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Sammendrag

Nanoelektronikk er er fagfelt som blir mer og mer relevant na som elektronikk blir mindre og
raskere, og med rask utvikling av teknologier som superledere og kvantedatamaskiner. Dette er
et forskningsfelt der det har veert mye fremgang i mange tiar. Denne fremgangen ser ikke ut til a
stoppe. Et spesifikt omrade der det forsatt er stor utvikling er kvantemekanisk optoelektronikk,
hvor vi ser pa interaksjonen mellom lys og molekylaere ledere, som det transporteres elektroner
gjennom. Det finnes enda ikke et godt rammeverk for a teoretisk modellere denne interaksjonen.
I denne avhandlingen introduserer vi en metode basert pa lineser responsteori, et rammeverk
hvor det a beskrive optiske egenskaper til molekyler er vanlig, for a beskrive elektronisk trans-
port mellom forskjellige deler av et lukket molekyleert system. Med dette gir vi noen enkle
proof-of-concept beregninger for to enkle molekyler, ett hvor vi ser pa transporten mellom
et hydrogenatom og et litiumatom, og ett annet hvor vi ser pa transport mellom et berylli-
umatom og et oksygenmolekyl. Disse beregningene er basert pa modelperturbasjoner som ikke
vil representere kvantitativt ngyaktige forutsigelser, men heller er gjort for a vise potensialet
for videreutviklingen av en slik metode for & gi en god beskrivelse av like transportfenomener.
For noen former av slike perturbasjoner har vi observert en forflytning pa rundt 0.9 elektroner
per perturbasjonsstyrke pa 1 a.u. Dette har blitt gjort sammen med en beregning av elektrisk
strgm gjennom et modellsystem av tre hydrogenmolekyl under en pafgrt spenning, ved & bruke
en ikke-likevekts Greens funksjonsmetode (Non-Equlibrium Green’s Function, NEGF), som er
en av de fundamentale metodene for a beskrive kvantemekanisk transport. Dette er gjort for
a ha en lignende beregning for & kunne sammenligne responseteorimetoden med, bade den
interne matematikken av de to metodene, og de beregnede resultatene. Likevel, siden respon-
seteorimetoden ikke enda inkluderer en beskrivelse av kontakter til elekstronreservoarer som er
essensielt for a ha kontinuerlig strom. Derfor kan vi ikke direkte sammenligne resultatene fra

disse to metodene, som vi kunne ha gjort dersom metodene beregnet samme storrelse.






Abstract

The field of nanoelectronics is becoming increasingly relevant as electronics become smaller and
faster and with the rapid development in technologies such as superconductors and quantum
computers. This is a field that has seen a lot of progress for the last many decades and continues
to do so. One particular area that is still seeing a lot of development is quantum optoelectronics,
where we look at the interaction between light and molecular conducting channels undergoing
electronic transport. There does not yet exist a rigorous framework for theoretically modeling
this interaction properly. In this thesis we introduce a method based on linear response theory,
a framework where describing optical properties of molecules is commonplace, for describing
electronic transport between different parts of a closed molecular system. With this, we provide
some simple proof-of-concept calculations for two simple molecules, one where we calculate the
transport of electrons between a hydrogen and lithium atom, and the other calculating transport
between a beryllium atom and an oxygen molecule. These calculations are based on model
perturbations that will not represent quantitatively accurate predictions, but rather serves to
show the potential of the method to be further developed for a good description of such transport
phenomena. For certain types of perturbations, we observed a movement of the electronic
density corresponding to about 0.9 electrons per perturbation strength of 1 a.u. This has been
done alongside a calculation of the steady state current through a model system consisting of
three hydrogen molecules under a potential bias, using the Non-Equilibrium Green’s Function
(NEGF) method, which is one of the fundamental pillars of describing quantum transport. This
is done to have a similar calculation to compare the response theory method to, both in terms of
the internal mathematics of the two methods, and the predicted results. However, the response
theory method does not yet include a description of contacts to external electron reservoirs,
which is required for steady state transport. As such, the results from the two methods is not

as directly comparable as if they both calculated the same quantity.
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Chapter 1
Introduction

Electronic transport at the nanoscale is an important field of research which has seen a lot of
development, both experimentally and theoretically for the last few decades. Consumer-grade
microelectronics have reached the point of having a manufacturing node of Snm|1} 2|, roughly
relating to the size of the active region of transistors. This is only about 40 silicon atoms and
the research and development is happening for even smaller scales|3, 4]. Working at this scale,
a good theoretical description of electronic transport is essential. A lot of models have been
made and used over the years, using both empirical and ab-initio approaches|5| |6]. Many of
these methods have shown great success for describing certain phenomenal|7], but there are a lot
of areas which still need a lot of research|8|. A well studied system is the molecular junction, in
which a single molecule is placed between and coupled to some, usually two, electrodes, usually
made of some gold or semiconductor material. There have been a lot of both theoretical|7,
8] and experimental|9, 10| studies into various properties of these molecular junctions, with
theoretical calculations of the characteristics of a single molecule rectifier going back to the
1970s|7). This includes electrical|9], mechanical|11]|, thermoelectric|12| and optical[13] proper-
ties as well as other quantum properties like Coulomb, Frank-Condon and spin blockades|14-
16|, interference/decoherence|17, (18] and much more. The field of molecular optoelectronics,
which concerns itself with the interaction between such molecular junctions and light, is a rap-
idly expanding field, with many important applications such as light controlled switches|10}
13, 19] and transistors|14|, that can be used for electronic components as photonic memory
devices|20]. However, no current theory of transport exists which treat the electronic struc-
ture of the system explicitly in a framework where accurately predicting optical properties is
possible. Having such a theory would enable the theoretical modeling of many phenomena in

molecular junctions that is not currently possible.

Another system where the interaction between light and molecules undergoing electronic trans-
port is photoredox catalysis|21-24], where light is used to initiate otherwise energetically dif-
ficult reactions. A classic example of this in nature is photosynthesis, in which sunlight is
catalysing the construction of sugar from the very energetically stable raw materials, carbon
dioxide and water. A good theoretical description of such photo-activated processes would

further enable the development and testing of photoredox catalysis methods for synthesising



various organic substances that might otherwise need expensive, dangerous, or environmentally

hurtful chemicals to make.

1.1 Current Descriptions of Transport

Theoretical descriptions of macroscopic transport have been well understood for some time|25].
On the large scale (larger than about 1pm), transport through conducting channels act "diffus-
ive" because the mean free path of an electron is significantly smaller than the channel, and the
electrons are scattered many times before leaving. The conductance of a channel is then de-
termined by the familiar Ohm’s law for materials. Smaller than this, channels act as "ballistic"
conductors, where electrons travel through the whole channel without being scattered. To de-
scribe transport at this scale there exists a few transport theories. The Boltzmann transport
equation (BTE) gives a semi-classical description of transport, and can be used for electrical
transport|25], but currently is used mostly for describing phonons (vibrational motion)|26, 27|,
and the effects of coupling between electrons and phonons on electrical transport|28|. The
state-of-the-art quantum description of electronic transport has for a long time been the Non
Equilibrium Green’s Function (NEGF) method |25, [29, |30] which describes a quantum system
in contact with non-interacting leads. Green’s function methods in general have been used a
lot in quantum mechanics|31|, mostly because it allows for easy incorporation of effects such as
temperature[32|, and contacts, which is what gives rise to the NEGF method. In the NEGF
formalism however, the electronic structure in the channel, mostly the effects of electronic cor-
relation, is not well described as the NEGF method is usually based on density functional
theory. This has been somewhat addressed by applying a self-consistent GW self energy ap-
proach within the NEGF formalism|33-37], but there does not currently exist a framework for
describing the electronic structure, and its properties, in systems undergoing transport. There
is therefore still a lot of work to be done in this area, for example relating to the description of

excited states and optical properties of the molecules in the channel.

1.2 Response Theory

In computational chemistry it is often desirable to be able to predict the effects of external
potentials, such as external electric or magnetic fields, on a molecular system. Doing this,
one can describe phenomena such as the electrical polarizability[38] and hyperpolarizabilit-
ies[39] of molecules due to an external electric field, or the magnetic polarizability[40|, due to
a magnetic field. Perhaps most notably it gives the framework to describe optical properties of
molecules[41], since light (and other electromagnetic radiation) is just some oscillating electric
and magnetic fields. Quantifying the responses molecular systems have to external potentials,
with what is referred to as response functions, is what the field of response theory aims to
achieve. Such external potentials are usually very small compared to the internal potentials in
the molecule. Electric fields in the hydrogen atom are on the order of 10V m~*[24] while the

2



electric field strengths in normal laser light is on the order of 1V m~!. This is makes it possible
to use perturbation theory to obtain expressions for the response functions.

Perturbation theory is an extremely powerful and widely used idea throughout quantum mech-
anics. It is used to include correlation energy in the electronic wavefunction of molecules in
what is known as Mgller-Plesset perturbation theory[42|, and it is one of the fundamental pil-
lars of quantum field theory|43|. The essence of perturbation theory is that there is some small
perturbation to the system, and the problem of finding the change to the properties of the
system is solved order by order. In the context of quantum chemistry the perturbation of the

system is represented as a small perturbation to the system Hamiltonian so that

H=HY + gY (1.2.1)

where the unperturbed Hamiltonian of the system is the zeroth order Hamiltonian (H®) and
the perturbation is added as a first order Hamiltonian. In some cases one may chose to further
divide the perturbation into even more orders. Using the expansion of the Hamiltonian, we

expand the wave function and expectation values of observables into orders as well, such that

) = [)© 1+ YD 4 (D 1 (A) = (A0 (D @ (1.2.2)

for some observable A. These expansions will go on to infinity, but in practice we will, truncate
them to some order. The power of perturbation theory is that the equations for determining

the correction at each order is found and solved separately.

1.2.1 Why Response Theory for Transport?

Transport of charge (electrical current) through a system, be that a large bulk system as a
wire, or a nanoscale system as a molecule, is the response of the system to an external poten-
tial field, namely the voltage across the wire/molecule. This should therefore be possible to
describe using response theory. Methods based on response theory have previously been used
to describe current through molecular rectifiers|7]. In many cases, the DFT and GW NEGF
methods are more then fine for predicting properties, however, they do not easily extend to
include the description of optical properties. It is therefore desirable to develop a new method
based on response theory, a framework where the description of optical is well understood,
for describing transport processes. This will open up a new virtual playground for nanoelec-
tronics/optoelectronics where we can investigate the properties of the molecules undergoing
transport as we would any other system using response theory. This includes looking at how
the optical properties of the molecules change as they undergo transport, and how the transport
properties change in different electromagnetic fields. In this thesis, we illustrate the possibil-
ity of using the framework of response theory to describe molecular transport, comparing the

theory and results with that of a simplified implementation of the NEGF method.






Chapter 2
Theoretical Background

In this chapter we introduce the necessary theory that lays the ground work that further
chapters build upon. First we give a brief introduction to the main parts of electronic structure
theory in the language of second quantization, including a description of post-Hartree-Fock
correlated wave function models, discussing Configuration Interaction in particular. Further
we go through the fundamentals of damped response theory, which introduces the equations
that the main part of the thesis builds upon. Last we introduce the fundamentals of Green’s

function theory for quantum mechanics, which we build upon in later chapters where we discuss
the NEGF method.

2.1 Electronic Structure Theory

The field of quantum chemistry is concerned with solving the molecular Schrodinger equation

0

Hl()) = ih 16(1), (2.1.1)

for different systems. For molecules, the Hamiltonian operator, H (Total energy operator),
contains the total energy of the electrons and nuclei of the molecule, which includes the kin-
etic energy of both Te, Tn, and the potential energy between all the particles V.., Vo, Vin. In
electronic structure theory, we work within the Born-Oppenheimer approximation|44], which
states that the wave function of the molecule can be separated into a product of the electronic

part of the wave function and the nuclear part of the wavefunction

(7, R)) = [Ye(r; R)) ® [¢n(R)). (2.1.2)

This way we can separate the problem of solving the molecular Schrédinger equation into first
solving for the electronic wave function, then the nuclear wave function. In the field of electronic
structure theory, we are concerned with the electronic wave function.

For most time independent molecular properties, such as ground state geometry, we do not need
the full time dependent Schrédinger equation, but rather the time independent Schrodinger

equation. We get this by assuming that the spatial electronic density, i.e. the modulus square



of the wave function, is constant, and that the only time dependence present is in the form of a
phase factor |¢)(t)) = e~ %" |4b). Inserting this into the time dependent Schrodinger equation and
cancelling the time dependent phase factor, we obtain the familiar time independent Schrodinger

equation

H|p) = Ely). (2.1.3)

In coordinate representation, this is a 3/N-dimensional partial differential equation so solving
this analytically for many-electron systems is impossible, and directly solving exactly numer-
ically is almost impossible. One of the most common approximations, which also serves as the
starting point for many other methods, is the Hartree-Fock (HF) method[45]. In this method,
the wave function is approximated by a single Slater-determinant and every electron effectively
only feels the average potential of all the other electrons. This simplifies the problem from a
single 3/N-dimensional problem to N 3-dimensional problems.

From the HF method we obtain a set of molecular orbitals (1-electron wave functions), which
the Slater-determinant consists of. These are known as the occupied molecular orbitals. We
also obtain a set of molecular orbitals which are not used in the Slater determinant, known as
the virtual molecular orbitals. Using different combinations of occupied and virtual orbitals we

can construct several Slater-determinants, or configuration state functions.

2.1.1 Second Quantization

As a way to neatly describe these different Slater-determinants we use the language of second
quantization where in addition to the energy levels being quantized, the state itself is quant-
ized using ladder operators. These ladder operators are the electron creation operator ajw
which creates an electron in orbital number p with spin ¢, and the annihilation operator a,,
which conversely removes an electron from the same spin orbital. A Slater-determinant is then
represented by applying creation operators on the vacuum ket (|vac)) which represents the
Slater-determinants with 0 electrons. To represent the HF Slater-determinant we introduce the
indexing convention where the indices ¢, 7, k, [ are used for occupied orbitals, a, b, ¢, d are used
for the virtual orbitals and p, q,r, s are used as general indices. The HF state is then written

as all the occupied creation operators applied on the vacuum ket

IHF) = (H a;raaw> vac). (2.1.4)

We can now also write the electronic Hamiltonian operator as

. 1
H = hyue + 3 hpgEpq + 5 > GparsCpars- (2.1.5)

pq pars



huoue is the potential energy between the nuclei

1 Z1Z
hae = 5 3 —— (2.1.6)

21# rrJ

The one-electron integral matrix h,, contains all of the integrals of the molecular orbitals over
the one electron part of the normal Hamiltonian. This includes the kinetic energy of the

electrons, and the potential energy between the electrons and the nuclei

hpg = <¢p|m¢q>' (2.1.7)

The two-electron integral matrix g,,s contains the integrals over the two electron operator,
which only contains the potential energy between all the electrons. We usually write this in

Mulliken notation

Gpars = (pq|r8) = (p(1)8+(2)|9|D4(1)Ps(2))- (2.1.8)

The one- and two-electron singlet excitation operators (E,, and e,,s) are defined as

E,, = a;aaqa + a;@,aqg = Z a;waqg, (2.1.9)
o
epars = 3 ahgal agrgs. (2.1.10)
agT

Using these excitation operators, we can express the different N-electron Slater-determinants
as different excitations of the HF determinant. Determinants differing by one spin orbital

(singly excited) can be written as |¢f) = —5E,[HF), while those differing by two (doubly

excited) as [¢%?) = 3 Ey;E,;|HF), etc. Most of the mathematics is done using some elementary

commutator rules for the excitation, creation and annihilation operators. A defining property

of the annihilation and creation operators is that they anti-commute, that is af,af = —al_af

giving the anti-symmetry of the wave function required by the Pauli principle for fermions.

This is equivalent to the anti commutator being zero,

[al,,al. ]y = al,al. +al al, =0, (2.1.11)
[apos gr]+ = 0. (2.1.12)

The other fundamental anti-commutator rule is:
(Ao, al ] = OpgOor, (2.1.13)

where ¢ is the Kronecker delta. Using these commutators it is possible to derive some more

useful commutator rules for the excitation operators

[qua 7“5} = 5q7"Eps - 5p5E7“q (2114)

[Em'm equS} = pnemqrs - 5qm6pnrs + 5rn6pqms - 5smepqrn (2115)
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2.1.2 Correlated Wave Function Models

As previously stated, the HF method is the starting point for so-called post-Hartree-Fock
methods. These methods utilize that the set of possible Slater-determinants provides quite a
good basis of anti-symmetric N-electron wave functions. In fact the set of all possible Slater-
determinants is a complete basis of N-electron wave functions for a given basis of MOs. Taking
into account all of the determinants is called the Full Configuration Interaction (FCI), but
in practice this is computationally infeasible. The run time and memory requirements are
binomial (far exceeding exponential), so even with recent advances in computing, this can
only be used on small systems, with small basis sets, as a benchmark to test the accuracy of
more computationally efficient methods. A simple solution to the problem is to include fewer
determinants, where including only the ones differing from the HF determinant by a few spin
orbitals leads to the truncated Configuration Interaction (CI) methods, such as CISD, where
those determinants only differing from the HF state by 1 (singly excited) and 2 (doubly excited)
spin orbitals. These methods have some problems, mainly not being size-consistent|46|. Other
approaches include the aforementioned Mgller-Plesset (MP) perturbation theory methods, as
well as Coupled Cluster (CC) methods, which employ an exponential parameterization of the
wave function, together with subspace projections, to obtain a corrected wave function. Both
these methods have seen huge success, with MP2 being a very good method for describing
properties of relatively large organic molecules|47, 48|, and CC methods being a very good
method of computing ground state properties of molecules[49] and more exotic properties, like
light matter interaction in optical cavities|50].

In this thesis we use the Configuration Interaction truncated to Singles and Doubles (CISD)
method for the ground state calculation for some systems. CI methods express the wavefunction
as an explicit linear combination of Slater-determinants generated from a HF state, which we

can write as

) = Cup|HF) +ZC“|¢‘L +) o Cle : (2.1.16)

abij
The variational theorem now states that the expectation value of the energy is always greater

than, or equal to, the energy of the exact ground state, that is

(Y| H|¢) > Ey, (2.1.17)

so to get as close as possible to the actual ground state, we the minimize this expectation
value variationally with respect to the expansion coefficients, while keeping the wave function
normalized. Truncated CI methods are obtained by simply truncating the linear combination
in eq. to only include certain Slater-determinants. In CISD we only include single and

double excited determinants, so the expansion of the wave function is

) = Cp|HF) +ZC“|¢“ +) o Cle (2.1.18)

abij



2.2 Response Theory

A time dependent quantum system is described by the electronic Schrodinger equation

A 0

H|p(t)) = iho [4(t)), (2.21)
where H is the system Hamiltonian. Depending on the system, the Hamiltonian may or may
not be time dependent. We can separate the Hamiltonian into a time independent ground state

Hamiltonian (#(©) and a (possibly) time dependent perturbation (H(®) such that

H=HOY 4+ HO @), (2.2.2)

We here assume that we posses the solutions of the zeroth order time independent Schrodinger

equation, i.e. we have the eigenfunctions and eigenvalues of HO),

HOn) = E,|n), (2.2.3)

and in particular the zeroth order ground state |0). This might for example be a HF, CI, CC
or Multi Configurational (MCSCF) state. A common parametrization of the wave function
(|1(t))) is by directly expressing it as a linear combination of the zeroth order eigenfunctions

as

(1) =3 eal)ln), (2.2.4)

n
where the time dependence is captured in the coefficients ¢, (t). The coefficients can be found

by projecting the wave function onto each of the eigenfunctions,

(mly) =Y calmln) = cp, (2.2.5)

which is easily seen by the orthogonality of the eigenfunctions. This approach is very com-
mon when explicitly describing the time evolution of systems where the Hamiltonian is time
independent and we can assume the system having a known initial condition [¢(0)). This way
we can determine the initial expansion coefficients from eq. , and because of the time
independent Hamiltonian, the time evolution of the coefficients is simply the time evolution
phase factor for the corresponding eigenfunction e~ However, to keep the wave function

normalized, the following constraint on the coefficients has to be fulfilled,

D e’ =1. (2.2.6)

This makes this parametrization somewhat inconvenient to use for the perturbation theory we
will employ in this thesis. A more convenient approach that we will use, is to parameterize the

wave function by a unitary transformation of the ground state |0),

(1)) = ¢PO)0), (2.2.7)

9



where ]5(15) is a hermitian operator that captures the time dependence. In this parametrization

we avoid the need for a separate normalization constraint which we can see by,

(|p) = (0= PDeP®0) = (00) = 1. (2.2.8)

One way to parameterize P(t) is|51]

P(t) = (Pu()|n){0] + P;(8)[0){nl). (2.2.9)

n>0

We can reformulate this parametrization in terms of second quantization as|39)]

P(t) = Z (HaiEai + K'iaE’ia> + Z (SaibaniEbj =+ Sjb’ianbEia) + ... (2210)
at atbj

Where the coefficients (k, S, ... ) are functions of time, and constrained to make ]5(15) hermitian

Saivj = S]’fbia). Similar to CI we can truncate the amount of operators to include in

the expansion of P, usually for the sake of being easier to implement and more computationally

("iai = R;av
efficient at the cost of accuracy. We discuss the truncation of this in the following chapter.

To be able to determine the coefficients in a peturbative manner, we must expand them in
different orders. We then have,

Fai = K0+ 50+ 2 (2.2.11a)
2

SaZb] = Sazbj + Sazbj Sz(zzlzj ) (2211b)

which gives
P(t) = PO®) + PO + PO() + ..., (2.2.12)

with
PM(t)y=>" ( VB, + K| E) 3 (Sa,b]EazEbj +50 JbEch) . (2.2.13)
ai aibj

By assuming |0) to solve the zeroth order equation, all zeroth order terms will disappear|39).

To illustrate this we expand the operator

~

. . P?
eZP:1+z'P—7+..., (2.2.14)

and using eq. (2.2.12]), we can expand P into a zeroth order term and a term containing all
higher orders

P — (PO + PO+ PO +...) = POP 4 G, (2.2.15)



This way we can also separate the exponential expansion into a zeroth order term and a higher

order term,

el = P 4 QO (2.2.16)
Inserting this into the Schrédinger equation (eq. (2.2.1)), we can separate the zeroth order
equation as,

N ) o .
HO P00y = ihaelp(o)(t)m), (2.2.17)

but |0) already fulfils the zeroth order equation by itself, meaning the equation

HOe5)0) = z’hge*"%m, (2.2.18)
ot

is fulfilled. This means that the zeroth order part of P(t) only includes the total phase factor of
the wave function, which has no impact on the observables we are considering in this thesis. It
is, however, important to note that the assumption that the ground state, |0), is a solution to
the zeroth order function breaks down when the ground state is approximated by for example
CISD. For quantitatively accurate results, this deviation will need to be considered and zeroth
order orbital rotations and configurations might need to be included, but we are presenting
proof of concept calculations where simplicity for the sake of understandability and ease of
implementation takes precedence over accuracy. Thus we will be neglecting the zeroth order
terms of P(t) so that we are left with

P(t)=PY(t)+ POt) + ... (2.2.19)

2.2.1 Ehrenfest Theorem and First Order Equation

A

Response theory is concerned with finding response functions for observables, d(A), which
gives the change in the expectation value of an observable, A, as a response to a perturbation.
The usual starting point for this is looking at the time derivative of the expectation value,
%(A}. This leads to the generalized Ehrenfest theorem, being the key equation that we use to
determine the response functions. The generalized Ehrenfest theorem states

2(A) = _i<[£1 H)) (2.2.20)
ot ih
for a time independent operator, A. In many cases, a dampening factor, ~, is added to the
equation to account for the finite lifetimes of energy levels that we observe in real systems[52).
This factor is added phenomenologically to account for all the interactions the system has
with the environment, such as collisions between molecules, that would lead to the energy
levels having finite lifetimes. This dampening parameter is often necessary to include to avoid
singularities, which we will see below. In the context of electronic transport, the interactions

that would lead to the finite lifetimes is the interaction with electron reservoirs creating an
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open system. For steady state transport it would not make sense to have transport if electrons
could not jump between energy levels in a finite amount of time. Including this dampening
factor, we obtain what we may refer to as the damped Ehrenfest theorem that looks like

o0 -
—(A
8t< )= ih

These equations are what we use to determine expressions for the parametrization coefficients

(A, H]) + (A). (2.221)

(eq. (2.2.7))). Here we present the derivation for the first order equations. To obtain the equation
for determining the expansion coefficients to first order, we insert the wave function parameter-
ization into the damped Ehrenfest theorem (eq. (2.2.21))). We then have two expectation values

to expand. We start by inserting the parametrization into (A),

(A) = (Y] Aly) = (0]e" Ae"|0), (2.2.22)
then using the Baker-Campbell-Hausdorf expansion,
e~ P AeiP = A + i[A, P] —
we get

(A) = (0| A|0) + i(0|[A, P]|0) + ... (2.2.24)

Separating P into orders and grouping the expression by order, we get the zeroth and first

order expansion

(AY© = (0| A]0), (2.2.25a)
(AYD = j(0|[A, PY]|0). (2.2.25b)

Next we expand ([A, H]) similarly to get

([A, H)© = (0|[4, HD]|0) (2.2.26a)
([A, H])M = (0][A, HDYj0) + i(0[[[A, H*], PM]|0) (2.2.26b)

Now we have what we need to write down the first order equation

0,4 1

5 (AW = (A H)O + (A, (2.2.27)
Inserting the first order expansions we get
<0|[ ,PY]j0) = <0|[A HW]|0) + <0H[ L HO, PYTI0) + iy (0][A, PU[0). (2.2.28)

12



For a given operator, A, this gives a single equation. To get enough equations, we insert all of
the excitation and de-excitation operators from the parametrization P (t) (Eais Bia, EaiEy;, - . . ).
This will give the right amount of equations for a square linear system of differential equations

for the coefficients. To express this nicely in a matrix equation we introduce the vectors

K(”) Em,
(n)
Saibj EaiEbj
o (t) = ;f('”) . A= E : (2.2.29)
n)
Sj(‘bia EjpEiq

with a being the column vector of coefficients, and A being the row vector of excitation/de-

excitation operators. This way we can replace A with AL and express pm (t) as

PM(t) =Y "alA,. (2.2.30)

Inserting this into the first order eq. (2.2.28]) we get

: day)

iy (OlIAL AJI0) = =
. . v (2.2.31)
—(OIAL, HOJ0) + = > (O[[[AL AL AJI0)af +iy Y (O|[AL, AJ[0)ag?.

v

We now define the matrices S and M as well as the vector V' as

Sy = (OI[AL AJI0), My = (OI[[AL HOLA0), V= (O|[AL, HD)j0).  (2.2.32)
We can now cast eq. (2.2.31)) in matrix form as

O 1 1

We are not interested in the explicit time evolution of the wave function, but rather the re-

Ma + iySe. (2.2.33)

sponse after some infinite time. For this it is more convenient to have the equation in the
frequency domain rather than the time domain. Time dependent perturbations representing
some frequencies of light, for example, is much more conveniently represented as functions of

frequency rather than time. This is done by applying the Fourier transform to the equation

1 1
—wSa = %V + ﬁMa +ivSa (2.2.34)
i
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which is rearranged into

(M + h(w+i7)S)a =iV. (2.2.35)

This is similar to equation 44 in|39|, but with v serving as an imaginary part to the frequency.
It is now important to keep in mind that both a and V' are now functions of the frequency
w. The process of solving the equation given a perturbation, V'(t), would be to find its Fourier
transform, V' (w), solve for a(w), then take the inverse Fourier transform to get a(t).

The necessity of the dampening parameter, v, is now also more apparent as this equation is
only solvable when the matrix (M + h(w + 7)) is non-singular. If v = 0, the matrix is singular
if Aw is a generalized eigenvalue of M, so by adding a non-zero dampening, we avoid going
directly through the eigenvalues, making it possible to integrate over all frequencies. If we have

the special case where V'(t) = V' is a constant (time independent) perturbation, we have

V(w) = V2ri(w)V, (2.2.36)

where §(w) is the Dirac-delta function. The equation can then be solved as

a(w) = iV2rs(w)(M + ihyS) "'V, (2.2.37)

where we can apply the inverse Fourier transform to obtain a time independent «

a(t) =i(M +ihyS) V. (2.2.38)

We can also recognize this as a steady state solution of eq. . The solutions of this
equation gives us the first order correction to the wave function which we use to further calculate
the first order corrections to properties like for example the energy of the system. In this thesis
we use the coefficients to determine the amount of electrons transported between parts of the

system.
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2.3 Green’s Function Theory

Green’s function methods are common throughout many fields in physics, electrical engineering,
and quantum mechanics, as they are in general a useful way to approach problems where
linear differential equations show up. Here we present the relevant background for the Non-
Equilibrium Green’s Function method that we use later in this thesis.

A Green’s function is defined as being the solution to a linear differential equation of the form

(E — H(r)G(r, 1", E) = 6(r — 1), (2.3.1)

where H is a linear operator, GG is the Green’s function, F is some parameter (real or complex)
and § is the Dirac delta function|31]. For operators in matrix form we define the Green’s

function matrix as the solution of the equation|53|

(EI - H)G(E) =1, (2.3.2)

where H and G are replaced with their matrices, and the Dirac delta function is replaced with

the identity matrix. That is, the Green’s function matrix is the inverse of the matrix (EI —H),

G(E)=(EFI-H)™". (2.3.3)

When we in this thesis refer to the Green’s function, we refer to this matrix. This Green’s

function gives us the solutions to the Schrodinger equation with a constant perturbation s[25]

Hy=FE¢y+s (2.3.4)

as we can rewrite this into

(EI-H)}p=-s = 1¢=-G(E)s. (2.3.5)

An important quantity we can obtain from the Green’s function is what is known as the

spectral function, which is the anti-hermitian part of the Green’s function|25|

A=i(G-GH. (2.3.6)

For this to make sense, the Green’s function needs to be non-hermitian, but the inverse of a
hermitian matrix is hermitian, so (EI — H) must be non-hermitian. This is done by adding
a small imaginary part to the energy parameter (£ — FE + in). This n is usually made
to approach zero. The resulting limits gives rise to the solutions of the normal Schrédinger
equation Hiy = E1. This can be seen in section 2.3 of [53|. For many non-equilibrium
situations, however, this parameter is not set to approach zero, but rather exist as a finite
dampening parameter, leading to energy levels having finite lifetimes and being broadened,

similar to what we have seen for damped response theory above (eq. (2.2.21))).
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Chapter 3
Transport from Response Theory

In this chapter we use the equations presented in section to obtain an expression for the
electronic transport between two subsystems of a closed system. This consists of a few main
parts. First we will briefly discuss the truncated version of the wave function parametrization
from eq. that we have used here. We also give a derivation of the damped Ehrenfest
theorem we presented in eq. to highlight some of the main similarities to the NEGF
method. Then we need to explicitly find the coefficients of our truncated parametrization of the
perturbed wavefunction. This involves finding explicit expressions for the matrix elements of
the three matrices in eq. , which are used in eq. to solve for the parametrization
coefficients contained in a. We then finally need an expression for the transport based on this
parametrization of the perturbed wave function, which needs an explicit description of how we

partition the system into subsystems that the electrons will be transported between.

3.1 Truncation of the Parametrization

As discussed in the previous chapter, we may truncate the expansion of the hermitian operator,
P(t), in the parametrization for the perturbed wave function. In this thesis we are interested
in presenting the simplest possible proof-of-concept method that yield any interesting results.
We will therefore be using an aggressively truncated parametrization, only including orbital

rotations in the expansion of P(t) such that it now looks like

P(t) = (KaiBui + KiaFia)- (3.1.1)

ai

This further leads to the a(t) and A vectors being simplified to

I{(n) Eai

ai

aiy=| . Aa=|_ 1. (3.1.2)

K

a
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which will lead to the expressions for the matrix elements in eq. (2.2.32) being significantly

easier to compute, which we will see below.

3.2 Derivation of the Damped Ehrenfest Theorem

In this section we give a simple derivation of the Ehrenfest theorem with the purpose of high-
lighting some key similarities between the damped Ehrenfest theorem, and the equation we use
in the NEGF method to get an expression for the steady state current through a channel. We
begin by applying the product rule on the time derivative of the expectation value of some

general time independent operator A

) = Sl = (te1) Ay + ol (g ) 3:21)

We can then use the time dependent Schrodinger equation, and its adjoint

0 1 - G, 0 f 1 - t 1 .

— = — —_ —= _— = —_ = —— T

Gl =i = gl (g0) = (FEW) —-swiE G2
to replace the time derivatives, giving us

0 = 1 T 1
§<A> = —EW)WTAW) + ﬁi<

which for a hermitian Hamiltonian becomes the familiar Ehrenfest theorem in eq. (2.2.20)).

However if the Hamiltonian contains a non-hermitian part, 3, such that we can replace the

YIARI) = = (0|AH — AT Aly) (323)

Hamiltonian as

H— H+3, (3.2.4)
eq. (3.2.3) would simplify to

%<A> _ %qﬁx, )+ %uii _SHAY. (3.2.5)
The reason for wanting to consider a non-hermitian Hamiltonian, is again to draw parallels
to the NEGF method, where the addition of a non-hermitian term to the Hamiltonian is how
the incorporation of contacts to electron reservoirs is done. If the non-hermitian part were to

take a particularly simple form, for example an imaginary number 3= ih3, eq. 1) would

further simplify to

O (A= (1A A)) +(A) (326
AT A T a
which is the damped Ehrenfest theorem from eq. (2.2.21). Now, if we go back to eq. (3.2.5))

and exchange the general operator for a state change operator A = |n)(m|, we can rearrange

eq. (323) into

—(m|D|n) = =(m|[H, D]|n) + —(m|2D — DXf|n), (3.2.7)



where D is the density operator |)(¢|. This is element (m,n) of the same equation with the

operators in matrix form

5, 1 1
—D=—-[H.D +— (D - Dxf 2.
570 = HH D)+ ) 329

which describes the time evolution of the density matrix. We will see in the next chapter how
this equation is very similar to the equation used in the NEGF formalism to describe the time

evolution of the density matrix.

3.3 Expressions for Matrix Elements

Detailed derivations of the matrix elements of S, M and V can be found in appendix[A] Here we
present the main points of the derivation as well as the resulting expressions. The expressions
for the matrix elements that we present here are heavily dependent on our specific choice of
parametrization of the perturbed wave function, but depends on the MO-integrals and one-
and two-electron density matrices of a general post-HF ground state wave function. All the
matrices are written as 2 by 2 block matrices. This is a result of the A vector containing two

major blocks, which we refer to as the exctiation and de-excitation operators written as

A©
A= (A(d)> , (3.3.1)

where A'® is the excitation block of A as it contains all the excitation operators FE,;, and
likewise the de-excitation block A contains all the de-excitation operators F;,. The blocks
of the matrices are then defined by if which elements of A are used. For the (de) block of a
matrix, the first element comes from the A and the second is from A®. The three block

matrices then generally looks like

glee)  gled) M) pgled) v
S = , M = , V = . (3.3.2)
Slde)  g(dd) M (e pgldd) V@
The expressions for elements of the matrices are thus given block by block.

The S matrix is given by

S(ee) 0 ee 0 0
S = ( _S(ee)’) ’ SI(W) = 5ijD((zb) - 5abDj('@')~ (333)

The M matrix is given by

Mo ppldet
M = M(de) M(SB)T’ (334&)
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M) = ha Dy’ + hyiDy)

j%

(0) (0) (0) (0) (0) (0)
+ Z (gpqabdpqij + gpbaqdpjiq - gjpaqdbpiq + gquidqua - gpbqidqua + gquidbpqa>

(0) (0)
—0i Z hap Dy, — Oab Z hPing 03 Z Ipgard qur Oab Z Iparipgrj-
p p

pgr pgr

(3.3.4b)

M@ = py DY + ;DY

0) 0 0 0 0
+ Z (gpqlb pga;j + gpblqd;jaq gjpiqdl(apgzq + gquad](ﬂ])bi - gpbqad;gjzzi + gquadépgp

) (3.3.4c)

The elements of the vector V' depends on the specific form of the perturbation operator, H®.

Here we have assumed it taking the form of an effective one-electron operator of the form

10 = Z WoqEpg, (3.3.5)

where we have considered two special cases of this W), matrix, which we discuss in detail below.

For a general matrix W the expression for the vector V' is given by

v©
V:< V@*) A ZWapD ~ Wy DY (3.3.6)

where D is the the one electron density matrix of the ground state wave function.

3.4 Partitioning of the System

Since we are interested in looking at the transport of electrons caused by the perturbation,
we need a partitioning of the system into subsystems that electrons can move between. In
this thesis we will be considering a partitioning into two subsystems, where we are looking for
the transport of electrons from one of the subsystems to the other as illustrated in fig.
This type of system is relevant for describing transport processes like redox reactions. For
processes involving steady state current it would be more natural to divide the system into
three subsystems, like we do for the NEGF method which is discussed below. That way we
could have a system where electrons on average move from system 1 to system 2, and further
from system 2 to system 3 as illustrated in fig. For other systems, perhaps something
like a molecular transistor, it might make sense to divide into even more subsystems.

All of the occupied and virtual orbitals of the system is partitioned such that each orbital is
assigned to a single subsystem. This is a simple and convenient partitioning which is sufficient
when looking at weakly coupled molecules. When systems are highly coupled, for example when
there are covalent bonds between the two systems, the picture is more complex, but this will be

a reasonable assumption when the orbitals are localized to one of the subsystems. This can be
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improved upon by running some orbital localization scheme[54], but this will not be discussed
here. Orbitals are assigned to the subsystem it has the most atomic orbital contributions from.
For the mathematical notation we will be considering one of the two subsystems as the “main”
system, which the equations are with respect to. This main system is often referred to as the
device, with the remaining subsystem referred to as the contact or environment subsystem,
depending on the context. We label the orbital indices corresponding to the main system with
a bar (p,a,1) and orbital indices of the other system with tildes (p, @, %), which can be seen in

fig. [3.4.1] For indices running over the total system, normal indices will be used (p, a, 7).

o<NY

Figure 3.4.1: System partitioned into two subsystems. The arrow depicts electronic density moving from
system 1 to system 2 with the response of the average number of electrons in system 1 being

reduced by 6(N) and similarly increased by the same amount in system 2. Credit: Ylva Os

3.4.1 Special cases of perturbation operators

For any practical application, the exact form of the perturbation operator would be derived
from some physical interaction, possibly to do with the dipole operator, but for the proof-of-
concept work here, we assume some simple special cases of the matrix W. The first special case
is the W matrix being diagonal where some orbitals are raised by some potential shift, and the
other orbitals lowered by the same amount. This is a simplified model for having an external
voltage applied to the system, which should raise the potential energy of one part of the system,
and lower the potential energy of another part of the system. For a real system connected to
some contacts applying the voltage, the increases and decreases would of course not be uniform
as we are doing here, but rather having parts of the system closer to the contacts being affected
the most, and parts that are more in between will be affected less. The perturbation matrix

for this uniform shift looks like

— Wo,=0 V p#gq. (3.4.1a)

where the different blocks are defined using the index notation from the previous section. The
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resulting V' vector now looks like

VO =AW v =AY, VY =V =g (3.4.1b)

at wa ar
The other special case is where we couple a specific occupied orbital in a subsystem to a
specific virtual orbital in the other subsystem. This looks like the W matrix having some
(real or complex) off-diagonal coupling element 7 in the b, j and j, b positions, W,; = Wi, =,
where b and j are the indices of the virtual and occupied orbitals. The rest of the W matrix
is left as zero. No actual perturbation would ever only contain a single element coupling two
specific orbitals, but contain many couplings of varying strengths as well as diagonal elements
like the ones from the potential shift above. The important thing to note here is that any
real perturbation of the form described in eq. will be a linear combination of different
simple coupling perturbations like this, with different orbitals being coupled, as well as different
shifts of diagonal elements. This means that together with the fact that the equations for
determining the parametrization coefficients and the equations for determining the transport,
which are discussed below, are all completely linear in the perturbation operator, the predicted
transport will also be a linear combination of the transport from such model perturbations.
It is therefore very useful to look at the results from these model perturbations as that gives
insight into the components that build up the result in an actual computation. The V' vector

from such coupling perturbations looks like

v©
V= (_V W) Ve = (5abD§;’) - 5UD,§2)) T (3.4.2)
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3.5 Expression for Transport

We want to look at the transported number of electrons from one subsystem to the other. We
therefore start by defining the number operator for each of the orbital subspaces as the sum
of the number operators for each orbital in the subspace, here for the barred indices, but also

identically for the tilded indices,

N=> Eg. (3.5.1)

The average amount of electrons in a subsystem is then the trace of the part of the density

matrix corresponding to the main subsystem,

=> Dy, (3.5.2)

so we need the density matrix elements of our parameterization. We start with the definition

of the one-electron density in the MO basis

Dypq = (Epg), (3.5.3)

then inserting into eq. ([2.2.25|)
DY) = (Ep) = (0| B q|0>, (3.5.4a)
Dy = (Epg)V = i(0|[Epq, PD)|0), (3.5.4b)

we see that the zeroth order density matrix is indeed the density matrix of the zeroth order

wavefunction, and we have an expression for the first order correction. We insert for P giving

pq7 E 'Liaz Dg> Eoi +Hza pq7 E :‘iqr pr 'Lirp rqs (355)

which gives the first order correction to the density as

1) =1 Z KqrD pr /{,,prng), (3.5.6)

with the diagonal elements

pp = ZZ/qu pq nqu(O = —2ZIm (Kpg D pq (3.5.7)

Again, we are interested in the trace over some subspace changing, which would mean the trace

of the first order correction is non-zero. We have the trace of the main subspace as

=Y "D (3.5.8)
P
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N now represents the number operator for the main system, with N as the number operator
for the other subsystem. The total number operator is the sum of these two N = N + N with
an expectation value <]\7 ) = 0, as the total system here is a closed system. Inserting eq. 1)

into eq. (3.5.8) we obtain

= -2 Z Im (Kom, o > = -2 Z Im (f‘&rzz’Dé?)> —2 Z Im (WaDz(S))' (3.5.9)

Expanding the indices running over the whole system into the two subspaces (i = i1, a = a, a)

we get

6(N) = =2 Im (raD) —2ZIm(%Dﬁ?>)
—221m< @i é?) _QZIm (/ﬁa (0)> (3'5.10)

We will not be looking at any systems where the zeroth order density matrix contains any

imaginary parts, so we can simplify this expression to

:_zzhn Kys) —2ZIm Kiz) DY, (3.5.11)

Which is the ultimate equation we use to calculate whether there is transport between two
subsystems. In the following section we discuss the implications the form of this equation has

on the choice of the ground state wave function model.

3.6 Choice of Ground State Wave Function

The equation we obtained for the transport between subsystems (eq. (3.5.11))) is a sum over the
blocks of the zeroth order density coupling the occupied in one system with the virtual in the
other and vice versa. For any state where these elements are zero, which means any diagonal
(HF) state, or a state where the two subsystems are initially not coupled with each other, will not
give rise to any transport in this approximation. These off diagonal density matrix elements are
a result of having a state where there is simultaneous contributions from determinants differing
by exactly one electron. A simple post-HF ground state method that includes such contributions
is the CISD method. It would be useful to have a simplified CISD state only considering a
subset of the excited state determinants, for a more transparent and understandable system
to run proof of concept calculations on. Our original goal was to implement a CISD method
only considering the single and double excited determinants including only excitations between

orbitals traditionally considered in transport, e.g. HOMO in one subsystem and LUMO in
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the other. However, it turned out to be difficult obtaining correct expressions for the two-
electron density matrix elements which as previously discussed are needed in the expression
for the elements of the M matrix (eq. (3.3.4)). We therefore switched to use an off-the-
shelf implementation of the CISD method from the python module PySCF|[55|. It should be
noted that for a real world implementation, CISD would not be an optimal choice of ground
state calculation. Only the configuration coefficients are variationally optimized, so orbital
coefficients are not relaxed and the assumption of the ground state being a solution of the
zeroth order equation (eq. (2.2.18)), is not valid. A more suitable ground state method would
perhaps be some MCSFC method.

3.7 Implementation

Here we give a brief overview of the proof-of-concept calculations we have implemented for
the response theory method described in this chapter. A summary in the form of a flow
chart is given in fig. . The systems we have tested have been small/simple enough to be
run on a personal computer, so the performance gain of implementing optimized solvers in a
high performance quantum computation software like e’ [56] is not needed. We have instead
opted for an implementation using the quite new programming language Julia[57] which is a
high performance, high level language for scientific computing, allowing for faster and easier
development, as well as easy visualization of the results. The implementation consists of a few
main steps. Firstly we need the relevant information from the ground state calculation, which
includes one- and two-electron integrals and density matrices. As mentioned we are using a
CISD implementation from the PySCF|55] python module for the ground state calculation,
from which we obtain all the required matrices. Next we determine the localization orbitals
as described in section [3.4] which is needed for computation of the V' vector in eq.
and the final computation of transported electron density from eq. . We then need to
compute the matrix elements from sections and [3.4.1] In the current implementation, the
computation of the M is the most time consuming part of the total calculation as it involves
a triple nested sum in the calculation of the (ee) block. This results in the computational
complexity being proportional to MoceTpir (Noce +Mwir )15, Which is O(nge.n2,). In the computation
of the V' vector we need to chose a value for the parameters we use (A or 7), and since the
final result will change linearly with this parameter, we have set this to be 1 a.u, or 17 for the
imaginary coupling perturbation operator. When we have the M and S matrices and the V'
vector, we can compute the transported electron density from eq. for many different
values of the dampening parameter v, only having to solve this equation for each new value of

~. This way we can easily plot the transported electron density as a function of ~.
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Define geometry
and basis set

Define para- O Run localization

meters Ay or T o for MOs (Opt.)
Compute vector V' from Run correlated ground
eq. (3.4.1b) or (3.4.2) state method (CISD)

Compute matrices
S and M from

cqs. (B53) and
l

Compute paramet-

Define dampen-

rization coeflicients

from eq. (2.2.38))

ing parameter vy

Compute transport

from eq. (3.5.11])

‘ Visualize result ’

Figure 3.7.1: A brief summary of the steps to compute the electronic transport using the equations described
in this chapter. 'Blue parallelogram nodes represent some parameters we chose as inputs to the
computation. Yellow nodes represent a calculation done using the PySCF[55] module. Orange
nodes represents a calculation done using equations presented in this thesis implemented in
Julial57].
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Chapter 4

Transport from NEGF

NEGF methods are commonly used in physics for describing transport through conducting
channels[31]. In this chapter we present a brief overview of the NEGF equations with the
purpose of calculating transport in some simple model systems, such that we can compare and
draw parallels to the response theory method described in the previous chapter, both in terms

of the equations, and the resulting transport.

4.1 Partitioning the System

The reason for wanting to calculate the Green’s function is that we can describe a system with
some contacts where the effects of the contacts are projected onto the device subspace. This

way the problem size is essentially no larger than the size of the device subsystem.

Figure 4.1.1: System partitioned into three subsystems with arrows depicting a current I from system 1 to

system 3 through system 2. Credit: Ylva Os

To do this we separate our system into device and contact subspaces. An illustration of the
imagined system is given in fig. [I.1.1] where system 1 and 3 are the contacts conected to

electron reservoirs, and system 2 is the device. With this separated system we can write the
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time independent Schrodinger equation as

H, 7w 0 P, P,
i H, | v, | =E| vy, (4.1.1)
0 Ty Hy Py Py

where we here have two contacts, but this can be any number of contact, depending on the
system. H; and H are the contact Hamiltonian matrices, and H 4 is the device Hamiltonian
matrix. 7; and 79 are matrices describing the coupling between the device and each contact
respectively. There is assumed to be no direct coupling between contacts. Good explanations
of how to obtain the device and electrode Hamiltonians as well as the coupling Hamiltonians
are found in the appendices of|25| 29, 30].

We can now expand eq. in terms of subspaces

ET — H, —T1 0 G, Gy Gy I 00
—7!  FEI-H; -1} Ga Gy Gpl=]10T1 0|, (4.1.2)
0 —Ts EI - H, Gy Gy G 0 0 I
from which we extract the second column
(EI —H,)G;—1G4=0, (4.1.3a)
— TG+ (EI — Hy)) Gy — T1Gog =1, (4.1.3b)
(EI — H) Goyg — 719G 4 = 0. (4.1.3c)

Looking at eqs. (4.1.3a) and (4.1.3c]), it is useful to introduce what we refer to as the surface

Green'’s functions for the contacts

(EI —H;)g, =1, (4.1.4a)
g;=(EI-H,)™, (4.1.4b)

which are the green’s functions for each of the isolated contacts. This way we can nicely solve

for G14 and G5, in terms of Gy,

Gy =g,71Gy, (4.1.5a)
G = g,72Ga. (4.1.5b)

This can then be substituted into eq. (4.1.3b)) to obtain

_TingIGd +(EI -H;) Gy — T;ngQGd =1, (4.1.6a)
(—Tigm +EI-H;— Tigm) Gy=1. (4.1.6b)
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We now introduce an important quantity known as the self-energy of the device with respect

to each contact

3, = TIgi‘ri, (4.1.7a)
=) %, (4.1.7b)

Note that it is in the computation of these self-energy matrices we include the non-zero dampen-
ing parameter, 7, such that it is the self-energies that include the non-hermiticity of the total
Green’s function. Specifically, the parameter is included in the computation of the surface

Green’s functions as

g,=(EI —H,)' - g, = (EI+inI — H;)™* (4.1.8)

We can then finally write down the device Green’s function neatly as

G,=(EI-H;—- %) (4.1.9)

We will only really be considering this device Green’s function, so to avoid clutter, from now on
when G is written this refers to G4 unless otherwise specified. We see that these self-energies

give rise to an effective Hamiltonian

Heff:Hd+E (4110)

with G4 being the Green’s function of this Hamiltonian. This it not a hermitian Hamiltonian,
with all the non hermitian parts included in the self-energy terms. Further we introduce the

matrices I as the anti-hermitian part of the self-energies (similarly to the spectral function in

eq. (2.3.6))

T, =i(2i —2}), (4.1.11a)
r=i(-x)=>T. (4.1.11Db)

We can use this to express the spectral function in terms of I' and G as

A = GIG". (4.1.12)

This is shown by starting with the anti-hermitian part of the inverse Green’s function

(using G~ as a shorthand for the inverse of G)

i(GT-G ") =i(EI-H-S"-EI+H+%)=i(2-%) =T, (4.1.13)
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then multiplying by G from the left and G' from the right to get

i(GGT'G' - GG™'G") = i(G - G') = GI'G", (4.1.14)

which arrives at the definition of the spectral function.

4.2 Equations for Electrical Current

We start with the time dependent Schrédinger equation for the device part of the system in

matrix form perturbed by a constant source term vector s

m%qp — Hp+ Sp + s, (4.2.1)

where we have the Green’s function matrix

G=(EI-H-%) (4.2.2)

and the solution to the time independent equation

P =Gs. (4.2.3)

We also define what is commonly called the in-scattering function

¥ — st (4.2.4)

We want to look at the time derivative of the electron density matrix

0 0
zhatD zhatz,bt/J , (4.2.5)
using the product rule to get
0 0 0
i T — [ h_ T iH oyt
zh8t1b¢ <zhat’¢> P+ <zhat¢ ) : (4.2.6)

Now we can use the Schrodinger equation to substitute into

=(H+X)p+s)¢p" — (v (H+ ") +5)

4.2.7
= (H + Z)yy' — ¢y (H + ) + s¢p’ — s, e

then exchanging ! for D, 1 for Gs and ss' for =" we get

(H+X)D - D(H +X") + 5s'G' — Gss'
[HD — (HD)'| + [£D — (¥D)'] - [GZ™ — (G=™)T] (4.2.8)
= [®D - (=D)] - [G=" - (G=")],
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where the first term disappears because of hermiticity of both H and D. The final equation is
then
0

ih=-D = (=D — (£D)'] - [GZ™" — (G=™)T]. (4.2.9)

We will return to this equation a bit later on to discuss the similarities with damped response
theory. Since electrical current is the amount of charge moving, we want to look at the change

in the average number of electrons which is the trace of the one-electron density matrix, just
as we did for response theory in eq. (3.5.2)). Taking the trace of eq. (4.2.9)) then gives

m%z\f =Tr [ED — (ED)'] - Tr [GE™ — (G=™)], (4.2.10)
which using hermiticity of D and £ and the cyclic property of trace can be easily rearranged
into

ih%]\f =Tr[(Z-¥")D] - Tt [(G- GHE"]. (4.2.11)
Using egs. (2.3.6) and (4.1.11), we can further simplify to
Oy =1y [AX™ — T'D] (4.2.12)
5V = I , 2.

and multiplying by the charge per electron, e, we obtain the net current into the system

I= %Tr[AZm ~I'D] (4.2.13)

At steady state, this should be zero (no charge buildup). We can, however, consider the effects

of each contact separately|25]| to obtain the current into the device from each contact

I, = %Tr[Azgi" —I,D), (4.2.14)

which is the equation we will be using. To do some example calculations we need to be able to
calculate the density, D, and the in-scattering functions, X", for each of the contacts. We get

the density from the total in-scattering function

D =y’ = Gss'G' = GZ"GT (4.2.15)

and the different in-scattering functions are found from the anti-hermitian parts of the self-

energy terms, I';, and the Fermi energy distribution functions, f;(E),

¥ = fi(E)T,. (4.2.16)

For simple molecules we will make these Fermi functions simple Heaviside step functions such
that

1 E<Ey
fi(E) = =on (4.2.17)
0 FE > Efi
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where Fy; is the Fermi energy of contact ¢. For testing simple molecules, we will set the Fermi
energy of the contacts equal to the HOMO energy of the contact.

It is important to note that the current in eq. is a function of the energy level. Evaluated
at a single energy this would give the amount of current transported at that energy. To get the

total current we need to integrate over all energy

Lot = / " I(B)E (4.2.18)

[e.9]

4.2.1 Note on the comparison with damped response theory

Now that both the damped response theory and NEGF equations have been introduced, we
explicitly point out the main similarity in the derivation of the final equations. Earlier from the
derivation of the damped Ehrenfest theorem, we obtained eq. which we wrote in matrix
form as eq. (3.2.8)), expressing the time derivative of the density matrix. This is very similar to
eq. from the NEGF equations which we can see, writing the two side by side

0

ih=-D = [H, D] + (=D - Dx"), (4.2.19a)
z’h%D = — (G=" - (GZ™)') 4+ (¥D - DXT). (4.2.19D)

The X from the first equation is the part of the Hamiltonian matrix containing any and all
non-hermiticity, with H being the remaining hermitian part of the Hamiltonian. In the second
equation, X, is the total self-energy matrix which is obtained from the surface Green’s functions
of the contacts, and serves as a non-hermitian part of the effective Hamiltonian in eq. .
If somehow this non-hermitian effective Hamiltonian was the Hamiltonian used in the Ehrenfest

theorem, we could equate the remaining part of the equations as

[H,D] = — (G — (G=™)1), (4.2.20)

directly connecting the response theory equations to the NEGF equations.
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Chapter 5

Results and Discussion

5.1 Results from Response Theory

In this section we present the results from the computations we have done using he response
theory based transport equations we have discussed in previous chapters. We have tested the
procedure described in section for a collection of different simple molecules with different
geometries and basis sets. For all molecules we present three different forms of the perturbation
operator. The first is the potential difference perturbation described in eq. . The other
two are both the coupling perturbation in eq. , one with 7 being a real number and the
other with it being an imaginary number. For all the molecules we have plotted the transport

as a function of the dampening factor. It would in general also be interesting to plot the

transport against the perturbation strength, but as can be seen from egs. (2.2.38), (3.4.1)),
(3.4.2) and , the relationship between the perturbation and the transport is purely
linear, so plotting as a function of the perturbation strength (either Ay for eq. or 7 for
eq. (3.4.2)) would result in straight lines, which are not very interesting. The peak values for
the calculated transport with respect to the dampening parameter, ~, is given in table for

all systems tested.

5.1.1 LiH

The first molecule we present here is the lithium hydride (LiH) molecule with a bond length of
2A using the minimal basis set STO-3G, of which the results can be seen in fig. The choice
of lithium hydride is motivated by it being a small molecule with few electrons and for which
oxidation states Li" and H™ are plausible. Looking at the movement of charge between the
atoms should not be to far from something that could realistically happen. The crystalline form

of LiH is ionic and has also experimentally been shown to have interesting optical properties[58|.

Coupling

We see in table that for the real coupling perturbation we get a transport of a whole

electron per perturbation strength of one with no dampening. This is the peak we see in
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Table 5.1.1: This table contains the peak values for the calculated transport for the different systems we
have tested. The system column describes the molecular formula, geometry and basis set of the
total system. The subsystem column specifies the atoms we are looking at transport to/from.
The (Ngr) column is the trace of the HF one-electron density matrix, describing the amount of
electrons in the orbitals of the subsystem in the HF state. The <J\_/'CISD> similarly is the same
trace for the CISD state, which represents the amount of electrons in the subsystem in the ground
state. The transported electron density we calculate is telling how much the amount of electrons
differs from this value. The ground state is identical for all three perturbations. The §(N') column
is giving the peak amount of transported electrons into the subsystem for a perturbation strength
of 1 a.u. The v column gives the value of the dampening factor, 7, that gives the largest absolute

value for the transport in the previous column.

System  Subsystem  Perturbation (Nup) (Ncisp) 6(N) Y
LiH Li Real coupling  2.000 1.904 1.050 0.0
STO-3G Imag coupling +0.573 +0.19
Potential diff -0.063 0.0
BeO, Be Real coupling  4.000 3.675 -0.200 0.0
L-Shaped Imag coupling +0.341 F0.19
STO-3G Potential diff -0.003 0.0
BeO, Be Real coupling 4.000  4.010 0.000 0.0
Cov Imag coupling 0.0 0.0
STO-3G Potential diff -0.070 0.0
BeO, Be Real coupling 2.000  2.095 0.894 0.0
L-Shaped Imag coupling +0.518 +0.05
cc-pVDZ Potential diff -0.034 0.0
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<

ol
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-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
ol Y

(a) Potential difference (b) Coupling

Figure 5.1.1: Transport equations from response theory applied on LiH with a bond length of 2A using the
basis set STO-3G. The transport is with respect to the hydrogen atom, meaning a positive value
of §(N) is an increase of electron density around the hydrogen atom. Mind the difference in

scale on the y-axis between the two figures.
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the blue graph in fig. 5.1.1b] For the imaginary coupling we see a peak of about half of the
real coupling peak, with a dampening factor of 7 = £0.19. The coupling perturbation (both
real and imaginary) here is coupling the highest occupied (HOMO) and lowest unoccupied
(LUMO) canonical molecular orbitals, meaning the indices j and b from eq. are 2 and
3 respectively. The LUMO orbital here is almost completely localized on the lithium atom,
in the sense that 97% of the atomic orbital (AO) contributions are from AOs from lithium.
The HOMO orbital however is very delocalized between the two atoms, having about half
the AO contributions from each atom. The calculated transport is therefore to be interpreted
as electrons moving from being shared between the atoms to belonging to the lithium atom,
meaning the actual transported electron density from the hydrogen atom to the lithium atom

would be closer to half of what we have shown here.

For the imaginary coupling, we see that the behaviour with respect to the dampening factor is
completely different, in mainly two ways. Firstly, when the dampening factor is zero, we observe
no transport. This mathematically makes sense, as if we let v be zero in eq. , we only
have iM V. M is a real matrix, so the product here involves a factor i at the front, and a
factor 7 in the perturbation V', making the whole resulting vector a real. Since the transport
is a sum over the imaginary parts of this vector (eq. (3.5.11)), it is natural that having no
imaginary part results in having no transport. The other difference from the real is that the
transport dies of significantly slower as v tends towards infinity. This is because eq.

1

essentially behaves like the function , where for the real perturbation it is the real part of

Ttia
this that carries through, and for the imaginary perturbation it is the imaginary part. Splitting
this into real and imaginary parts we have ; jw = 1 +1x2 — i1757, where the real part dies off

as x% for large x, and the imaginary part only dies of as %, explaining the observed result. Of

course, the actual equation being a matrix equation, the reality is a lot more complicated, but

this gives a quick intuition.

Potential Difference

For the potential difference perturbation we see significantly less transport compared to the

coupling perturbations, with a peak value of only 0.063 with no dampening. Mathematically,

this is easy to see why. Looking at eqgs. (3.4.1b]) and (3.4.2)), the potential difference perturbation

gets contributions from the off-diagonal elements coupling occupied and virtual orbitals in the
one-electron density matrix for the ground state, which are inherently small (usually not much
larger than 1072 for the systems we have looked at) for post-HF methods such as CISD as
we have used here. For such systems the HF state is usually a good approximation for the
ground state, with the correlation energy only making up a small portion of the energy. The
perturbation operator on the other hand have contributions from elements coupling different
occupied with each other, and different virtual with each other. Most notably this includes the

diagonal of the occupied block, where elements are close to 2.
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5.1.2 BeO,

The next molecule we present here is the beryllium peroxide molecule BeO, for two different
geometries, where we treat the beryllium atom as one system and the oxygen molecule as the
other. This serves as a bit larger test system than LiH where we can test the effects of different
geometries. The ions Be*" and O,*  are common, so looking at electrons transported between
the two ions should not be unreasonable, but the conditions for BeOy to exist is an active
research topic|59]. In all our calculations we work with closed shells, and since the ground state
of the oxygen molecule is a triplet state, our ground state calculation will not actually find
the true ground state, but rather the excited singlet oxygen state. This will be problematic for
quantitative accuracy and will need to be considered, but for these proof of concept calculations,
this calculations will still give some insight. In the first geometry the atoms are arranged in an
L-shape with the bond length of the oxygen molecule is 1.2 A, and the distance between the
beryllium atom and the closest oxygen atom is 1.6 A. In the second geometry the atoms are
arranged in a Coy, symmetry with the bond length of the oxygen molecule still being 1.2 A, but
the distance from the beryllium atom to the center of the oxygen molecule is increased to 1.75 A
This increase in distance is done because the HF calculation converged to a different minimum
if this distance is below about 1.7 A. In the other solution the HOMO/LUMO orbitals had
switched places such that the HOMO orbital now was more localized around oxygen molecule
rather than the beryllium atom, in addition to both HOMO and LUMO now being much more
delocalized between the two systems. The two geometries are illustrated in fig. [5.1.2]

O O
= Bo_ L75 A S
164 <
Be—————O0O O
(a) L-shaped geometry. (b) Cay symmetric geometry.

Figure 5.1.2: The two geometries we have tested for the BeOy molecule.

L-shaped

We see that for the L-shaped beryllium peroxide using the STO-3G basis set, the transport
is about the same order of magnitude as for the lithium hydride molecule, especially for the
potential difference which is almost identical. The coupling perturbation sees three main dif-
ferences from the lithium hydride molecule, the first one being that the magnitude is about
20-30% of the lithium hydride. The other two differences are that there is a sign change, and
that the imaginary coupling gives almost double the transport (at its peak) compared to the
real coupling. The sign difference is not something we can draw any meaningful conclusions
from here, as the effect of the sign of the off-diagonal elements of such matrices depend on
the sign of all the other off-diagonal matrix elements in the calculation (one- and two-electron
Hamiltonian matrices, density matrices, etc.), which depend on the sign of the orbital coeffi-

cients from the HF calculation. The fact that the imaginary coupling with dampening is larger
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(c) Potential difference perturbation for the Cay geometry, using (d) Coupling perturbation for the Ca, geometry, using the STO-
the STO-3G basis set. 3G basis set.
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(e) Potential difference perturbation for the L-shaped geometry, (f) Coupling perturbation for the L-shaped geometry, using the
using the cc-pVDZ basis set. cc-pVDZ basis set.

Figure 5.1.3: Transport equations from response theory applied on the BeOy molecules with the two geo-
metries illustrated in fig. using the STO-3G basis set for both geometries, and also the
cc-pVDZ basis set for the L-shaped geometry. The transport is with respect to the beryllium
atom, meaning a positive value of §(IN) is an increase of electron density around the beryllium

atom. Mind the difference in scale on the y-axis between the figures.
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than the real coupling, however, is interesting as this shows that the dampening factor could
be needed to show any significant transport for certain systems. Though it is not easy to say

based on the equations why this happens for specific systems.

Ca Coupling

In the Cy, arranged molecule, we see that for the coupling perturbation, the computation
completely breaks down, and the resulting transport is on the order of magnitude of round-
ing errors. We include this to show that the current implementation is somewhat “fragile” in
that small changes to the system, which should not have a large physical effect on the sys-
tem changes the result completely. Mathematically, it is hard to pinpoint the exact cause of
this specific result becoming zero, but it is reasonable to imagine that the symmetry of basis
functions resulting in all the terms cancelling out. In the presented results for the coupling
perturbation we have chosen a single occupied MO in one subsystem to be coupled to a single
virtual MO in the other subsystem. A more physical perturbation would of course include much
more complexity, with more couplings between all of the different molecular orbitals as well as
diagonal elements. This would help considerably with the inconsistent results we get between
the different systems, as the form of the perturbation would actually take into consideration
the molecule, rather than just being a model perturbation as we are using here. However, it
is very insightful to look at these model perturbations as any actual perturbation, assuming
it is represented as a one-electron operator, will just be a linear combination of different such
model perturbations. Since all the equations here are completely linear in terms of the perturb-
ation, the resulting transport will also be a linear combination of the transport from different
model perturbations. This means that if all the different model perturbations result in zero,
or insignificant transport, so will a more realistic perturbation. However, if using a physical
perturbation, there should be nothing wrong with the wave function described in eq. ,
as this is just a (mostly) standard first order damped response theory wave function, so if the
predicted transport is not acting properly, the fault should lie elsewhere. This is most likely
in our crude way of determining if a MO belongs to which system. For these proof-of-concept
calculations, we simply use the AO coefficients as a way of determining whether an orbital
belongs to one system or the other, which does not take into account the spacial extent of the
orbitals, so orbitals where the majority of the electronic density is actually located between
the systems would be set as completely belonging to one of the systems. A better approach
might involve looking at the spacial localization of orbitals or the partial charges on the atoms
in the different subsystems. The orbital partitioning we have done will however work for proof
of concept calculations as these as long as we keep in mind that the results will jump around

depending on which subsystem the different orbitals happens to be attributed to.
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C,y, Potential Difference

The potential difference perturbation on the Cy, molecule, however, does produce some none-
zero result, but this is rather small, more than an order of magnitude smaller than the cor-
responding result for the L-shaped geometry. For the potential difference, the problem of the
choice of which specific orbitals to couple disappears, as we increase the potential of all or-
bitals in one subsystem, while decreasing the potential of all the other. The problem of the
specific partitioning of the orbitals is however amplified, as now in addition to the calculation
of the transport from the perturbed wave function, the perturbation is also determined by the

partitioning.

L-Shaped with larger basis set

We have also included the computation on the L-shaped molecule using the larger basis set
cc-pVDZ, to show the heavy basis set dependence in the current formulation. The effect of
the orbitals being partitioned into the different systems will be potentially much greater now
that there exists many more virtual orbitals that are partitioned. We see from table
that the amount of electrons in the Be subsystem is only 2 for the HF state compared to 4
for the STO-3G calculation. From the orbital contributions we see that this is because of the
HOMO/LUMO orbitals having “switched places” compared to the STO-3G calculation. The
HOMO orbital in the STO-3G calculation has 72% of its AO-contributions from Be AOs, but in
the cc-pVDZ, this is only 24%, so by our partitioning scheme, the two electrons in that orbital
is now no longer in the Be subsystem and we only have the 2 remaining 1s core electrons.
Another important point for having larger basis sets is that the amount of potential coupling
elements in the two-electron density matrix for the CISD state is much larger, which could lead
to a larger predicted amount of electrons transported, as the equation we have for transport
explicitly sum over those elements. For this system we see that this is the case, with a peak
value of 0.894 electrons per perturbation strength of 1 for the real coupling perturbation, over

5 times as much as for the STO-3G calculation.

5.1.3 Coupling vs Potential Difference

For all the cases we see that the transport from the potential difference perturbation, although
similarly small, all have the same sign. This is in contrast to the coupling perturbation where
the sign has no direct meaning, as a coupling has no “direction”. When we increase the potential
of one atom and reduce the potential of another, we expect that electrons would want to move
towards the system with the lower potential, which is what we see in all the example calculations
we have done. We see that when we decrease the potential of the system we are looking at,
we see an increase in the electronic density in that system, shown by the blue curve in the
plots, and since all the equations are linear, flipping the sign of the perturbation flips the sign
of the output. It should also not be very surprising that the transport from the potential

difference is not very large, as we are looking at a closed system and not an open system
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with a coupling to infinite electron reservoirs. The strength of static electric fields needed to
move entire electrons between weakly coupled atoms are very large, and would probably not be
appropriately described using response theory based on linear perturbation theory. The fact
that all of the systems tested, not only gives non-zero answer, but consistently has the expected
sign and magnitude, is a good sign for the ability of the method to give answers that make

sense for actual systems.
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5.2 Results from NEGF

In this section we present the results from the computations we have done using the NEGF
equations presented in chapter [d] as well as discussing some comparisons to the results from the
response theory method. The test setup is a system of three Hy molecules with a steady state
electrical current flow, and is described in more detail below. It is important to note that the
results will not be directly comparable to the results from response theory as the calculated
quantity is describing two different phenomena, with the response theory describing a static
perturbation, more similar to static electricity, while the NEGF equations describe steady state

current flow.

5.2.1 Setting up the System

The system we have used as a test system to show the transport predicted by the NEGF
equations is a simplified model system of three Hy molecules. Each of the Hy molecules has
a bond length of 0.71 A, as this gives about the minimum energy for a RHF calculation using
the STO-3G basis set, which is what we have based the calculations on. This energy surface is
found in fig. [5.2.2] The illustration of the test system is found in fig. [5.2.1] To determine the
coupling strength between the three Hy molecules, we have done some calculations on a system
of two Hy molecules. From this we have arbitrarily chosen a coupling strength giving about the
same split in molecular orbital energies as we get from the system of two Hy molecules when
the distance between the molecules is about 2.3 A, as this gave a splitting of the MO-energies
of the hydrogen molecules that was not too large and not too small. The couplings of the
MO-energies of two Hy molecules is illustrated in fig. [5.2.3] The split of the two bonding MOs
is about 0.055 a.u. at 2.3 A.

H H H
— | —
H H H
:I
L

Figure 5.2.1: Illustration of the model system for the NEGF calculations. The bond length of the three
hydrogen molecules is 0.71 A and the distance between them is 2.3 A.

To use the NEGF equations as we have presented them, we need to have an expression for the
Hamiltonian matrix in eq. . For the device Hamiltonian we will use the Fock matrix of
the isolated non-interacting Hy molecule with a bond length of 0.71 A in the MO basis, using
the STO-3G basis set. For the contact Hamiltonians we use the same Fock matrix shifted up

or down in energy by some electrochemical potential imagined to be applied by some potential
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Figure 5.2.2: RHF energy surface of the Hy molecule using the minimal basis set STO-3G. Calculated using
the PySCF python module.

field like illustrated by the battery in fig. [5.2.1,. We then have

A A
H,-F, H1=Fd+I7’u, H,=F,— 7“ (5.2.1)

For the coupling Hamiltonian, 7, we need something that gives the resemblance of the MO-split
we see from fig. As a simple model coupling that did this is the uniform 1 matrix,

11
T:t(1 1), (5.2.2)

for some parameter t. This is a very simple coupling which will couple all the orbitals of one
Hs molecule with all the orbitals in the other molecule. In the minimal basis, this is only four
couplings, occ-oce, occ-vir, vir-occ and vir-vir, which in reality would be of different strengths.
To see that this gives a reasonable effect on the orbitals, we can diagonalize the Fock matrix
F
rt
the parameter ¢. This plot is found in fig. [5.2.4l The split with ¢ = 0.025 gives a split of about

for two interacting Ho, , and look at the split of the new eigenvalues as a function of

0.05 a.u. which is the same magnitude as the split of the MOs of the two Hy system with a
distance of 2.3 A. Now having found this coupling Hamiltonian that emulates the splitting of
MOs for a system of two Hy molecules, we will use this in the system of three Hy molecules for
the NEGF calculations.
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Figure 5.2.3: Plot of the molecular orbital energies of the system of two Hy molecules with a bond length of
0.71 A, using the minimal basis set STO-3G. Calculated using the PySCF python module.
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Figure 5.2.4: Plot of eigenvalues of the Fock-matrix of a system of two Hs molecules coupled by the coupling
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5.2.2 Computing Transport from the NEGF Equations

Using the model system we now have set up, we can calculate the steady state current, either
as a function of the energy level using eq. , or the total current from eq. . In
fig. m we have a plot of the current from eq. , with and without the Fermi energy
distribution functions present. We see that when the Fermi distribution functions are present,
we have essentially the same plot, but cut off at the Fermi energies. This means that the method
only allows for the energy of the transported electrons being between the Fermi energies, such
that there exists electrons to take from in one electrode and space to put that electron in the
other electrode. We also see from this plot that the current at the two terminals are complete
mirror images of each other, meaning in this simple picture that electrons coming into the
device carry the same energy as it does leaving the device. Now the energy that we are plotting
on the x-axis here is not a parameter of the calculation, but just a variable to be integrated
over to get the complete transport. Doing this allows us to plot the transport as a function
of the two parameters of the calculation; the dampening factor 7, and the potential difference
Ap. These plots are found in figs. [5.2.6| and [5.2.7 The total current as a function of both
parameters both have a remarkably similar shape to that of the transport predicted by the

response theory equations using the imaginary coupling perturbation Hamiltonian (fig. |5.1.3)).
For the dampening parameter (7, y), this should not really be surprising, as both in the response
theory equation and the NEGF equations the dampening parameter enter the equations in
a similar fashion, as an imaginary (almost) diagonal part of a matrix to be inverted, (M +
fwS +ihyS)~! from the response equations (eq. (2.2.35)) and (EI+in— H)~* from the NEGF
equations (eq. ) Keeping in mind that £ = hw, these equations look very similar.
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Figure 5.2.5: The current from eq. (4.2.14) as a function of energy level, with and without the Fermi energy
distribution functions enabled, using n = 0.01 a.u. and Ay = 0.1 a.u.
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Chapter 6
Summary and Conclusions

In this thesis we have presented proof-of-concept calculations using a damped response theory
based method for calculating electronic transport. The transport calculated by the method
in its current formulation is describing the movement of electrons between parts of a closed
system, something resembling a redox reaction. The calculations have been carried out on
three test molecules, using small basis sets. The most successful result we obtained was from
a LiH molecule with a bond length of 2 A, where we looked at the transport from the bonding
orbital localized between the two atoms to being localized around the lithium atom. This gave
a predicted transport of a whole electron per perturbation strength of 1 a.u., illustrating that
linear response theory has the potential to give significant results describing electronic transport
in sufficiently coupled systems. For the two other systems we tested, both being two different
geometries of a BeOy molecule, we did not achieve as good, but still promising results. For one
of the geometries we got about a third of the transport of the LiH molecule, and for the more
symmetric geometry we got virtually zero transport for one of the perturbations we tested.
A difference in transport in molecules with different atoms is to be expected, but the fact
that a small change in geometry leads to the method breaking down shows that the somewhat
arbitrary choices we have made for the partition of the system into different orbital spaces has
a huge effect on the results.

The response theory calculations have been done alongside a similar calculation, using a Non
Equilibrium Green’s Function (NEGF) method to calculate the steady state current through
a simple model system of three hydrogen molecules. The purpose of this is to highlight the
similarities of the two methods, with the NEGF methods being a pinnacle of modern descrip-
tions of quantum transport. As we have not yet adapted the response theory method to include
contacts to electron reservoirs, we can not use the method to describe steady state transport,
so the results for the two methods can not be directly compared. Right now the comparison
lies more in the mathematical nature of the methods, and for future reference as the method
is further developed.

Another fundamental difference between that is important to note, is the difference in ground
state calculations. While NEGF methods build upon a HF or DFT ground state, the cur-

rent simplified formulation of the response theory method would not work for an uncorrelated
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ground state model. This makes it more difficult to use the response theory method for simple
qualitative calculations, but for any real calculation the ease of incorporating well developed

correlated wave function models is a massive strength.
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Chapter 7

Further Work

In this chapter we give some ideas on what are the next steps in the further development of
response theory based methods for electronic transport. The ultimate goal is to have a rigorous
framework for describing different kinds of electronic transport processes in open as well as
closed systems, based on response theory. The method we have presented in this thesis is still
far from achieving this goal, but we have some ideas for how to continue developing the method.
There are two main directions that need development.

First is the incorporation of contacts to electron reservoirs to allow for steady state current,
making the method more directly comparable the NEGF methods. This would involve aug-
menting the current parametrization to allow for a fluctuation of the amount of electrons in the
system, making it an open system. This could perhaps be done by adding some types of anni-
hilation /creation to the parametrization operator in eq. which would add contributions
from stated with different numbers of electrons. It would also be useful to further explore the
use of non-hermitian perturbations, investigating the connection between NEGF and response
theory discussed in eq. (4.2.19).

Second is developing the method towards being quantitatively accurate, using real physically
based systems and perturbations. This would involve expanding many of the truncated equa-
tions presented in this thesis to higher orders, and comparing results to other proven theoretical
models as well as experimental results. When the method is proven for small systems, the goal
will be to have an optimized version implemented in some high performance quantum comput-

ing software like e? [56].
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Appendix A

Computing Response Theory Matrix

Elements

We want to obtain expressions for the matrix elements in eq. ([2.2.32]).

We can partition A into two blocks
A©
- (20 o

where the first is all the excitation (e) operators, and the second are all the de-excitation

operators (d). This way we can nicely express the matrices as block matrices

Slee)  gled) M) pyled Vv
SZ(S(de) sdd) |7 M= A pgad) | V= v (A.0.2)

Throughout this appendix, the indices u, v will be used for indexing into A, otherwise normal
MO-indices i, j,a,b will be used. This way an index g or v will correspond to a particular

excitation or de-excitation index pair ai or ia.

A.1 The S matrix

We start with the first block of the S matrix

S = (0][ADF, A9][0) = (0|[Eui, Ejp)|0) =

(A.l.1a)
013 (0 By 0) = 80| E3i]0) = 63, D%) — dap DY
Then the next diagonal block
SUD = (0|[Eja, Eyy)|0) = 64D — 8D}y, (A.1.1b)
where if we assume the zeroth order density to be real, it is symmetric and we have
Sl — _ glee), (A.1.1c)
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The two off diagonal blocks are easily seen to be zero as the commutator

[Eai, Ebj] =0

is zero. We can then write S simply as

(ce)
o (S 0 )
0 -8t

with

S = 6,08 —6,D

A.2 The M matrix

(A.1.1d)

(A.1.1e)

(A.L.1f)

The expression for M will be different depending on what we let the zeroth order Hamilto-

nian (]:I ©)) be. Here we let the zeroth order Hamiltonian be the standard full unperturbed

Hamiltonian

R 1
0) _ hnuc + Z hpquq + § Z 9pgrsCpqrs,
pq

pgrs

since that is the Hamiltonian we have used to find the reference CISD state.

We start with the first block

M) = (0[[Bia, Y], Byi]|0).

1%

Inner commutator:

[Eim H (0)] = Z hapEip - hpz‘Epa + Z 9pqarCpgir — YpgriCpgra

p par

60

(A2.1)

(A.2.2a)

(A.2.2b)



Outer commutator:

(B0, HY), Byy] =

Z hap[Eip, Evj] — hpil Epa; Evj] + Z pgar[€pgirs Evj] — Gpqrilpgras Evj] =

par

Z hap(Opp Eij — 055 Ep) — hypi(0apEopj — Opj Elpa )+

p

Z (gpqar(‘srbepqij — Oij€pgor + Ogpepjir — Opjhgir) —

pqr gpqri<5ab€pqm' — Orjepgba + Ogb€pira — Op; Ebgra)) (A.2.2c)
habEij + hjiEba - 6ij Z hapEbp - (5ab Z hpiEpj+
p p

Z (gpqabepqij + 9pbaqCpjiq — JjpaqCbpiq +

pq  9pgji€pgba — IpbgiCpjqa + ipqi€hpqa)

_5ij § 9pqarCpgbr — 6ab E Gpqri€pqrj

pgr pgr

Inserting into the expectation value to get

(0) (0)
(gpqabd ii T Ipbaglyjiq — Gipaqepi
M ee) _ h D(O) + h]sza + Z Pqij (OI;U q (O)p q
pq gpQ]deqba gpbqldqua + gquidbpqa> (A22d)
(0) (0)
—0ij Z hap Dy — dab Z hpi Dy — 0 Z Ipgard qur Oab Z Iparid pqr]
P pqr pqr

No cancellations were made, so we can now get the rest of the blocks simply by swapping ¢
with a and j with b.

First the other diagonal block

O NG R ()
Mlsdd) by 0) T h D 0) N Z (gpqw pgab T Ipjiappag — Jbpiglipaq +
v 0 0 0
Pg gquad]()q)jz gquadébli + gbpqadﬁ-p)qi) (A.2.3)
(0
—Oab Z hipD jp) — 0ij Z h?’a — Oap Z Ipgird pQJT — 0ij Z Iparad pq?"b
p p pqr pqr

Next in the off diagonal blocks, the second line will become zero due to d;, = 9, =0

Muﬁe = thD + hjanl

© (0) (0) (0) (0) A.24a
Z <gpqzbdpqa] + gpbiqdpjzlq - gjlqubpaq + gquadquz gpbqadquz + gquadbpqi> ( )
pq
M5 = hai Dy’ + hyi Dig)+
0 0) 0) (0) 0 A.2.4b
Z <9pqaj d;f)q)ib + gpjaqd}(?biq - gbp@ng'piq + gquzdpq]a gqud;(qua + gbpqidg'p)qa> ( )
Pq
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Notes on Hermiticity

MY = (0[[[Bai, H], Ep]|0) = (Ol[[Eia, H], By]|0)" = M

1% i

MD = (Ol[[Eia, H), E3)[0) = (0|[[Bai, HV), Eyj]|0) = MG

o

M}, = (O[[[AL, H©], A,]T0) = (0] [AL, [A], HO]T]|0)
= (O[[AL, [H®, A]]|0) = (O[[[A,, H], Al]|0)

A.3 The V vector

(A.2.5)

(A.2.6)

(A.2.7)

To get an expression for V' we need to chose what the form of the perturbation Hamiltonian

H®W . Here we will chose this to be some one-electron operator given by

HY = Z VoaEopg:
Pq

(A.3.1)

where V},, makes up some hermitian matrix describing the perturbation. We insert this into

the expression for V
VIO = (0][Eia, HV1|0) = Vig{O|[Eia, Epg]|0)
pq
0 0
- Z V;Jq(‘sapDi(q) - 5iqu(Jg)) - Z V“PDZ(P) - VpiDZ(’(‘)l)
Pq p
then V@ is easily found to be —V T ag

Vi = (Ol[Eui, HONI0) = —(0][ B, HV][0) = V.

2 2

Special case for diagonal V (Potential Difference)

v;oq = 5pqvpp

a

Vu(e) _ Z V;zng;) _ V;n‘DI(;(;) _ (Vaa _ VZ) D(O)
p

Special case for single off diagonal V (Increased coupling)
V=3 VDY)~ VD = (84D — 6,08 ) 7
p
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(A.3.2)

(A.3.3)

(A.3.4)

(A.3.5)

(A.3.6)

(A.3.7)
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