay rate, there is a
decline in dark-state population, which indicates that the suppression of the dipole-dipole
coupling and the resultant upward shift of the dark-state energy, as discussed in the previous
section, is significant. In the approximate model , the phonon-renormalisation shifts

have exponential dependence on the relative displacement of the manifolds, which in this
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Figure 4.6: Left: Short-time dynamics of bright (dashed lines) and dark (solid lines) state
populations at different phonon coupling strengths. Right: Corresponding phonon spectral
densities. Parameters: € = 0meV and V' = 15meV, which give and excitonic energy gap n ~
33.5meV. Phonon bath cutoff w, = 1/2, with wy, = wo, = 5n. We take Tg = Try = 300K,
though the optical excitation has no significant effect on this timescale.

case must be more significant than the linear increase in the decay rate due to the phonon
spectral density . Ultimately, this means that even though increasing phonon-coupling
causes the underlying phonon dissipation to redistribute electronic populations to the dark-
state more quickly, it becomes less energetically favourable for population to remain there.
This may be a problem for dark-state protection, since it may lead to increased population
to the bright state, which enhances radiative decay of absorbed electronic excitations.

In figure [4.7, we compare the short-time bright-state population dynamics of CC and
Redfield theories for zero-bias (left) and € = V' = 15meV. Redfield theory tends to over-
estimate the bright state decay rates and it predicts that the populations relax to the same
quasi-equilibrium distribution in the zero-bias case regardless of phonon-coupling strength.
In both the biased and unbiased case, Redfield theory does not account for the oscillations in
the dynamics. The fact that they increase in magnitude at larger phonon-couplings indicates

that these oscillations are mediated by the non-Markovian phonon environment.

4.2.4 Steady-state populations

So far we have analysed the effect of the 3LS approximation on the long-time behaviour
and we have also seen how phonon coupling affects the equilibration of populations on short
times. Now we will take a deeper look at the steady state behaviour of the 3LS dimer model
and try to understand how it is influenced by the phonon-interactions. We will see that the

CC and Redfield approaches predicts markedly different qualitative behaviour and attempts
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Figure 4.7: Short-time dynamics of dark state population for CC (solid lines) and Redfield
(dashed lines) theories. ¢ = OmeV and V = 15meV, which give and excitonic energy gap
n ~ 33.5meV. Phonon bath cutoff w. = /2, with wy, = wo, = 5n. We take Tp = Tgy =
300K, though the optical excitation has no significant effect on this timescale.

will be made to explain these differences with a simple model based on rate equations.

From Figure |4.3] we have already seen that dark state population decreases as a function
of coupling strength to broad Drude-Lorentz phonon bath environments. Figure 4.8 shows
various steady-state expectation values predicted by the CC and Redfield theories for a
similar parameter regime. In the upper-right figure we can see that the weak phonon-
coupling approximation leads to a phonon-induced enhancement of dark-state population, in
contrast to the CCME, which shows a steady decline in the same quantity. This enhancement
of dark state population in the weak-coupling case has been seen in various theoretical
studies [121], 69, 122 [126], and is attributed to the enhancement of non-radiative bright to
dark transition rates through an increase in phonon coupling. This does not qualitatively
agree with the CCME approach, which consistently shows a decrease in dark state population

across all feasible parameter regimes.

The ground and bright states seem to be energetically favoured over the dark state, with
all three eigenstate populations having a roughly linear dependence on . We can get an
idea of this linear-dependence by restating the analytical eigenenergies in terms of «,
such that B; = By = e ™/*0_ For 3 < 2wp the change in the energy gap between the
dark and bright vibronic manifolds will be roughly linear, which is approximately valid for

this Drude-Lorentz spectral density, since wy = 10n and o < 7 .

In figure we study the zero-bias (homodimer) case, we also find the surprising re-
sult that the Redfield theory does not predict any dark-state population enhancement for
homodimers, an effect which appears to be robust across the range of parameters we have
simulated. The CCME gives quite similar qualitative behaviour to the biased case, except

for in the magnitude of eigenstate coherences which shall be discussed later.
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Figure 4.8: Heterodimer comparison between Redfield and Collective Coordinate theories
for steady-state populations and eigenstate coherences (abs. value) of the 3LS. The system
parameters are € = 15meV and V' = 15meV, with excitonic energy gap n ~ 33.5meV. Phonon
bath cutoff w. = n/2, with wy, = w, = 51, Tk = 300K and optical bath Ty = 5800K.

Analytical model for populations

In order to fully understand the disparities between strong-coupling and Redfield theory, we
simplify the population transfer to a simple three level system, such that we have equations

of motion for diagonal density matrix elements:

p+(t) =Tgipg +Typ- — (D +Tig)py (4.49)
p—(t) =Lgpg+Tipy — Ty +T_4)p- (4.50)
Pg(t) =T _gp— +Tigpy — (Ugr + Ty )py (4.51)

where I';; are transitions from ¢ — j and time arguments on the right-hand side have
been made implicit for clarity. Since we are primarily interested in steady-state behaviour,
specifically of the relationship between dark and ground state populations, we will set

S8 —

pi® = pi(00) = 0 and solve for p** /p*:

P T, I, T,
Rp="'"== + 4.52
pyr T- T-(Th- +T4y) (4.52)

where r
T =T_,+0_,|1—-—— |, 4.53
o+ Ty |1 (453)

which is a measure of the rate of population decay out of the dark state.
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Figure 4.9: Homodimer comparison between Redfield and Collective Coordinate theories
for steady-state populations and eigenstate coherences (abs. value) of the 3LS. The system
parameters are € = O0meV and V' = 15meV, with excitonic energy gap n ~ 33.5meV. Phonon
bath cutoff w. = n/2, with wy, = wo, = 5, Tk = 300K and optical bath Ty = 5800K.

Now we have found a simple analytical expression for the steady-state population, we need
to find suitable rates to use. For the transition rates from an initial ¢ € {+, —} manifold
and the ground manifold g, as well as the rate from the ground g to some final manifold

f € {+,—}, we take a Fermi’s golden rule-like model from the exact eigenstates of Hg:

Tig = > (09| At [0 Tpas (00 — o@IN(9® — o) (4.54)
Pop = D ol (] Aar [0 Tone (0l — o8N () — @) + 1) (4.55)

where ‘gof{')> corresponds to the nth lowest eigenstate on the manifold v € {+,—} with

energy ¢~ and for non-adiabatic phonon-induced transitions we simply take:

2 .
Ty = 30 3 (e8] 45 o) T (04 — o) () = 5) (4.56)
=12 n
2 .
Pe=>. ‘<¢5J)| %y 905+)>‘ TP = (N0 — o) +1). (4.57)

Since for the overdamped Drude-Lorentz spectral densities we use €2;/kgT; ~ 6, we assume
that excitations are localised into the lowest vibronic level on a manifold, before being trans-
ferred to the other excitonic state. This is equivalent to taking py = 1 in equation (4.54]),

although we could take a thermal distribution which may improve agreement.
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Figure 4.10: Population ratio comparison of master equation treatments (solid) and approx-
imate rate models (dotted). € = 15meV, V = 15meV. Left: Ty = 300K. Right: Tp = 101K.
Remaining parameters w. = 1/2, Ty = 300K and optical bath Tz, = 5800K.

We can also approximate Redfield theory rates in a similar manner, using the exact same
form as , but since there are no vibronic manifolds we just use the bare electronic
eigenstates {|0),|v_),|vy)}. We now do the same for the phonon rates but we also
substitute the residual bath for the unmapped spectral density Jg) (W) — ngl) (w).

In Figure we plot the population ratio Rp for the full CCME theory (solid) and the
rate model (dashed) for T = 300K (left) and 7' = 101K (right). We see that although there is
some disagreement at higher-temperature, the rate model works well for " = 101 K and shows
reasonable qualitative agreement in both regimes. The CC-mapped rate model continues to
become more accurate as the temperature decreases below 7' = 101 K but Redfield theory is
not suited to low-temperatures and can become unstable and unphysical. From figure
(right), we can also see that decreasing the temperature has dramatically increased the dark-
state population. This occurs because excitations are increasingly localised in the minimum
of the dark state, which has a suppressed dipole moment. Being localised in a fewer vibronic

states also reduces the number of decay pathways there are to the ground state.

The optical rates as defined in are independent of phonon-coupling within this
parameter range, so the behaviour of the rate models are dominated by I';y _ and I'_,. From
Fig. (left) it seems that the CC and Redfield rates are quite similar with both increasing
as a function a. However, in Fig. 4.11[ (right) we can see that the ratio % of the Redfield
rates is actually flat across this entire parameter regime, consistent with detailed balance,

whereas the ratio of the CC rates has a negative linear slope. Since ?f—; is a measure of
how much the downward decay from bright to dark states dominates over the upward re-
excitations, it seems likely that this a-dependence determines the qualitative behaviour of

each model.
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Figure 4.11: Left: Approximate rates corresponding to Figure for CC (solid) and Red-
field (dashed) theories. Right: Ratio of phonon rates, I'y _/T'_ ;. € = 15meV, V = 15meV.
Remaining parameters: w. = 1/2, Tk = 300K and optical bath Tz, = 5800K.

Temperature, bias and environmental non-additivity

In Figure we investigate the temperature and bias dependence of steady-state observ-
ables further, setting @« = 10meV and V = 15meV. Firstly, we can see that low phonon
temperatures generally lead to more population in the excited manifolds, as outlined above.
For small bias, excitations are more delocalised across the two monomers, which also leads
to higher |p35| and larger dark state populations. As phonon temperatures increase, the
coherence that gives rise to the eigenstates is destroyed and population can be more readily

excited across the gap between dark and bright manifolds.

In the figures [4.13] we have plotted the eigenstate populations as a function of bias
and for increasing phonon-couplings where T = 300K and V' = 15meV. The dashed lines
indicate that the additive electromagnetic field dissipator has been used in calculating the
dynamics. As we can see, the dark state population is actually increasing as a function of
bias in this case, since the thermal energy of the phonons is large enough to overcome the
unbiased excitonic gap with this dipole-dipole coupling. Increasing the bias then increase
the bright state energy which makes it favourable for population to reside in the ground and

dark states, with the energy of the latter also decreasing.

Of particular note is the effect that non-additivity has on the populations at stronger
system-bath couplings. We can see that the additive approximation still leads to a reduction
in dark-state population for increasing phonon-coupling, although slightly less pronounced.
The additive theory assumes that the photon emission of the dimer is independent of the
phonon coupling, however as we have discussed the CC-dressed eigenstructure of the dimer
is still taken account of in the phonon dissipation and the unitary dynamics. Since the
coupling to the optical field is much smaller than to the phonon environment, the CC model
is dominated by the eigenstate-dressing and population relaxation due to phonons, regardless
of whether the additive approximation is made. This also means that non-additivity is a less

prominent feature the dimer than in the case of the monomer, since phonon dissipation now
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Figure 4.12: Dependence of populations and coherences on bias and phonon temperature.
Here a = 10meV, V' = 15meV. Remaining parameters: w. = n/2, T = 300K and optical

has a direct impact on electronic populations.

At larger phonon-couplings, non-additive effects do start to have a significant impact on
the steady-state distributions of eigenstate populations, causing the dark-state population
to decrease. This is partly due to the linear (Ohmic) spectral density we used for the
electromagnetic field interaction, which was shown to lead to reductions in excited state
populations for the monomer. This effect was specifically to do with how the displacements
affect the optical transition frequencies, which subsequently changes equilibrium thermal
populations and system-field interaction strengths. Population that is trapped in the dark
state of the dimer will effectively act like a monomer, which means that the same deleterious

non-additive effects will occur here.

In addition to the non-additive insights from the monomer, there is vibrational mixing of
the electronic dimer eigenstates. This causes states more localised on the dark state manifold
to gain some characteristics of the bright state, such as an enhanced dipole moment. This
makes the manifold of dark states more emissive than in the bare electronic counterpart,
ultimately degrading the ability for population to be trapped there. Similarly, the dipole
moment of the bright state decreases, which we can directly in figure (right), where
populations are actually enhanced by the inclusion of phonons for zero-bias when av = 30meV.
This is the opposite behaviour of the simple monomer case, indicating that the bright and
dark state are not behaving like monomers in this regime due to the electronic delocalisation
V' >> e. This change to the emission properties of the dimer is only incorporated into a
non-additive theory, since the additive approximation ignores the vibronic eigenstructure in

the optical dissipator.
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Figure 4.13: Left: Ground state population. Middle: Dark state population. Right: Bright
state population, as a function of bias €, for various coupling strengths. Dashed lines indicate

the additive electromagnetic theory. Remaining parameters: V = 15meV, w. = n/2, Tp =
300K and optical bath Tg,, = 5800K.

4.2.5 A deeper look at coherence

Here we will try to interpret the eigenstate coherences seen in the CC treatment of the dimer.

The single excitation subspace of the electronic Hamiltonian is
Hy = wy [1)(A] 4 wr [2)2] + V(J1)2] + [2)1]), (4.58)
where w; > wy. We can define a current operator from state |2) to state |1) as

j=Ni=—i[N, H] = —i[|1)1], H]

| (4.59)

= —iV(J1)2] = [2X1]) = Vo,

where o, = i(|2)(1| — [1)(2|). The expectation values of this are
VTr{poy} = iV (pa1 — pr2) = iV (p21 = p31) = =2V Im(p2) (4.60)

which means that a positive imaginary part of site basis coherence is equivalent to a particle
current from state |2) to state |1). Furthermore, it is straightforward to show that |¢_ )1 |—

| X_| = —io,, which after taking the expectation value one finds

() = 2V Im{(|=)}(+])} = 2V Im {{[2)(1[) }. (4.61)

This states that the imaginary part of the coherence is the same in both the excitonic basis
and the site basis and is proportional to the particle current from excited to ground state.

Now we can investigate the real part of the exciton coherence:

2Vl - )

[N | + [P X | = ; - %(I2>(1| + [12))- (4.62)



92CHAPTER 4. VIBRONIC EFFECTS ON ENERGY TRANSFER IN MOLECULAR DIMERS

\ — a=bmeV 0.008 1
— « =15meV
0.04 1 0.006

a =30meV

— «a =bmeV
— «a =15meV 4
a =30meV

0 1 2 3 4 0 1 2 3 4
¢ (units of V) € (units of V)

Figure 4.14: Left: Site coherence as a function of bias €, for various coupling strengths.
Right: Excitonic coherence as a function of bias €, for various coupling strengths. Remaining
parameters: V = 15meV, w. = /2, Tr = 300K and optical bath Tgy, = 5800K.

— 0, if V=0 or e— 400,

[ Xbe| + [ Y- = S 0., if e=0 or V — 400, (4.63)

\%Uz — \/Liax, when €= 2V.

This means that the real part of the eigenstate coherence - a measure of how delocalised
the states are - is a mixture of population imbalance and real coherence in the site basis.
When € > V, the eigenbasis looks like the site basis. For a homodimer where ¢ = 0, the
eigenstate coherence depends entirely on the site population imbalance, which will be zero
at equilibrium. We can see in figure [4.14] (right) that eigenstate coherence always vanishes
at zero bias. Larger biases tend to increase excitonic coherence, up to the point ¢ > 2V
when the monomer excitations become more localised on each site. At this point the validity
of the additive approximation (dashed) also breaks down for the eigenstate coherences, as
the dimer system is becoming more like two independent monomers, such that steady-state
populations are increasingly determined by the optical decay rates rather than vibrational
relaxation. This specific breakdown in additivity is also visible, though not prominent, in
the dark state populations in figure for € > 2V and a = 30meV.

4.3 Summary

In this chapter we have seen that non-perturbative phonon interactions lead to a variety
of effects within coupled quantum emitters. Firstly, a suppression of inter-molecular cou-
plings and vibrational mixing of the dimer eigenstates, which are accounted for in the system
Hamiltonian, cause the gap between bright and dark state manifolds to decrease. Secondly,
thermal relaxation due to phonons in the single-excitation subspace happens on timescales
orders of magnitude faster than optical excitation and emission. The dissipation into the
CC-dressed eigenstates dominates much of the phonon-coupling dependence of the model,

leading to a significant diversion from weak coupling (Redfield) predictions. In Redfield
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theory, energy and coupling renormalisations are introduced perturbatively through prin-
cipal value integrals at the level of the dissipator, using a basis that ignores the explicit
vibronic component of the system. This ultimately leads to an over-estimation of dark-state
populations.

Environmental non-additivity can also be observed in the dimer expectation values de-
pending on the degree of electronic delocalisation and phonon-coupling. Sufficiently strong
coupling leads to non-additive suppression of excited state populations, due to the ohmic
form of the optical spectral density. This effect tends to be enhanced at large biases, as the
two emitters start to behave independently and electronic population is localised on each

monomer.

Further work

In light of this work, a few questions remain unresolved. Firstly, the degree to which non-
additivity is affected by the coherent inter-molecular coupling could be studied further. One
way of approaching this could be to compare the model to the uncoupled monomer case.

Secondly the nature of the eigenstate coherences observed in both the Redfield and CC
theories is still unclear. The hypothesis that coherence arises due to the non-secular master
equations coupling populations and coherences in the excitonic basis could be investigated
further. It may be helpful to cast the electronic part of CC-dressed Hamiltonian into the
eigenstate basis |v4) and investigate coherence in this way.

Another clear drawback of the approach taken in this chapter is the large Hilbert spaces
which arise due to the inclusion of two CCs in the augmented system Hamiltonian. Two
things are particularly problematic. Firstly, the requirement of building Liouvillians of di-
mension (3 * N * Ny)?, where N; is the CC dimension for environment i, means that we are
quite restricted in the number of states that we can take in each CC. This ultimately limits
the number of applications that this theory can be used for. One potential remedy for this
could be in quantum jump approaches to calculating dynamics, however these are generally
only easily applicable to the solution of secular master equations.

As well as preventing the use of standard quantum jump methods, the non-secularity of
the resultant Liouvillians means that the underlying matrices are poorly conditioned, which
means that iterative steady-state solutions are not feasible [127]. Being restricted to direct
solvers is another limiting factor in the applicability of CC methods to larger systems. A
recent paper has suggested a method of partial secular approximation via a coarse-graining
approach [128] to recover the the standard Lindblad form of dissipator. Using this method
it might be possible to find secular forms for both the optical and residual bath dissipators,
ultimately enabling much more efficient solutions whilst retaining the important dynamical

features.
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Chapter 5

Molecular photocells

5.1 Introduction

Organic photovoltaic cells (PVCs) have the potential to significantly reduce the cost and
environmental impact of solar energy, due to cheaper raw materials, manufacturing, trans-
portation and installation processes [129] compared to silicon PVCs. Importantly, the time
that it takes for a solar cell to offset the energy used in its own fabrication could be re-
duced from years to days [130]. These systems are also very lightweight and offer precision
tunability of their optical and electronic properties, even enabling transparency in the vis-
ible spectrum for potential use as ubiquitous energy conversion layers on surfaces such as
windows and screens.

Organic photovoltaics generally use a blend of donor and acceptor molecular materials,
where a light-sensitive donor - usually a doped polymer - is interspersed with small molecules
which have high electron affinities, such as fullerenes. In other circumstances, small molecules
are also used as donor materials, which permits more biologically-inspired design principles
based on photosynthetic reaction-centers. As well as increases in performance due to quan-
tum interference, these types of biomimetic photocells could also increase exciton diffusion
lengths substantially. Increasing diffusion lengths of energy and charge carriers reduces the
surface area requirements of donor-acceptor interfaces, which could lead to reductions in
static disorder and non-radiative recombination which could ultimately increase open-circuit
voltages [17].

Under illumination, the cell (usually the donor) can absorb photons, which promote the
material from its highest occupied molecular orbital (HOMO) at thermal equilibrium, to its
lowest unoccupied molecular orbital (LUMO). Molecular materials have very low dielectric
constants compared to traditional semiconductors, which means that excited electrons and
holes are not screened as effectively. This means that the low-energy excitations are Frenkel
excitons rather than free charge-carriers, such that the electron and hole are Coulomb-bound
on the same molecule. Organic solar cells need to then dissociate excitons, by donating

electrons to a neighbouring acceptor material.

95



96 CHAPTER 5. MOLECULAR PHOTOCELLS

Excitons move randomly in the donor material until they reach an interface with an ac-
ceptor, at which point, provided it is thermodynamically preferable, the electrons may move
onto the acceptor LUMO. The gap between donor and acceptor LUMOs must be sufficiently
greater than the exciton binding energy in order to drive efficient charge-separation and pre-
vent thermal reexcitation back from acceptor to donor [118, [I31]. Once the charge carriers
have been sufficiently separated, they can tunnel onto opposite electrodes to generate elec-
trochemical work, leaving the system in a positively charged state. After some time another
electron will tunnel back onto the HOMO and the cycle starts again. Occupation of both
orbitals is also possible, although this is strongly suppressed in many molecular materials
due to inefficient screening of charges and low dielectric constants which cause Coulomb
repulsion between electrons.

As well as broadening absorption and emission peaks, vibrational interactions also greatly
affect energy transport [45] and charge-separation [I32]. As briefly discussed in the previous
chapter, environment-assisted energy transfer can greatly enhance transport efficiency and
is generally pronounced in the intermediate-coupling regime where the phonon-coupling is
on the order of excitonic couplings [133| [I1], 111]. Additionally, as we have seen in previous
chapters, environmental non-additivity can alter decay rates in non-trivial ways, leading
to profoundly different qualitative predictions. In this section, we will see an even richer
interplay of non-additive effects, due to fermionic environments (leads) as well as bosonic
(vibrations). These effects can be seen to increase the steady-state population of excited

states, which is seen to enhance the power-output of the photocell.

5.2 Methods

5.2.1 Model

Here I construct a minimal photocell model inspired by the various discussions about organic
photovoltaics in the previous section as well as by recent studies on bio-inspired quantum
photocells [I8, 121, 69, [70], 122} 54, 123]. T distinguish between photocell and photovoltaic, in
that the latter generates both voltage and current through absorption of photons, whereas
the former causes current to flow against an externally applied voltage. In practice, the
characterisation of photovoltaics is done in precisely this way, by applying an external bias
voltage and then studying the current behaviour, so this work is applicable to both cases.
Previous work on photocells use a variety of models and system Hamiltonians, mostly
based on molecular dimers, to explore the influence that quantum interference and phonons
have on photocurrent. In all but [18], optically dark states are utilised in order to overcome
detailed balance and extend exciton lifetimes. Charge-separation and electron-electrode tun-
nelling is commonly accounted for by positing state-transfer rates described by Lindblad
super-operators, though a Redfield theory analysis is also presented in [122] which is shown

to agree. However, in all these heat-engine approaches, the authors rely on the phenomeno-
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logical definition of a fictitious load or trap which irreversibly draws current from the charge-
separated state. In more recent work, intermediate to strong phonon coupling is accounted
for using collective-coordinate approaches [54] and polaron theory [123] within the setting of
fictitious-load models.

Here I take a HOMO-LUMO system, with a single excitonic state and without excitonic
coupling or dark and bright states. Rather than defining an ambiguous charge-separated
state, or skipping out the charge separation process altogether, we explicitly define the exci-
ton as being an electron-hole pair localised on the donor molecule, which can be dissociated
by electrons tunnelling off and onto two fermionic leads. Upon absorption of a photon an
exciton can form, the electron is effectively in a conduction band state and can subsequently
tunnel off onto the right lead, subject to some attracting electron-hole binding energy, leaving
the system in a positively charged state. In this same scenario, a negatively charged state
can also arise from an exciton state if the hole in the valence band is filled by an electron
tunnelling on from the left lead before the electron in the conduction band has the chance
to tunnel onto the right lead.

Due to the unidirectional flow of current in this model, I am effectively studying a diode.
I do this in order to create a simple, minimal model of charge separation and to study the
effects of non-additivity in optical, fermionic and vibrational environments. Such a situation
is potentially realisable for single molecules with sufficient asymmetry of ground and excited
dipole moments [134], or as an effective subspace of a double quantum dot system [135]. This
model is also reminiscent of a single-molecule break-junction [136], which may enable some
results to be validated in the future through photoswitch conductivity experiments [137], [138].
To further aid simplicity, the exciton state is taken to be singlet character, although including

spin-effects is an interesting area for future study.

Hamiltonian

We write down a Hamiltonian which describes this system as H = Hg + Hpg + Hj, where
Hg = e,d!d, + e.dld, — Ud!d,d!d., (5.1)

which includes the fermionic electron and hole creation and annihilation operators df and
d,,, where m = c, v, respectively, each of these have energy ¢, and the exciton binding energy
U. The total interaction Hamiltonian is given by H; = HY® + HF + HE + HEM with the
vibrational environments coupling individually to the electrons and holes: H}" = Hyt 4+ H}™

where

2
Hyt = —dfdn (f;;,kbz T i — dindmﬂ;),
k m,

| (5.2)
ngb = Z wkbzbk
k
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Ll

Figure 5.1: Schematic of the fermionic leads model. Grey arrows depict allowed electronic
transitions between the molecule and the leads. Red arrows represent photon-mediated
processes, blue arrows represent phonon-interactions.

The electromagnetic field Hamiltonians are

HIEM = (dldj;+dcdu) Z(gial + gia;) and HgM = Zwiajau (5.3)
where a; are photon annihilation operators which have frequency w; and couple to the system
with strength g;.

As stated above, for simplicity we consider the spectral densities of the left and right
leads to be peaked around the valence and conduction energies, respectively, such that the
left lead only couples to holes and the right lead only couples to electrons. After making this

assumption, the Hamiltonians for the left and right leads can be written as

HIL = Z(tdevckL + tZ:LCLLdD

kr
kr
Hy™ = Z Ze’%citjc’fj
j=L,R k;

where ¢, (for j = L, R) are fermionic annihilation operators for bath modes with frequency

er; and system-bath coupling strength t;,. Note the product of annihilation (creation) oper-
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ators in this Hamiltonian, which occur due to holes and electrons having energies of opposite
sign and both baths are comprised of electrons. For example, this means that the term d,ci,
describes a hole being filled in the valence band by removal of an electron from the left lead.
The fermionic operators obey the anti-commutation relations:

{er,,dI} =0,

{Ck’i? CJlrcj} = {dlv d;} = 5i7j

(3

The terminology of left and right lead comes from the convention of molecular junction

diagrams for the electron current to flow from left to right.

Jordan-Wigner Transformation

In the form written above, the molecule-lead interaction Hamiltonians H¥ and HF do not
have tensor product structure so cannot be written in the generic form H; = > A, ®
B,, where A, and B, are operators acting in only the system and bath Hilbert spaces
alone. This is due to the fact that fermionic system and bath operators anti-commute with
one another. We may however apply the Jordan-Wigner transformation, decomposing the
fermionic operators in terms of Pauli operators acting on a set of spins. For illustrative
purposes we will state that the bath Hj; for 4 = 1,2 has a finite number M, fermionic

modes and can be written:

dUZ(J_®Uz)®(§ I)®(§I}
d.=I®o )® ((% I)®(§I)

(5.6)

Cry, = (0. ®0.) ® [’@0] ®Ro_® [ & )I]
Chp = (02 ®0.) ® [&a] ® [’@loz] ®o_® {M(%;RI].

Substituting the above definitions into the Hamiltonians and using Pauli operator product

relations yields with definitions
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d,=(0_®0,) d,=ZI®o_)

Mp+(Mp—kr)

Cr, = {(X) Uz:| ® 04 ® { 039 I} (5.7)

k'<kp, k'

Myp+kr—1 Mpr—kgr
a,mz{ X gz]@m@{ X z}.

k' K’

The above description allows us to find an appropriate basis for the problem by defining
= |0)0] + |1)1], calculating Z ® Z = |00)00| + |10)(10| + [01)(01] 4 [11)(11], we can relabel
the basis:

) =|00) excitonic vacuum (filled valence band)
) =|10) extra hole in valence band (5.9)

le) =]01) extra electron in conduction band .
) =[11)

exciton state (electron and hole present)

<

Il
=)
~
P
=
X
s
—
~—
/\

1] = [0)0[) = [e)x| = |@)h|
e = ([T + [0X0N@ [OX1] = [A)x] + |@)e]
did, = |h)h| + |x)x| did. = |e)el + [x)x]
Nel  dedl = [h)h| + |6l (5.9)
Mx| - dld] = |x)¢)|
ded}, = |h)e| dld, = —|e)(h|

from which we rewrite the system Hamiltonian
Hg = €, [n)(h] + € |e)e] + ex [x)x], (5.10)

where ¢, = ¢, + €. — U. The electron-lead and hole-lead interaction Hamiltonians become
Hy =(|e)x| — [p)h]) ® Ztk‘LCkL
+(|h)o| + |xNe]) ® ZtkLckL
Hit =(|h)x] + ) e ®ZthckR

(5.11)

+<|X><h| - 6 ¢| ®ZthckR7
kr
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which are now in tensor product form. Note that the tensor products have been written
explicitly in equation ([5.11]) but will be omitted in all further Hamiltonians.
Electron-phonon interaction

After the Jordan-Wigner transformation, the phonon-interaction Hamiltonians become

- A S (st + s ).
k
i = = el X (feath + o) 65,12
k
L = = b0te] 3 (i 2008+ Ui+ sl )
k
where the counter-terms become energy shifts on the fermionic states
Hg = &, |h)h| + € |e)e| + & |x)x], (5.13)

with shifted energies €; = ¢; + >, f7i/wjn, for j = e, h and & = & + & — U. If we set
that fi = f.r and assume for simplicity that f5 = M fi, such that there is a real constant
scaling between hole-phonon and electron-phonon interaction strengths (i.e. they have the

same mode-dependence), the interaction Hamiltonian becomes

Hp™ = —(Je)el + M [h)h| + (1 + M) [x)x[) ) (fé‘bl + fkbk>- (5.14)

k

We can also define a system-phonon spectral density J(v) = >, |gx|?6(v — vx), which we

take to be of Drude-Lorentz form as in previous chapters:

a’Tw

J(w) = [(w? — Q2)2 + [2w?]

(5.15)

Briefly ignoring the electromagnetic and lead environments we can see that, after accounting
for the energy shifts, Hamiltonian has the exact same form as the Hamiltonian ([2.62]).
Therefore we can perform the Collective Coordinate mapping[28, 29, 25] in the same way as
before:

H = Hg+ H; + Hy, (5.16)

where

H = Hg+ [Qad'a+ As(al + a)] (5.17)

th + a) (bl + by)

+ ) (B + be)? hi
k

(5.18)

Wk
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with s = |e)e|+ M |h)h|+ (1+ M) |x)}x|, CC oscillator frequency 2 and system-CC coupling
strength A. The residual bath Hamiltonian is given by

Hjy = wiblby, (5.19)
k

where we have defined CC-residual bath coupling strengths h; and mode frequencies wy.
This gives rise to a new spectral density defined by Jee(w) = 32, [he]*0(w — wi) = Tw/270
for the CC-residual bath interaction.

5.2.2 Quantum master Equations
Residual phonon bath

By moving to the interaction picture with respect to Hg + Hp, in the exact same way as in
previous chapters, a time-local master equation can be found for the enlarged-system under

: . ap!
the influence of the residual bath % = L[p(t)] where

Llps(t)] = —i[Hg, ps(t)] + Keclps(t)] + Krlos(t)] + Kolps ()] + Kemlps ()] (5.20)

where the residual phonon dissipator has the form

LIps) = 8, p(t)¢] + [Cp(t)T, 5] (5.21)
with ¢ = a' 4+ a and
Z = Z JCC(gpq)(COth(%) + 1)Spq |9p) 4] (5.22)

pq

where &5 = (¢p—q) given Hg[wp) = @ [0p) and Xy = (@1 X [o). The imaginary Lamb-
shift terms have been neglected. In the enlarged basis, operators on the system Hilbert space

now share the tensor product structure

dj = CZj K Loc. (523)

Fermionic leads

We now focus on the interaction of the molecule with the fermionic leads, which are described
by system operators now embedded in a basis which has been dressed by the Collective
Coordinates as described by ([5.23)). After the Jordan-Wigner transformation, the interaction
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Hamiltonian (5.11]) has the structure H; = ) A, ® B,, where
A{% | ><h| ’ Bf% - ZthckR

Ay = |h)(x| + |oXe Bf—zthCkR

L . (5.24)
Ay = ’6><X| |¢ By = ZtkLckL

Ay = [h)gl + x)el By = ZtkLckL

so we can see that AF removes a hole from the system (i.e., by removing an electron from
the left lead) and A adds an electron to the system (and takes it from the right lead). Since
the two leads are independent, we can find a second order Born-Markov master equation for
the interaction between the system and fermionic environments starting from the well-known

general form [21]:

-2 % [ar(1a e

TR af (5.25)
T (O A (—7), Agloga<—r>) ,

where we have defined K[p((t)] = Krlps((t)] + Kr[ps((t)] for compactness. The system
operators A are now embedded in the enlarged space as in (5.23). The bath correlation

functions are defined
C’iﬁ(T) = trg, (Ba(7)Bs(0)) (5.26)

with the stationary state of both leads given by pg. We now assume that each lead is in a

thermal state at all times pp = pkpft, where

) o S eny —m)el b,

o (eﬁj S (en, )b, b, )

where §3; and p1; are the inverse temperature and chemical potential of each lead, respectively.

We now calculate the bath correlation functions by noticing that <cJr c,t > = <6j# éku> r=0

due to the diagonal form of the thermal state, which leaves

Cra(7 Z e, tr e ! <CJVCLu>pV
E

ku .k,

051 2 tk /ezekL <C Ckl,> ,
PE

(5.28)
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for v = L, R. We calculate the expectation values by performing the traces over the thermal

state, which yields

(k) = B ()

. (5.29)

<6kuékL>E = Ok, (1 = fi(er)),
where f;(ey,) = (¢’ (é;=17) 1 1)=1 are the Fermi factors for each lead. We proceed by moving
to the continuum limit: Zk,, — ffooo de, and by defining the spectral densities:

To(en) =Y It *0(e, — ex,), (5.30)

where ’tkj ’2 describes the coupling strength between the system and mode k of the jth lead,
which has absorbed the coefficients from the continuum transformation. The two baths are
independent and therefore described by different sets of particles, hence the subscript on ;.

This enables us to simplify the correlation functions

cn(r / J(e)e (1 — () and C%(r / J(e)e @ (e).  (5.31)

In order for the lead dissipators to be consistent with the number-conserving form of the
system-lead interaction Hamiltonians , we make a further secular approximation by
discarding terms that have time-dependence in the interaction picture. Note that this is
only done for the lead dissipators, and not the residual or electromagnetic baths. Starting
from , we move to the interaction picture with respect to the full augmented system
Hamiltonian and decompose operators into sums of operators with a spectrum of eigenenergy
differences A, (t) = 3, e ™A, (w),

DA =~ % [ (aret e (Contr)lAu(e). Ao )
(5.32)

(=) 5D As(), Aa<w>1)) he

for the right lead v = R, we explicitly define A;(t) = Y e™A;(w) and Ax(t) =
S, e Ag(w). The reason for this becomes clear if we inspect the additive case, where
As(t) = do(t) = |h)z| e U 4 |@)e| e, the annihilation operator for electrons has
negative time dependence. With this definition:

— =% [ (e e Cualr) o), o)

oap e (5.33)
(=) s (1) Aal), A1<w>J)> he



5.2. METHODS 105

We now discard terms for which w’ # w to ensure that the Liouvillians are completely positive
trace preserving maps, therefore ensuring physical evolution of the reduced density matrix.

The secular approximation results in a form of Liouvillian which is in Lindblad form:
D, (ps(t) = Y Thh(w) <2A5 (w)pls(£) AT (w) — {AY (w) A5 (w), p’s(t)}> — 157 (w) [AY (w) AZ (w), ps ()]

T () (2Aq<w>pg<t>Az<w> A AV w), p's<t>}) i () [ AL (@) AL ), (1)

(5.34)
with the decay rates
M (w) = mJr(w)(1 = fr(w))
I3 (w) = mJr(w) fr(w) (5.35)
Mh(w) = 1/ (~w)(1 = fi(-w))
[5(w) = 7/ (~w) fr(-w)
and energy level shifts
Sfh(w) = —iP _/_OO deJy(E)(El__wfy(€>)]
N AT
S (w) = —iP : /_ ;’:d J Ee)fw(e)} (5.36)
Sk(w) = —iP / deﬁ}
Shyw) = —iP | / ) dej”(e)(etwf ”(6>>] .

From the above expressions, we can see that the energies of the holes are summed together
within the rates, which which highlights the fact that they are destroyed by electrons which
have energy of the opposite sign. In practice, the operators are decomposed in the augmented
system basis with A, (§x) = (wi| Aa |¢;) |ox)p;| and the secular approximation is performed

on the spectrum of eigenenergy differences.

Fermionic leads : the additive case

In the weak phonon-coupling regime, the vibrational contribution to the system eigenstruc-
ture is negligible, so the decomposition {|p;)} can be well approximated by using the original

unmapped basis {|¢), |h),|e),|x)}. In this case, the operators in the interaction picture be-
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AT (t) = di(t) = |x)(h] ™" + [e)(g] e

15(t) = = x| eHee Ut —iect

A2 (1) = deft) = x| €™ "+ el | s
E(t) = d,(t) = [efx| e O — )R] i

() = di(t) = [x)e] =" — h)g| e,

which leads to Liouvillians of the form

Dilps(t)] = —i[H[s, ps(t)]
+rdi(—€)(1 = fL(=€)) Lnyellps(t)]
+ mJr (=€) fr(=€0) Ligyn s (t)] (5.38)
+mJi(—e + U)(1 = fr(=€ + U))Ligyellps(t)]
(=

+ 1 JL(—€ + U) fr(—€y + U)Lieyal [ps (1))

and

Drglps(t)] = _i[HESa ps(t)]
+ mJr(e)(1 = frlee)) Ligyellps(t)]
+ mJr(€c) free) Liexellps(t)] (5.39)
+ mJr(ec — U)(L = frlec = U))Linyal [ps(t)]
+ mJr(ec — U) frlec — U)Liayn [ps(t)]-

In the limit U — 0 this gives the total lead dissipator:

Dryrlps(t)] = =ilHrs, ps(t)] + mJr(=e) (1 = fr(=€)) Ly lps()] + mTL(=€0) fr(=€n) La, [ps(t)]

+ mJr(ec)(1 = frlee))La[ps(t)] + mIr(ec) frlec) Ly los ()],
(5.40)

where Lindblad terms are described by Lo[p] = 20p0T — {070, p} and the coherent Lamb-

shift Hamiltonian is

Hys = Sh(e)(1o)o] + le)e |)+52Ll(ev)(||h>(h|+|x>(96|) (5.41)

+ Sij(ec)(le)e| + [o)(x]) + Sai(ec) (o)l + [hXA).

A brief inspection of the Fermi factors fi(—e,) = (e #(@¥#L) 4 1)~ shows that:

1 if KL > —€v,
fr(—€) = §1/2 if up = —e,, (5.42)
0 if pr <K —€y,
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which means that the creation and annihilation of holes must be carried out by electrons
with energy of the opposite sign. As we will see later, this determines the characteristics of
the current-voltage behaviour. The conditions for exchange of particles between the right

lead and the conduction band are straightforward:

1 if MR > €,
frlec) = € 1/2 if pp =€, (5.43)
0 if MR < €.

Solar radiation field

After a Jordan-Wigner transformation, the Hamiltonian describing the interaction between

the system and its electromagnetic environment in ([5.3)) becomes

HEM = (1x)@l + [9)(x]) D (9eb) + gabr), (5.44)

where it is clear that the electromagnetic field creates and destroys excitons through photon
absorption and radiative recombination, respectively. The above Hamiltonian has the struc-
ture H; = A® B where A = |xX¢| + |¢)Xx| and B = 3, gi(bl, 4 bx), which means we can
derive an optical dissipator for the system bath interaction via the method outlined in [38].

This gives a Liouvillian of the form
Keumlps(t)] = [A, Zps(t)] — [ps(t) 2", A] (5.45)

where the rate operator
Z = / drC()S(—7) (5.46)
0

and correlation function
- Buw -
C(r) = dwJ g (w) | coth — ) coswT —isinwr | (5.47)
0

are defined in terms of Jgy(w) = 3, [fel0(w — wi), the electromagnetic bath spectral
density. After decomposing the operator A into eigenstates of the augmented system Hamil-

tonian Hg and moving into the interaction picture, as above, we find

Z = Z Am,nA(fmn) ’@mx@n’ (5'48)

m,n

where the complex, temperature-dependent factors are defined

Mem) = [ dr [ do(fiwpe e+ e irenr) (5.49)
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where

Fulw) = %J(w)(coth(,@w/Q) )

2 (5.50)
folw) = §J(w)(coth(ﬁw/2) +1).

Note that the real and imaginary parts of A(&,,,) are effectively transition rates and energy
shifts associated with the transition &,,,. These integrals can be evaluated in the same way

as in previous sections

ﬂ-fl (émn) + ZS+ (Emn) lf £mn > 07
A(€mn) = § § lim (Jyn () coth(5)) = iS(0)  if & =0, (5.51)
7Tf2(|§mn|) + ZS—(fmn) if gmn < 0.

given

St(Emn) =P /OOO< fi(w) _ fo(w) )dw]

L w — fmn w + fmn
S5(0) = P / Jph—(“’)dw] (5.52)

w

5_(€mn)=73_/000< hlw)  frw) )dw].

All of the above can now be calculated numerically in a straightforward manner and we can
bring together the four Liouvillians to explore photocurrent in this simple model. We use

the electromagnetic field spectral density in cubic form [51], [3§]

— Lo 3
o 3
2me

Jem (W) (5.53)
where the characteristic frequency ¢, corresponds to the excitonic energy gap. The above
spectral density means that the bare electronic transition, in the absence of phonons has the

rate 2m.J(ex) = I'g, which also becomes the total transition rate for the additive theory.

Solar radiation field: the additive case

The additive dissipator is found by ignoring the vibronic contributions to the system Hamil-
tonian when moving the relevant system operators |¢)(x| and |x)(¢| into the interaction

picture, and also making the rotating wave approximation on the interaction Hamiltonian.

This results in |p)x| (t) = et |p)x| e 15t = |p)x| et where Hg is given by (5.10]). This
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results in the standard Lindblad form of quantum optical Liouvillian:

Kanalp(t)] = "2 (n(ex) + 1)y (1) (5.54)
(e Lioollo(1)] (55)

which can form part of the total master equation given in equation ([5.45]).

5.2.3 Note on parameters

Certain symmetries are imposed and parameters defined, in order to simplify the analysis of
the model. The reverse-bias voltage is taken to be the difference between the electrochemical
potentials of the two fermionic reservoirs eV = (ugr — pr). I consider a central chemical
potential p which the leads are symmetric about pp =y —eV/2 and pug = p+ eV/2. T also
take the leads and phonon bath to be the same temperature T = T,, = Ty, = Tk to avoid
any intrinsic thermoelectric effects between the leads and the phonons.

I define a bandgap ¢, a valence band energy €, and an exciton binding energy U, which
fixes the conduction band ¢, = €, + ¢ and exciton energy e, = 2¢, + ¢ — U. In all of the
following, ¢ = 1.4eV and €, = 300meV.

In all but the end of Section of this chapter, the lead spectral densities are taken to
be Lorentzians

76> 1 762

1
Jp(w) = S (@ T ) 1 07 and Jr(w) = 3 (@ w2 7)) (5.56)

where ¢ and v are the widths and heights of the peaks, respectively. Unless otherwise stated
v =Ty = 1ns™! for simplicity, which means that the lead and optical decay processes occur
on the same time-scale. Unless otherwise state 6 = 15meV, the width of phonon spectral
density I' = 10meV and Tgy; = 5800K.

5.2.4 Photocell performance metrics

Much of the behaviour of a photovoltaic (or photocell) can be understood through the anal-
ysis of current-voltage (I-V') diagrams, whereby an external reverse-bias voltage is applied
across the two electrodes and the resultant photocurrent is measured.

The most common figure of merit used in the analysis of photovoltaics is the power
conversion efficiency (PCE), which is the amount of power generated from the incident light
which hits the cell. The PCE is proportional to open-circuit voltage, Voo and short-circuit
current, Igc. Open-circuit voltage of cell is heavily dependent on the difference between
donor HOMO and acceptor LUMO. Short-circuit current depends on the most amount of
light being absorbed (with the fewest recombination losses), which is increased by reducing

the donor band-gap. The great challenge in the last few decades has been to optimise both
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Figure 5.2: Left: schematic of the fermionic leads model in the energy basis. Red and blue
arrows correspond to optical and phonon induced processes, respectively. Right: schematic
for model under short-circuit conditions, V' = 0 and kT < p. Black arrows illustrate which
electron transitions are allowed under these conditions, with blue arrows now unidirectional.

of these simultaneously, resulting in PCEs of up to 13% in of single-layer devices [139] and
17.29% tandem devices [140], which use two active layers with complementary absorption
profiles (long and short wavelengths) to further increase photocurrent.

For the model derived above, current can be calculated from the steady-state density
matrix Llpss] = 0. Although the total time-derivative is zero, the phonons do not di-
rectly affect electronic populations so the optical and lead processes should balance out:
Kenmlpss] = —Kgr[pss] > 0. Since there are no other internal recombination effects, the cur-
rent can thus be found by simply taking the steady-state density matrix, acting on it with

the right-lead dissipator and taking the trace with the conduction band occupation operator:

I = —tr{ICR[pSS]nC}. (557)

Here, the minus sign fixes the direction of the dark current to flow from left to right, i.e. in
the absence of incoherent excitation when Ty = 0 but when V > ¢.

On current-voltage diagrams, there are usually two points where zero power-output oc-
curs, one where no bias is applied (V' = 0) and the other where V is large enough to
completely suppress current (I = 0). The actual maximum attainable power Py, occurs
somewhere between these limits.

The current that passes through the system at the point where the V' = 0 is the short-
circuit current, denoted by Isc. The voltage that is required in order to suppress I — 0 is the
open-circuit voltage, Voc. Usually I,,.,. = Isc and Vpe is the maximum possible potential
that can be overcome, so these two metrics are intrinsic figures of merit to each photocell.

Another metric, called the filling factor Fr = Pax/IscVoc, is often used to study photo-
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Figure 5.3: Top: Conduction and valence band populations as a function of reverse-bias
voltage and in the absence of phonon-coupling and binding energy. Bottom: Corresponding
current-voltage diagrams. « = 0, U = 0. Voltage is defined as pu;, = p — V/2, where (Left):
w=¢ec—100meV . (Middle): u = ¢+ 100meV. (Right): p=-ec.

voltaic performance because of its close relation to various internal experimental values [129].
Intuitively, the filling factor compares the actual P,.. to the theoretical maximum, where
the cell is generating Isc whilst working against Vpo. For Fp = 1, the I-V curve would need
to be a perfect step function around Vo, so Fr can be thought of as the curvature of the
[V diagram.

The final - and most commonly quoted - metric we describe is the power conversion
efficiency which was introduced earlier. This compares the power of the sunlight that is
incident on the cell with the amount of power generated by the cell, npcr = Pout/Pine.-
Since the electromagnetic field is kept fixed for each set of photocell parameters, Pj,. is
redundant and P,,; will be qualitatively the same as npcg. Due to the nature of our model,

the following discussion will be primarily focused on I, Voo and P., as figures of merit.

5.3 Results and discussion

5.3.1 Photocell performance at zero phonon-coupling
Characteristics of zero binding energy

In order to understand the current-voltage behaviour of the above model, it is useful to

inspect the behaviour of the lead dissipators in the limit of no phonon-coupling or exciton



112 CHAPTER 5. MOLECULAR PHOTOCELLS

binding energy, as in Eq. . As we have already seen, exchange between the valence
band and the left lead is determined by the relationship between py and —e, given by Eq.
(5.42). The steps on the I-V diagram are determined by which energy levels are included
within the bias window, or between the left and right chemical potentials. In the lower plots
of fig[5.3] the steps that occur at the dotted red and blue lines on the I-V curves correspond
to points where ur = €. and pup = —e¢,, respectively. We can calculate the location of these

steps by defining ,uged) = €. which gives a left chemical potential ,uged) = pu—(€.—p) = 2u—e€.

and a bias eV, = 2(e, — p). Similarly for the step at the blue dotted line ,LL(Lblue) = —¢€, SO

,ug)lue) =2u+¢€, and eV, = 2(u +€,). By equating the expressions for V,. and V;, we can see
that the relative position of the steps is determined by the value of p, the central value of
the bias window, and whether this sits above or below the centre of the bandgap: £/2. In
the fig [5.3| (right), p = £/2 which means that the blue and red dotted lines coincide. Note
that, in order to exaggerate the steps in the I-V diagrams, we have taken a relatively low
lead reservoir temperature of Tz = 50K.

When p < /2 as in figure (left), increasing the bias from V' = 0 incorporates the
valence band energy (blue dotted) before the conduction band. As V increases f;, — 0
as py decreases beyond p; < —e,, according to ([5.42)). This causes a large spike in hole
population as electrons can freely jump off from the valence band onto the left lead. Then
as V increases further, the window incorporates the conduction band (red dotted), which
means that fgr — 1 and electrons can freely tunnel onto the conduction band from the right
lead.

For > €/2 in figure (center), the opposite occurs, as shown in the central plot
in figure [5.3] since the bias window now incorporates the conduction energy before valence
energy and the ordering of the red and blue lines is reversed.

As already discussed, the case where u = £/2 as in the right-hand figure, the conduction
and valence steps overlap exactly, so the system goes directly from positive to negative
current behaviour around a single point, ¢, = €, + €.. For positive or negative current to

exist, both n. and n, must simultaneously have non-zero expectation value.

Characteristics of finite binding energy

Now we increase the complexity of the model slightly by considering non-zero exciton binding
energy, governed by the additive dissipators and , since the non-additive theory
reduces to additive theory in the absence of phonons. Now there are two sets of steps in
the I-V diagram, since the dissociation of an exciton into a free charge occurs at a lower
energy than that of a free charge on the system hopping onto a lead. Using a similar
analysis carried out in the previous section on figure [5.4] we find that the dashed blue and
red and vertical lines correspond to the points where the charge-separation processes are
suppressed, occurring at ji? = —(e, — U) and %4 > ¢, — U, where the tildes distinguish

them from the binding energy-free processes. These chemical potentials give the bias voltages
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Figure 5.4: Top: Conduction and valence band populations as a function of reverse-bias volt-
age and in the absence of phonon-coupling for different values of . Bottom: Corresponding
current-voltage diagrams. a = 0, U = ¢, = 300meV. Voltage is defined by pu;, = p—eV/2,
where (Left): p =¢ — 100meV. (Middle): p = ¢ + 100meV. (Right): u =e.

of Vi, = 2(u+e,—U) /e and V, = 2(e.— U — 1) /e for the blue and red dashed lines respectively.

We can also see that the scale of the y-axis has changed considerably, with two orders
of magnitude less current being generated for U = ¢, = 300meV. This is due to the fact
that the exciton-dissociation processes are now off-resonant with the Lorentzian lead spectral
densities, since these have been set to be centred exactly at the band energies.

Figure 5.5] includes the I-V (left) and P-V (right) curves for the case where Tx = 300K
and a = 0, this time the axes are zoomed in to the area where positive current occurs, since
in practice this is the most important regime of operation. For higher temperature leads,
the steps in current occur more smoothly and we can see that their close proximity causes
the current to approach zero at an angle. Isc and Vpe are strong indicators of Py, and
in figure (right) we can see that for a given U, P,y is maximised where p = ¢/2 and
Voo = ex. It Voo, U and p stay fixed, then P, is directly proportional to Isc, so there is

no need to calculate the entire I-V curve. We will use this property in the next section.

5.3.2 Finite phonon-coupling and environmental non-additivity

From Eq. (5.10) - (5.12)), we can see that the system and the phonon-interaction Hamilto-
nians commute, which means that the phonon-mediated processes will never directly affect
populations. The non-perturbative treatment of the phonons gives rise to an enlarged basis,

where the eigenstates will be vibronic in nature, with a mixture of both electronic and vi-
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Figure 5.5: (Left): I-V curves for different values of phonon-coupling where U = 300meV,
Q = 50meV. (Middle): P-V curves for same parameters. Together, these plots show that
maximum power is dominated by Ig¢ since Vpe is largely unaffected by phonon-coupling.
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brational characteristics. We have seen how utilising this basis in deriving master equations
for additional weakly-interacting bath processes, such as the system-lead and system-photon
interactions, gives rise to non-additive dissipators. In fact, as we will see in more detail, non-
additivity is the only way that phonons will affect current and photocell performance in this
model. From Eq. , and we can also see that in an additive treatment, the
Liouvillians for the lead and electromagnetic field interactions do not depend on any phonon
influence at all. This means that the baths do not see the vibronic states, only the bare
electronic eigenstates of Eq. . For truly perturbative phonon-coupling, an additive
treatment may provide adequate predictions, however any dependence on phonon-coupling
is lost within such a theory.

In this section, we will analyse how environmental non-additivity due to the phonon-
coupling affects the performance of the photocell. In doing so, we identify two important pa-
rameter regimes which completely determine the qualitative behaviour of the model, namely
where the spectral density of the fermionic leads is either relatively flat around the system
energy scales or more sharply peaked. These are referred to as the flat and peaked spectrum
regimes, since they define the width of the energetic window within which states can interact
with the fermionic bath. Note that we consider a sharp cutoff of the spectral densities to

ensure that the left and right leads only ever couple, respectively, to holes and electrons.

Regime of peaked spectral density for fermionic leads

In order to gain some intuition about environmental non-additivity, we inspect some example
[-V curves for finite phonon-couplings in figure (left). For these parameters, we see that
an increase in phonon-coupling leads to a decrease in Igo, but no change to Voo ~ 1.6V
since all four curves converge to zero current at the same voltage. Although Voo is largely
unaffected by phonon coupling, the current does begin to decline for lower V. This change
in curvature ultimately decreases the voltage at which maximum power is attained - visible
as a gradual peak-shift in the P-V diagram, as well as having some effect on P,,,.. As can
be seen in the power-voltage diagram in figure (middle), the decrease in Igc and this
change in curvature leads to a reduction in the maximum power output of the photocell.

The filling factor Fr, takes into account both the maximum power and the short-circuit
current and thus shows how exactly how the power output of the cell is affected by the
change in curvature of the I-V curve due to phonon interactions. In figure (left) we can
see that Fr decreases as a function of both binding energy and phonon-coupling strength.
Figure (right) also shows the extent to which P, is affected by both phonon-coupling
and binding energy.

Despite the behaviour of the filling factor, Isc remains a very accurate indicator of Py .y,
even in the presence of phonons, which permits it to be used as the primary figure of merit in
much of the following discussion. Limiting the discussion to Ig¢ also simplifies the analysis

of the model, since the chemical potentials of the leads are sufficiently far away from the
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Figure 5.7: (Left): Schematic of the electronic manifold displacements induced by coupling
to vibrational environments. Upward transitions are blue-shifted and downward transitions
are red-shifted, which causes the average frequencies sampled by the optical and lead spectral
densities to be augmented, these are indicated by purple and red dashed lines, respectively.
(Middle): Depiction of non-additive effects for Lorentzian leads. The coupling between the
conduction band and the right lead decreases due to curvature of spectral density. Red-
shifted (blue-shifted) emission (absorption) frequency, leading to a diminished transition
rate. (Right): Depiction of non-additive effects for locally-flat leads. The phonon-induced
shifts to transition energies are less significant.

band edges so as to suppress any back-flow of current, as depicted in figure (right). In
other words, the tunnelling of electrons from the filled valence state to the left lead (creating
a hole) are suppressed , i.e. fr — 1, as is the tunnelling of electrons from the right lead onto
the conduction band state, frg — 0. Also, only the V = 0 case needs to be calculated, rather
than the entire I-V curve, which has enormous computational benefits.

From figure (left) we can see that, for this set of parameters, increasing phonon-
coupling leads to a decline in short-circuit current. This can be understood by using a similar
analysis as in the case of optical non-additivity. Where U = 0, in the absence of phonon-
coupling and under short-circuit conditions, the four dominant processes are proportional
to Linyx and Lygye|, due to the right lead and Lygyn, Lieyx due to the left. Under these
conditions, the processes are all on resonance with their respective lead. Finite phonon-
coupling leads to relative displacements between the various electronic manifolds, associated
with a change in equilibrium position of the nuclear coordinates. As we have seen in the
case of optical processes in Chapter 3, these displacements cause a decrease (increase) in the
average emission (absorption) wavelength, as depicted in figure (left), but in this case
instead of photons being emitted to the EM field it is electrons tunnelling into the leads.
This shift to the transition frequency pushes the processes out of resonance with the leads
as depicted in figure (middle).

From the analysis of figures [5.51{5.6| above, it would appear that phonon-coupling only
has a deleterious effect and inevitably diminishes current and power, however there are
certain regimes where this is not the case. In the left and middle figures of we calculate
the percentage change of Isc over a change in phonon-coupling strength Aa from o = 0

to a = Aaq, for Q = 120meV and 2 = 50meV, respectively. This allows us to see how
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current is affected by the inclusion of phonons and to identify any vibrationally-induced
current enhancements. By scanning across a range of binding energies, we can see that the
dependence of current-increase on binding energy is non-monotonic, with peaks where Ig¢
is enhanced. These peaks correspond to resonances between the binding energy U and the

vibrational harmonics.

In order to fully understand the peaks in figure (a) and (b) where T¢ = 300K, we
compare to the low-temperature case in figure (b), where normalised Ig¢ is given as a function
of increasing « for different binding energies at T = 50K. In this figure we can see that
Isc always decreases as a function of «;, even when binding energy and mode frequency are
on resonance U = ) = 50meV. This is because the first vibrationally-excited state is never
populated at T = 50K, so the non-additive renormalisation of fermion emission frequencies
pushes the transitions away from the maximum of the Lorentzian, exactly as the central
diagram in figure [5.7] shows.

Now we return to the T = 300K case, where 2 = U as shown in figure [5.9, where left
and middle plots show 2 = 50meV and Q) = 120meV, respectively. As discussed, under
these conditions increasing the phonon-coupling gives an increase in the current (blue solid
lines). After a point, increasing phonon-coupling any further causes the average transition
frequency to get pushed too far out of the optimal window, which causes current to decrease.
This means that there is an intermediate coupling regime which maximises the non-additive
current enhancement. The red dashed lines use a non-additive theory for the fermionic leads,
but additive in the thermal electromagnetic field, this is included to gain insight into the

underlying behaviour of the full model.

For lower vibrational frequencies, the non-additivity is dominated by the lead dissipa-
tors, since the large mode occupations cause large current enhancements to occur. For larger
mode frequencies, a similar effect happens, however now the average vibrational mode occu-
pations are lower, which diminishes the non-additive component in the lead dissipators. The
electromagnetic dissipation is less influenced by the mode occupation, being largely dictated
by the effective decay rates and thermal occupations of optically-active vibronic transitions,
which means that optical non-additivity is more prominent in this regime. This is seen as a
discrepancy between the fully non-additive (solid blue) and additive EM (dashed red) curves
in the left and central plots in figure 5.9

Due to the dependence on mode occupation at T, the efficacy of non-additive enhance-
ment of current decreases as the mode frequency increases, causing it to be suppressed
beyond U > 130meV. This means that for organic materials, where binding energies are
normally > 300meV, a resonant mode may have too low an occupation for non-additive

current enhancement to take place.

When the lead spectral density is flat around the range of important electronic transi-
tions, as in figure (right), then the non-additive renormalisation of fermionic transition

frequencies does not have a significant effect on current and power. In this regime, the
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phonon-coupling dependence of current is instead dominated by the non-additivity in the
optical dissipator (as described in Chapter 3). The choice of super-ohmic spectral density

gives rise to a positive increase in current with increasing «, as shown in figure [5.9] (right).

5.4 Conclusions

I have introduced a minimal model for a photocell device which explicitly takes into ac-
count the electrons and holes as separate charges. In performing the collective coordinate
mapping, I have accounted for non-perturbative phonon interactions, which manifest them-
selves primarily as non-additive bath effects in the lead and electromagnetic dissipators. I
have identified regimes where this non-additivity increases and decreases performance of the
photocell and explained the physical basis for this.

One particularly interesting case where non-additive phonon effects enhance photocurrent
is when the peak of the vibrational spectral density coincides with the exciton binding energy.
Given sufficient vibrational mode occupation, this can increase the coupling between the leads
and the excitonic levels, ultimately improving the performance of the photocell. For locally
flat lead spectral densities, the phonon-induced processes are dominated by the optical non-

additivity effects observed in the monomer model of Chapter 3.

Further work

The prevailing method for studying quantum photocells in the literature is through the use of
fictitious-load models [I8, 1211, 122} [123], which attempt to account for the voltage generation
of photovoltaics through equilibrium thermodynamic arguments. Rigorously linking the work
in this chapter to the fictitious-load models is of great interest in future work.

Another area for future work would be to relax the restrictive form of system-leads
coupling, which means that the valence and conduction band only couple to the left and
right lead, respectively. This type of coupling currently prevents the model from being
used in conjunction with larger molecular systems, such as the dimer model seen in the
previous chapter. In this case the Jordan-Wigner transformation could become considerably
more involved. Additionally, the way we have defined current in equation (5.57) may no
longer hold, since phonons would now directly affect populations and so the same symmetry
arguments would not hold.

It could also be possible to use the same model treated in this chapter to investigate light
emitting diodes and other photonic systems. This could be done by setting Ty, = 0 and
investigating the emission properties of the system under different potential biases, using the

theory from Chapter 3.
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Chapter 6
Concluding remarks

In this thesis I have developed a methodology for modelling strongly-coupled open-quantum
systems that interact with multiple baths at different temperatures. A common theme in this
work has been that non-perturbative phonon coupling can cause a break-down of traditional
quantum optics approaches and that enforcing additivity between environments should be
exercised with caution. This has specifically been applied to models of interest within the
contexts of natural and artificial light-harvesting, however the same phenomena are likely to
arise in many damped-driven quantum systems with strongly-coupled low-frequency baths.

In Chapter 3, it was shown that the collective coordinate approach gives rise to non-
additive effects in the optical decay rates of a quantum emitter. Under incoherent thermal
driving, the frequency dependence of the light-matter coupling and thermal occupations can
lead to population inversion for super-ohmic optical spectral densities. I investigated the
conditions for this behaviour in detail with an effective analytical model, identifying a re-
striction on the form of the optical spectral density for non-additive population enhancement
to occur.

In Chapter 4, I studied a model dimer and demonstrated how strongly-coupled phonons
leads to renormalisation of the dipole-dipole coupling. This is a non-perturbative effect
which is accounted for in the additive theory as well, but is completely missed in a weak-
coupling approach. Non-additive optical effects were also seen to be significant at strong
phonon coupling, ultimately diminishing the excited state population, due to the linear
optical spectral density used. The inclusion of phonons is seen to always be deleterious to
the excitation of the dimer, which may cast doubt onto the practical importance of dark-state
protection in proposed molecular photocells.

In Chapter 5, I derived a model of a toy molecular photocell. In this setting, it was
shown how phonon-coupling might affect photocurrent, directly through environmental non-
additivity. This ultimately depends on the form of lead-molecule coupling and on the curva-
ture of the lead and optical spectral densities. Regimes were identified where phonon effects
could increase the power output of the photocell, by overcoming the Coulombic binding

energy to allow dissociation of excitons into free charges.
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.1 Contour integration in the Fourier-space CC oper-

ator

This can be done by using the residue theorem - integrating anti-clockwise around a semicircle
on the upper-half of the complex plane, the straight section of which is along the real line.
First, we locate the poles of the integrand. The denominator has zeros at v = +2 and v = 0,
but since we are concerned with only the upper-half plane only the positive z (depending
on how we define it) will be contained inside the semicircle. The singularity at v = 0
must be removable since it lies on the boundary of the contour (causing residue theorem to
breakdown otherwise) which imposes a restriction on the form of Jgp(v) that it must be at
least proportional to v. Other restrictions on Jgp are that it is a real-valued function with
an arbitrary number of poles and (for applications later on) that it is an odd function. We
decompose the SD into the form
vf(v)

JBU: N y 1
) = T e —ap )

where any poles are explicitly shown as conjugate pairs of arbitrary complex numbers, so

that the function is real-valued. The function f(v) is some analytic function and the v in
the numerator is necessary to remove the singularity at ¥ = 0 in the denominator. We also
know that the function fr must be real valued, since the spectral density must also be real

valued. Inspecting the integral in equation [2.17| we have

B vf(v) , 1 ’
1) /0 ’ (HfV(V—ozz)(V—a;‘)> v(v —z)(v + 2) @

where the singularity at ¥ = 0 has now been removed. We now make some simplifying
assumptions. Firstly, we assume that {o;} are purely imaginary such that a = ia; where
a; > 0, this is justified since we do not expect a physical spectral density to diverge at
specific points on the real line. Secondly, we set N = 2, in order to simplify calculations.

The integral now becomes

_ [~ fv . 1
I(Z)_/O (v —iay) (v +ia1)(v —iag) (v +iaz) (v —2)(v+ 2)

e fv)
o PP+ a)
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for which we calculate the residues in the upper-half plane v € {z,iay,ia2},

. ) e
Res(2) = l%z (v —iay) (v +iay) (v —iag) (v +iaz) (v +2)  22(2%2 + a?)(2%2 + a3) W
. ) e
Res(iar) = ul—n‘al (v +iay)(v —iag)(v +iaz)(v — 2) (v + 2)  2ai(ad — a?)(22 + a?) )
f(v) - if(iag)

ReS(iag) - l/l—i>rz%2 (I/ — ia1)<V + ial)(l/ + ia2)(y - Z)(V + Z) 2@2( - a2)(22 + a’2)

(6)

From the residue theorem, we know that the integral around the whole contour is equal to
the sum of the residues. This integral consists of a straight section along the real line and

an arc section, we introducing a change of variables v = pe®,

§ f0dv= ¢ s+ § s (7)

Contour Real Arc

_ /p JSB(V) d]/—{—/ﬂ piewJSB(pei0> d9:[1+[2 (8)
) o pe ' B ’

P I/(V2 _ 22 pele(p26219 _ 22)

where the integral over the straight section has been extended over the whole real line by
the assumption Jgp(—v) = —Jgp(v). For simplicity, we will now consider only situations
where the arc contribution of the integral goes to zero value. Since the value of the entire
integral only depends on the residues contained in the contour not on the radius of the arc,
it should be the same when taking the limit p — oo. We will now see what restrictions on
the spectral density Jgp(v) need to be made in order for I, — 0 as p — oo. A simple way
of doing this is to show that the modulus of the integrand in

™ 6
I = / i Jsmlee) 4o 9)
0

p26219 — 2

is less than or equal to zero; since a modulus can not be negative the equality follows. Taking
the modulus of the whole integral and using the triangle inequality |a + b| < |a| + |b| leads

us to

. Jsp(pe’ "
‘/ 6210 2d9‘ S /
0

Where the denominator in the final step is reached by using the reverse triangle inequality

0 T | J 10 ™| J 0
i2580e7) 4 :/ sslpe)] d@g/ [sale)] 4y (10
p2€229 _ 22 0 |p26219 _ Z2| 0 p2 _ ’22|

la—b| > |a|—1|b|. Now we suppose that Jgp is always bounded by some polynomial: Jp, k s.t.
| Js5(pe)| < kp®, where p needs to be large enough to contain the poles in the upper-half

T kp? wkp®
I < df = 11
o< [ = (1)

plane. This yields

which tends to zero as p — oo if s < 2, as long as |2?| is finite. Here we have assumed only

two poles, but we will show that the number of poles does not explicitly change the result
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we are interested in.
We have now enforced some restrictions on the spectral density, that it has two poles and

increases slower than v? as v — oo,

. 1) if (iay)
Kz = (1 2 <<z2 T ) (@ )@+ ) )

- aaiﬁéaj)z?)@az) )) |

Comparing Res(v = z) to the original spectral density in , it can be seen that performing

(12)

the integral has resulted in the function Jsg(r) being evaluated at z and divided by 2z2. We
can then recast [[2] as

R(z) = 2 (1 tin (JSB(Z)) B 7 [f(ias) B 7 f(iaz) ) (13)

22 (af —a3)(a3 + 2*)(a1)  (af —a3)(ai + 2%)(a2)
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