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Part I.

Introduction






Introduction

In December 1959 Richard Feynman gave a speech, which will prove path-breaking in
retrospect, at the California Institute of Technology with the title "There’s plenty of room
at the bottom"|[1]. In his speech, Richard Feynman described the abundant possibilities for
researchers if they pursue the path to nanoscale physics. Even if he did not use the term
nanotechnology, the transcript of his speech is now one of the most well-known articles
in the history of this area. Among other things, he mentioned the vision to write the
many volume encyclopedia Britannica on the head of a pin. For this goal, one would need
to compress one unit of information to a point of 80 A in diameter. This dream now
became reality and the world record size for a semiconductor transistor is now 30 A (see
Figure 1.1): Just 10 atoms in a row fit the width of this transistor. In the light of these
magnitudes, it is impossible to describe the processes there purely with classical physics.
The quantum world with its intriguing phenomena starts inevitably to play an important
role in this regime. Whereas the classical transistor operations get unstable at the atomic

Figure 1.1|Cross-section of 3 nm semiconductor transistor [2].

level, quantum mechanics is not detrimental to information technology. On the contrary,
quantum information has shown how mastering quantum bit (Q-bit) operations will allow
us to tackle problems of enormous complexity, otherwise inaccessible to classical computers
[3]. The major challenge is to improve the reliability and scalability of the Q-bits which
are the quantum version of classical transistors with the ultimate goal to make quantum
computing feasible. A quantum computer which consists of those Q-bits could lead to huge
changes in certain areas like cryptography, database search or molecule simulations. These
areas may seem unimportant at first glance, but they do affect us to some extent in our
everyday life: Cryptography is the fundamental tool to protect secure Web pages and other
sensitive types of data like emails and an efficient way to search databases could save a lot
of energy especially in the context that the amount of data which is produced every second
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in the world is steadily increasing. Furthermore, more elaborate molecule simulations with
the help of quantum computing could be used for the search of new materials in areas like
drug or battery research. It is important to state that we are still at the very beginning
of the road to a functioning quantum computer and it is not even clear if a quantum
computer with sufficient computational power will ever be realized so that it can deliver
on its far-reaching promises. Nevertheless, it should be recognized that despite these
concerns prestigious companies like Intel, Google, Microsoft and IBM put a huge research
effort and investment into this technology [4]. Maybe we are right now at the beginning
of another step like the one Feynman proposed in his pioneering speech from 1959. It
was, at these times, definitely not easy to believe in a fast realization of this enormous
miniaturization and so is it now with quantum computing. Despite many obstacles and
its enormous complexity, it is at least conceivable that another generation could benefit
from quantum computers like we are benefiting now from the classical miniaturization of
transistors. A fundamental step towards the realization of Q-bits and therefore quantum
computing - of course not the only one in the light of the many technical difficulties - is
the basic understanding and control of quantum mechanical phenomena at the nanoscale.
One of those phenomena, namely quantum interference, is at the very heart of quantum
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Figure 1.2]| Visualization of a one-electron tunnelling process and correlated two-
electron processes: The leftmost setup shows an exemplary one-electron or sequential tunnelling
process where one electron (green solid line) tunnels from the source to energy levels of the central
system which are depicted in orange. The three rightmost setups show instead two-electron pro-
cesses where the correlation between them is indicated by dashed green lines. These three different
types of tunnelling events extend the transport regime to the cotunnelling one. Taken from Figure
2 of [5].

mechanics. It is a direct consequence of the superposition principle which allows quantum
systems to be at the same time in two different states. Due to quantum interference - in
close analogy to water waves - two coherent states or wave packets form a resultant wave
in a constructive or destructive way. The most prominent experiment in this context is
definitely the original double-slit experiment by Young where one can see single-particle
interference [6]. Furthermore, single-particle interference has been observed with electrons
in vacuum |7, 8] and even with the more massive Cgg molecules [9].

Nowadays, it is possible to study quantum interference in a wide range of systems as a result
of ever-progressing experimental techniques. For a complete description of interference
effects in experimental setups, it is necessary to account for the interaction of a system
with its environment. Generally, decoherence originating from this interaction by e.g. the



coupling to the leads will obstruct interference. In recent years, huge attention was directed
to the research of systems which bear such a coupling. Transport measurements, in which
a microscopic, coherent system is coupled to macroscopic leads, are well-suited probes to
investigate such phenomena. Intra-molecular interference has been recently discussed in
molecular junctions for the case of strong [10-16] and weak [17-19] molecule-lead coupling.
What unifies these realizations of quantum interference is that the travelling particle has
two (or more) spatially equivalent paths at disposal to go from one point to another in the
interferometer. Generally, for junctions in the strong coupling regime decoherence can be
neglected due to the short time of flight of the particle within the interferometer. In the
weak coupling case, instead, the dwelling time is long. It is the regime of the single electron
tunnelling in which, usually, the decoherence introduced by the leads dominates the picture
and the dynamics are governed by sequential tunnelling events. Though, well inside the
Coulomb blockade region, tunnelling processes involving two electrons can become the
dominant part by providing possible tunnelling paths that go beyond sequential tunnelling
which is there limited by a tiny thermal excitation. This regime where one-electron and
two-electron tunnelling events are considered is the so-called cotunnelling transport regime
(see Figure 1.2). Cotunnelling events represent the second order term in the perturbation
in the coupling strength which will be assumed to be small with respect to the temperature.
This regime will be the main focus of this work especially in the context of interference
effects.
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Figure 1.3| Schematic transport setup with two quasi-degenerate tunnelling paths:
Throughout this thesis, we will deal with transport systems where electrons can tunnel from
two reservoirs ("L" and "R") in and out to a central system. Here, we consider explicitly two
energy levels which are quasi-degenerate. The energy difference between them, namely AF, is
smaller than the energy Ei,, which can be associated with the strength of the tunnel coupling. If
we consider coherent coupling from the reservoirs to the energy levels, a current can flow via two
equivalent paths through the system. In analogy to the double slit experiment by Young, one can
see then interference effects arising.

Whenever two energetically equivalent paths involving degenerate states contribute to the
dynamics, interference effects can occur (compare Figure 1.3). The associated fingerprints
in the transport characteristics can be then strong negative differential conductance and
eventually an interference blockade of the current in the case of fully destructive interfer-
ence [20]. Another recent work showed such a current blocking also in a carbon nanotube
quantum dot, due to the formation of a so-called all-electronic dark state which is de-
coupled from one of the leads (see Figure 1.4 g) [21]. The name for this state is chosen
in close analogy to optical dark states. In this publication, theoretical and experimental
data is provided and the interference blockade is clearly visible in both data sets through
the disappearance of transition lines in the stability diagram (see Figure 1.4 a-f). This
publication once again could provide strong experimental evidence of interference effects
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in transport and therefore be a manifest of the underlying theory.
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Figure 1.4|Interference blockade in a carbon nanotube quantum dot: a,b Experimental
stability diagrams: Differential conductance G is plotted in a gate voltage-bias voltage-landscape.
The red lines indicate transitions from specific leads to different occupation numbers of the quan-
tum dot. It is clearly visible that negative differential conductance (blue) arises and that it is
accompanied by suppression - indicated by the red arrows - of transition lines. In case of (a), an
electron transition to the drain and in case of (b), a hole transition to the drain which is exactly ex-
pected under a reversed bias polarity and a mirrored gate voltage are suppressed. c,d Theoretical
stability diagrams: Experimental data is reproduced except for an up to now unknown horizontal
transition line. e,f Comparison of experimental (data points) and theoretical (solid lines) current-
gate traces for V}, = £3.045 mV. g Quantum dot setup: For the chosen bias polarity, an electron
can enter a dark state, which is formed by the two degenerate energy states, from the left lead but
it cannot leave to the right lead. Precession wy,/r allows for population transfer from a dark state
to a coupled state. Taken from Figure 1 and 3 of [21].

Another work highlighted a different form of interference, namely the appearance of a
so-called canyon of conductance [22]. In an InSb nanowire quantum dot, they could mea-
sure suppression of conductance due to the interplay of interference and correlation of the
electrons through their Coulomb repulsion. The location of this canyon coincides with the
point in the gate voltage-magnetic field-landscape where two energy levels become degener-
ate (see Figure 1.5 (i) (c)). They supplemented this work with numerical calculations done
with the second order von Neumann (2vN) approach [23]. This numerical expensive ap-
proach is non-perturbative in the coupling to the leads. On the one side, it bridges the gap
between non-interacting Green’s-function approaches and the interacting rate equations for
the sequential tunnelling regime but on the other side, it is limited to small systems due
to its numerical expensiveness. In a following up publication, they claim that this canyon
appears when considering the 2vN approach and thus non-perturbative contributions [24].
They explicitly do not make a statement for the cotunnelling regime. One part of the
motivation of this thesis is to enter exactly in this realm. Does this current suppression
in the Coulomb blockade region already appear in the cotunnelling regime? If yes, then it
would shift the picture from the necessity to include all orders of tunnelling events to just
include cotunnelling events as the leading order in this region and therefore as sufficient
to describe the phenomena there. Furthermore, one could ask what is the connection to
other interference effects like interference blockade encountered in Figure 1.4. What do
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Figure 1.5| Correlation-induced conductance suppression at level degeneracy in an
InSb quantum dot: (i) (a) SEM image of a fabricated InSb nanowire quantum dot device. (b)
Conductance in greyscale measured at a bias voltage of 0.5 mV. (c) Schematic for the evolution
of the single-particle levels 4 and 5 with magnetic field due to the large level dependent g factors
of InSb. The letters A, B and C mark three level degenerate points. (d) Conventional spin-1/2
Kondo peak at B =0 T. (e) Integer-spin Kondo-like conductance enhancement at B ~ 1.5 T. (ii)
(a) Enlarged section of (i) (b) with a clearly visible canyon of conductance. (b)-(f) Conductance
plots along the line cuts C1-C5 of (a). Taken from Figure 1 and 2 of [22].

they have in common and how do they differ? Even if it is one of the fundamental phe-
nomena of quantum physics, interference is not yet fully understood and therefore worth
to investigate.

In this spirit, we will analyze in the following thesis interference effects in the cotunnelling
transport regime. In the next part, we will introduce the theory which leads finally to the
implementation of a transport code which is capable to treat cotunnelling transport. In
the proceeding part, this transport code will be then applied to various model systems so
that the asked questions can be addressed.
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Theory






Hamiltonian of a quantum dot system

In this chapter, we will introduce the physical system of this thesis. Throughout this work,
we consider a generic quantum dot system tunnel-coupled to a bath which in our case
is represented by two leads (see Figure 2.1). We can write for this system the following
general Hamiltonian I:Itot:

Hyo, = Hs + Hg + Hr (2.1)

with the quantum dot system Hamiltonian f[s, the bath Hamiltonian Hp and the tun-
nelling Hamiltonian Hr. The bath Hamiltonian is defined as

oo it Z ot
HB = Ze’flgkclo_kclgk = EbCLCh (2.2)
lok b

with [ as the lead index (I = L is the left lead and [ = R is the right lead), o = {1, ]} as the
spin index of the lead and ¢ as the energy of an electron with the momentum k. We have
introduced the second quantization fermionic annihilation operator ¢,k of an electron in
the l-lead with spin ¢ and momentum k. Furthermore, in the last step we introduced a
collective bath index b = {l,0,k}. The system Hamiltonian,

Hs = Hy + eVyN, (2.3)

depends on the gate voltage V;, the specific form of the isolated quantum dot system
Hamiltonian I:IO and the number operator N = Yon den The number n labels the single-
particle quantum states of the system and thus the different fermionic creation operators
djl. In our thesis, we consider systems with a generic number of ¢ quantum dots. A single
dot (i = 1) has, for example, two creation operators (n = 2), di for spin-up and dAI for spin
down, so that its many-particle Fock space consists of four different states {|0), 1) ,[}),[2)}
with the corresponding energies. In the case (i = 1), in the literature better known as the
single dot Anderson impurity model, Hy takes the form

ﬁO = Z (e0 — E¢) CZECZQ + UdiCiTCZIJJ,. (2.4)
={1.d}

with €9 as the on-site energy, U as the on-site Coulomb interaction and E; as a spin-
dependent energy which can be understood e.g. as a Zeeman splitting through a magnetic
field. The index ( is throughout this work reserved for the spin degree of freedom of the
system. The tunnelling Hamiltonian connects the bath and the system in the following
way:
iy =" Ay =" (thadhés + tondldn) = > pé D (2.5)
!

bn pb
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2. Hamiltonian of a quantum dot system
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Figure 2.1|Schematic setup of a quantum dot system coupled to two leads: A generic
quantum dot system is depicted as energy levels (black lines) tunnel-coupled to a left lead (L) and
a right lead (R). The tunnelling rate matrices I'r, and I'g incorporate the coupling strength to the
respective energy levels as well as the geometrical setup. With a gate voltage Vg, it is possible to

shift the energy levels of the central system. In case of a single dot, there are two energy levels
which are connected to the leads: one for spin up (compare red arrow) and one for spin down.

where 5 ,, are the tunnelling amplitudes with the collective bath index b = {l, o, k} coupling
an electron of the [-lead of spin ¢ and momentum k to the energy level n of the dot where in
principle, the spin quantization axis can point in another direction as the one of the leads.
In the last step, we combined the tunnelling amplitudes and the dot creation/annihilation
operators to ﬁf =, tzndﬁ with superscript p = + indicates the conjugate transpose

of the matrix, c?:{ = djl, or in the case of the tunnelling amplitudes, the complex of it,
tbfn = t;,n. The superscript p = — indicates an annihilation operator, d,, := d,, or a bare
tunnelling amplitude ¢, =t} , with the property of the p-index: p = —p.

12



Introduction to the density matrix
formalism

In this chapter, we will introduce the density matrix formalism which represents an elegant
way to describe the state of a physical system. It goes beyond the usual state vector
representation of quantum mechanics with taking into account the statistics of a system
in a concise form. We work throughout this thesis with density matrices and hence this
chapter provides the foundation of the following work. The sections of this chapter will
mainly follow [25-27].

3.1. Density matrix operator

The density matrix is a way to describe a quantum mechanical system. The latter is
determined by a series of measurements. Due to the very nature of quantum mechanics,
it is only possible to simultaneously measure two physical variables if their associated
operators commute so that it is possible to find a common eigenbasis |¥):

(Q1,Q2] =0 = 3|0): QU =aqr]¥) A Q2 1¥) =2 |¥). (3.1)

A pure state is defined by U. Fano in 1957 as a state of "maximum knowledge" whereas
we do not have full information of the system when considering a mixed state [28]. In
general, the maximum information of a system consists of the eigenvalues q1, ..., ¢y of the
largest set of mutually commuting independent observables Q1, ..., @n. The system is then
completely specified as the following pure state vector:

¥) = g1, .-, qn) - (3.2)

If |¥) is an eigenstate of the observable Q, each measurement gives exactly the same
eigenvalue. Assuming the pure state |¥) is not an eigenstate of an observable ) then
each measurement gives a different result. The average is then given by the expectation
value (Q)pure = (¥|Q|¥). On the contrary, a mixed state, also known as a statistical
mixture, cannot be characterized by a single state vector. Since we do not have full
information of the system, there is an additional probability in this state which goes beyond
the expectation value of a pure state. A mixed state is a statistical mixture of different
pure states and can be written in terms of the probabilities W7y, ..., W of being in the pure
state |¥q), ..., |Un):

d Wa=1, 0<W,<1 (3.3)

n

13



3. Introduction to the density matrix formalism

It should be explicitly noted that a mixed state is not a quantum superposition of pure
states. The expectation value of statistical mixture is for that reason defined as:

<Q>mlxed—ZW (] Q). (3.4)

Mixed states commonly arise from a statistical mixture of the starting state like in a thermal
equilibrium or from looking at a subsystem entangled with another not measurable system.
For example in thermal equilibrium, it is very likely that we are in the state which is the
most probable and has the biggest entropy so that we have the least information about
the state. The concept of a density matrix stems from the fact that there exist pure and
mixed states. In general, the density matrix operator is then defined as:

) = Z Wn |\I/n> <\I/n| . (3'5)

Note that if our system is in a pure state, then the density matrix operator has the form
p = |¥) (¥]. In an explicit matrix representation, the density matrix operator acquires the
following form:

p=3 > Waal all) |6m) (S (3.6)

n mm/

with |[U,) =" alh ]<bm> The elements of the density matrix in the basis {¢1, ..., ¢, } are
then defined as:

pij = (il plj) ZWa") : (3.7)

In this thesis, we will use the term density matrix and density matrix operator equivalently
with the knowledge that we can go from one particular density matrix operator in different
bases. No matter in which basis we are, the density matrix operator always contains all
meaningful information about our physical system. It can be easily shown that the density
matrix p is hermitian and its trace is always 1. If Eq. (3.4) is extended, we will realize that
the expectation value of an operator Q can be also seen as the trace of the product of the
density matrix with the operator:

(@)= Zw (W QW) = D > Waall) al)” (| Q[6mm)

n mm/

>~ (Sl p16m) (6m| Ol6m) = Tr {5 Q} (3.8)

mm/

(3.7)

Eq. (3.8) can be seen as an alternative way to define the density matrix (compare Eq. (3.5)).
Out of this definition of the density matrix, it is clear that any expectation value of an
operator can be derived from p and thus it contains all physical information, namely the
populations and the coherences. The populations are the diagonal elements of the density
matrix p;; and they tell us the probability of finding the system in the basis state |¢;).
The off-diagonal elements p;; are identified as the coherences between the states |¢;) and
|¢j). It can be seen as a certain phase relation between these states which e.g. enables
interference. Therefore a completely diagonal density describes a completely incoherent
statistical mixture with no phase relation between the basis states.

14



3.2. Time evolution of the density matrix

3.2. Time evolution of the density matrix

The time evolution of quantum mechanical states is described by the Schrédinger equa-
tion

.0 A
i (1)) = () 9(0)). (39)
The time evolution operator U(t, to) is defined as
W (t)) = Ut to) [¥(to) (3.10)

with U(t) == U(t,0). Plugging the time evolution operator into the Schrodinger equation
will lead to

ih=U(t) = H(t)U(t) (3.11)

where we can deduce that U(t) is a unitary operator with initial condition U(0) = 1.
Applying then the well-defined time evolution operator on an initial density matrix p(0) =
> Wa [¥5,(0)) (U,,(0)] will get its time evolution:

pt) =D WU () [9,(0)) (T, (0)| U (1) (3.12)
= U(t)p(0)UT(t). (3.13)

Differentiating Eq. (3.12) will lead to the famous Liouville-von Neumann equation (LVNE)
which - as we just demonstrated - directly stems from the Schrédinger equation:

L0 A .
ih-p(t) = [H (1), p(0)]- (3.14)
It is convenient to write the LVNE in terms of the Liouville superoperator £(¢):

L)X = _%[H(t),x} — H(t) = L)1) (3.15)
where we denoted the time derivative with a dot. It is important to note the Liouville
superoperator acts on a generic matrix X in analogy to a matrix which acts on a vector.
This concept is captured in the Liouville space (compare Table 4.1). In the case of the
time-independent Hamiltonian H;o; which we consider in this thesis (compare chapter 2),
the Liouvillian can be written as £(t) := L = Lp + Ls + L.

3.3. Reduced density matrix

As we already mentioned in chapter 2, our total system is formed by the leads and the dot
system with their respective Hilbert spaces Hp = {|¢q)}, for the leads, and Hg = {|¢g)}.
for the dot system part. As an assumption, our total state vector at an initial time could
be written as the Kronecker product of two pure state vectors of the respective Hilbert
spaces:

(W (0)a,8) = [¢a) ® |dp) - (3.16)

15



3. Introduction to the density matrix formalism

Turning on the interaction will change the picture drastically. The total system gets
entangled so that it is not possible anymore to factorize the state vector into the two
subsystems. Nonetheless, if the two subsystems were in a pure state at the initial time,
their entangled state vector stays in a pure state. We can define the density matrix of such
an entangled state as

Was(t)) = ali,j,a, 8,t) [¢ia) @ ¢)s) (3.17)
(]
with a(i, j, «, 5,t) the coefficient yielding the probability of finding the bath in |¢,) and
simultaneously the dot system in |¢g). Since we are only interested in the time evolution
of the dot system, we can construct the so-called reduced density matrix (RDM):

pred = (Bial p(t) |dia) = Tra {p(t)} . (3.18)

i
Trg {} denotes the trace over the lead degrees of freedom. From there, we can rewrite
the expectation value of an operator which acts only on the dot system in terms of the

RDM:
(@) -1}
=3 iabisl p|oratis) (Di.a|dia) (5.5 Qldss)

ij iy
= Trg {ﬁred Q} (3.19)

If we are only interested in observables of the quantum dot system, the RDM is the tool
to reduce the complexity of the LVNE. It is possible to reformulate LVNE in one equation
for the RDM by inserting Eq. (3.18) in Eq. (3.15):

f:)red(t) = Trp {itot ﬁ(t)} s (3.20&)
p(to) = prea(to) @ pu(to)- (3.20b)

For Eq. (3.20b) we took as an initial condition an uncorrelated total system hence there is
no interaction at ty between the dot system and the leads. The bath density matrix can
be finally written as

fB = pL ® PR- (3.21)
Furthermore, we assume that the two leads are in thermal equilibrium so that we can
construct the density operator of the [-lead (I = L/R) as a grand-canonical ensemble

e—ﬁ(ﬁz—ulm)

7 (3.22)

pr =

where g is the chemical potential of the respective lead and Z; = Trl{e_B(Hl_“lNl)}
is the partition function of the respective lead. In the latter, we use 8 = kBLT with
temperature T and Boltzmann constant kg. The number operator of the [-lead is defined
as Nl => .k éngkélok- The chemical potential of the leads constitute of the bias voltage V4,
the elementary charge e, the Fermi level of the system po and the asymmetry parameter

for the bias voltage drop ap, (0 < ap, < 1) in the following form:

M1, = Mo — eabe, (3.23&)
pr = po +e(l — o)V (3.23b)

16



Transport theory

In this chapter, we want to introduce the transport theory which is used in this thesis.
With the help of a generalized master equation (GME), we can accurately describe the
time evolution of our systems. The goal of this thesis is to rigorously take into account
not only the populations of the underlying density matrix but also all its coherences. Only
then it is possible to capture interference effects in full glory. The method of choice to
derive a GME is the Nakajima-Zwanzig projection operator technique. In comparison
with other techniques which are summarized in |5, 27|, it is here easier to go to single-time
diagrammatics in the Liouville space and the equations get more compact. This chapter
will mainly follow [26, 29].

4.1. Nakajima-Zwanzig equation

The Nakajima-Zwanzig projection operator technique is a powerful tool to derive a GME
which is needed to describe the explicit time evolution of quantum dot systems described
in chapter 2. The main idea of Nakajima and Zwanzig is to split the total density into
two parts: one where the quantum dot system and the leads are separated (Ppiot) and one
where the entanglement of the quantum dot system and the leads is captured (Qpiot) [30,
31]. This is done by the two projectors

PX = Trg {X} ® b, (4.1)
0X =(1-P)X (4.2)
with X an arbitrary density matrix. There are some important properties of these pro-

jectors namely: P2 = P, Q2 = Q, PQ = QP = 0, PLp = LgP = 0, PLs = LsP,
Pﬁ%nHP = 0 for n € N. Applying these projectors to the LVNE result in:

5.

Pit) = PLOH(L) + PLPH(t), (4.3)
Qp(t) = QLOH(t) + QLP/(1).

It is possible to solve Eq. (4.4) with the help of the propagator Go(t) = e2*t, by multiplying
it with Go(—t) from the left:

< 1Ga(-—1)Qp(1)] = Ga(~1)QLP1). (15)

17



4. Transport theory

Integrating this equation and then multiplying the equation from the left with Go(t)
yields

Q(t) = Golt)24(0) + | ds Golt = )QLP)(). (4.6)

Reinserting this equation of the entangled part into Eq. (4.3) and keeping in mind Qp(0) =
0 will lead to

t
Pp(t) = PLPpH(L) + / ds PLGo(t — s)QLPH(s). (4.7)
0
Simplifying this expression with PLP = LgP, PLQO = PLr and QLP = L1P gives the
Nakajima-Zwanzig equation

Pi(t) = LsPp(E) + /O ds K(t — s)Pp(s). (4.8)

with the Kernel superoperator K(t) = PL1Gg(t)LTP. We have used here another slightly
different definition of the propagator for the entangled part Go(t) = e(£st£B+2LTA! Which
can be substituted in the following equation with the formerly defined Go(t):

P[,gg(t) OLP = 'Pﬁegct OLP = P£T€(£S+EB+Q£TQ)t£T'P
= PﬁTGQ(t)ﬁTP. (4.9)

The Nakajima-Zwanzig equation (Eq. (4.8)) is so far exact to all orders in the tunnelling
Hamiltonian Hy and the Markovian approximation is not performed so that the time
evolution, not only the steady-state, is captured exactly via the propagator Gg(t). In
this thesis, however, only the steady-state is of interest. The steady-state of the RDM
is reached at an infinite time and is per definition preq(t — 00) := p>°. In this limit the
Laplace transformation (L.t.) can help us to simplify Eq. (4.8). In general, a Laplace
transformation is defined as

Lt{f(t)}=f(\) = /Ooo dtf(t)e . (4.10)

Our aim is now to perform this transformation on

i) = /0 ds K(t — s)Pp(s) (4.11)

which yields, due to the convolution theorem,

L.t.{3(1)} = §(A) = K(A)PH(A). (4.12)
According to the final value theorem (limy s f(t) = lim,_,o+ Af())), Eq. (4.8) turns into

0=Lsp™ + lim MC(N)PH(N\) = (Ls + K) p=. (4.13)
A—0t

Hereby, we used the fact that a limit of a product is the product of the limits if they exist,
so that we can write limy_,o+ APp(A) back into p>°. From now on, we will denote with K
the Laplace-transformed Kernel which is defined as

K7 = lim Trp {chQ(A)ch ® pB} (4.14)
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4.2. Sequential tunnelling

with _C’;Q()\)Nthe Laplace transformation of the propagator Gg(t) which can be therefore
written as Go(\) = [\ — Lg — Lp — QL1Q] ", Tt is possible to rewrite the Kernel K as a
series of Lr. Using the relation for a geometrical series

1 1 L n
x—y:x(ly)zz%)(i) z (4.15)

with 27! = Gy and y = QL1Q. Gy = limy_,o+ Go(A) = limy_,o+ [\ — Ls — Lp] ' is the
propagator of the system and the bath in Laplace space. We obtain

> ~ 2n .
Kp™ = Trg {cT > (900erQ) " o™ @ ﬁB} . (4.16)

n=0

Since Pﬁ%"HP = 0 for n € N, only an even number of L survives in the trace of the
bath. It should be noted that the limit limy_,o+ should be performed at the very end of the
calculation and not in the free propagator alone. In the following, this fact that the limit
still has to be performed is marked with 0" in the propagators. This procedure of writing
the propagator Q~Q(/\) in a geometrical series is only valid if the series converges. This
condition is fulfilled in the so-called weak coupling limit where the tunnelling rate is small
compared to the temperature (Al' < kgT'). Rewriting the Nakajima-Zwanzig equation
(Eq. (4.8)) in the steady-state limit results in

P =0=Lp>® = (Ls +K)p>™. (4.17)

4.2. Sequential tunnelling

Considering the full Kernel from Eq. (4.16) to the lowest non-vanishing order, K = K® +
O(H?Y), we get the following sequential tunnelling Kernel

1

(2) joo — s
K0 B {£T0+—£s—£B

Lpp™ ® ﬁB} . (4.18)

This Kernel will be also called second order Kernel due to the appearance of two Louvil-
lians L7 and therefore denoted by the superscript ”(2)”. To simplify the notation of a
superoperator X, let us introduce the parameter o which is defined by

(X, pl=Xp—pX =XTp—Xp=> aX. (4.19)

«

Using this notation for L yields

LrX = — (BrX — HrX) = — 3" p (D)% - X DY)
pb

o— Z ’Jr _’+ [ _77 % R
==Y p (Pt D)) X = -
pb

LN paphey. (4.20)
pba

Hereby should be noted that the minus sign arising from the commutator of the Hamilto-
nian is cancelled by the relation: (XY)® = aX*Y*if {X,Y} = 0. The required condition
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4. Transport theory

of anticommutating operators are provided in our case by the fermionic anticommutation
relation of {é’g , Df } = 0. The operators transform to Liouville space superoperators like
& — ™ where « indicates an operator which acts from the left or right side. Applying
Eq. (4.20) on the second order Kernel of Eq. (4.18), we obtain

) 7] ]. / / =/ /
]C(Q) 500 _ _ ' P ppe Cp/,a Dp/ o aoco ~ 491
P hbzpp B\ Do o —inrs — g Det P @y (21)
ap
b/a/p/

with the energy & which is associated with the rightmost bath operator which can destroy
(pf = —) or create (p/ = +) an electron. The next step is to separate the bath part
from the system part. In order to achieve that we have to use the commutation rule for
superoperators which reads X aye’ — _qa/YY X in case of anticommuting operators.

The result is

~ { D 1 5 ol ~ VN
KO =5 2 o' DY i ihLs — p'&y Dy o™ Ty MVQC@@ pB} - (422)
b

The trace over the bath can be performed using the bath correlators of the Fermi-Dirac
statistics

Trp {c]g,ac]g/’,a’pB} = <Cfo’_?(0?/;?él;,> = 5ll’500’5kk’5pﬁ’fl(pa ) (flok) (423)

with the Fermi-function f} (¢) = 1/(6pﬁ(6_“l)+1) together with 8 = 1/(kgT) and its coun-
terpart with no units f? (z) = 1/(61” + 1) . It should be emphasized that the superscript
of the Fermi-function is (pa’) which can be deduced starting from the general expression
Tr{clgkclakp} = (A) = f;*(&ox), using the cyclic property of the trace and respecting the
different cases for left operators a = 4 and right operators o = — in our notation. Setting
g = glak ylelds

p f(po/) (€> glo(g) ! oo
E E de aa/ D> 2 DPe 4.24
/ c lo 50+ —ihLg + pE lo P ( )

lap aa’

with the replacement Y, = >, = >, [de > 0 (e — €iok) = D, [ de gis(e) with gio(e)
the density of states for the spin o of the [-lead. It should be noted that throughout this

thesis the D-operators are not dependent on k and thus are not dependent on ¢ as well.
Therefore, we will drop the index k of the D-operators after the energy integration. It
will be important for the energy integration to have a Lorentzian cut-off function L(W,e)
which ensures the convergence of the integral. The physical argument for this is that we
assume the so-called wide band limit. In a wide band of energies, the density of states is
constant (at g;,) with a cut-off at very high energies. According to this requirement, the
density of states could be written as g;,(¢) = Gio L(W, e — i) = Gio W?/((e — 1) + W?)
with the high energy band limit W. To proceed further, we separate the D-superoperators
again in the tunnelling amplitudes and the d-superoperators to be able to define the entries
of the tunnelling rate matrix as

2T s
l nm T Z 1—‘l ,nm Z fglgtlpgk,ntfak,m' (425)

As it can be deduced from its name, it has the dimension of one over time. The explicit
form of these matrices will be at the very heart of the interference effects which will be
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4.2. Sequential tunnelling

discussed to a greater extent in chapter 7. Their size is in general n X n where n is the
number of single-particle states of our quantum dot system. Expressing Eq. (4.24) with
the tunnelling rate matrix leads to

o) (o) LW, e — )

5t '
de aaT?nmdﬁ’o‘ L 0 —ihis 1 pe db* 5. (4.26)

K= SN |

o0
nm pl oo’ "
where d® is the czzfl—operator in the Liouville space. To perform the energy integral in this
Kernel, we have to go from the operatorial level with the Liouvillian Lg acting on the whole
density matrix containing many different energy differences to one specific energy difference
AE. This projection is explicitly shown in [29]. The part of the energy integration can be
then substituted by Y& (8(AE — py)) with

i f (@) L(W, )
Com dxm(m — p) + 0+

Yo (1) = (4.27)

with the renormalized energy band limit W so that W is dimensionless. This integral
is explicitly performed in Appendix A in close analogy to [27], but with the important
difference that the splitting of the real and the imaginary part is not executed. This
splitting is closely related to the Sokhotski-Plemelj theorem with its imaginary part with a
d-function and its real part with a principle part integration. With our approach, though,
we rely only on the residuum theorem to obtain the result. This approach will be the
method of choice also for the more complicated integrals later in this thesis. Finally, we
get for Y (1),

1 in 1 i 1 in 1 i
ny L,y M O(2 L W\ _olo_2_"Mlgo (2 ) _
Vel = =5/ - 52 [Re\l/ <2+27r> C} 1 on [\P <2+27r> C}
(4.28)

with the constant C' = \P(O)(% + %) defined by the renormalized wide band constant W.
We furthermore introduced the digamma function

=1 > 1 =1
v (2) ::—Zn+z+210g<1+n>:—Zn+Z+Cl, z€C. (4.29)

The last step of Eq. (4.28) is the result of our residuum-only approach and the first equal-
ity sign is reached through the aforementioned Sokhotski-Plemelj theorem. The relation
to transform the Fermi-function into the imaginary part of a digamma function is the
following

Ime© (; + ;) = % (; - fp(a:)> , 2 €R, pe {*1}. (4.30)
The constant C' always disappears when summing over the a-indices. Therefore, we can
drop C from the sequential tunnelling Kernel calculation. The proof can be found in
Appendix B. The final expression for the second order Kernel K£(2) is obtained by inserting
the energy integral function Y into Eq. (4.26)

K@ 52 =" ad IV, dbdb Y (B(AEmpar — ppu)) (4.31)
nmp
laad’

It should be noted that the energy difference AE,,,, depends on the df,’la/—superoperator.
This superoperator will change the density matrix on which then the system Liouvillian
Lg is acting on to retrieve an energy difference AFE.
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4. Transport theory

4.3. Cotunnelling and pair tunnelling

If we include the next leading order in the expansion of the Kernel, we get a Kernel which
is valid up to the fourth order: K = K& + K® + © (ﬁf}) This regime of tunnelling
events up to fourth order in L1 is better known as the cotunnelling transport regime.
In this regime two new processes are included, namely the cotunnelling ones and pair
tunnelling ones (depicted in Figure 1.2). For the fourth order Kernel, we obtain according
to Eq. (4.16):

KW = PL1rGoQLTr QG QLT QG L P (4.32)
Applying PLIP = 0 for n € N yields:

KW = PLrGoLrGoQLTGoLrP
= PLTGoLTGoLTGoLTP — PLTGLTPGoPLTGoLTP. (4.33)

We used hereby also that .C;o commutes with Q respective P and Q> = Q so that the
outermost Q-operators vanish and the innermost square to Q. If we let K*) act on a
density matrix, we get

1 - 1 -
(4) poo _ ~ . 04 P4, L p3a3 D3,
K ,OOO N Z (le> TI.B{CS: 4Db: 40+ —Ls — LB Cgs 3Dbs3 ’

{aiH{bi} \ i
{pi}
;CpmazDﬁmaz ;Cpl,alel,al 0O ® b
0F —Lg—Lg2 T2 O0F _Lg_fgn Tt POEPB
1 b 1 _
_ﬁ Z <H pl) TrB{Cg:’a4D§:,a40—‘r_Hcgg,OLgDi);’a:;
{Oéi}{bi} 7 S B
{pi}
1 Ne’ 13 Ne? 1 e 13 Q1 A .
pm”gﬁ "D, chzzﬁ "D P @ pr b (4.34)

Bringing the bath operators together with the help of the commutator relation for superop-
erators and performing the trace on them results in an expectation value of four respective
two creation operators. The leftmost bath Louvillian is picking up the energies from the
three Louvillians to the right so that a sum of energies is arising:

KO =5 % (Hp) [<c€:’“‘*c€s’°‘3c§§”c€;m>szm

{aiH{bi} \ 1
{p:i}
1 i 53,043 1 D2,002
10T — ihﬁs - Z?:l pjfbj 3 10t — iﬁﬁs - Z?:l pjfbj
: : 1 thal ~00
i0t —ihLs — p1&, 7
1 D3,03 1

_ Cp47044cP3,013> <CP2,0426P170£1> Df>47044
< ba Tbs by b b 40t —ihLs — p3&, 10T —ihLs

_ 1 _
DPzaz DPLa1 500 4.35
b2 40t —ihLs — p1&, O p ] (4.35)
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4.3. Cotunnelling and pair tunnelling

where ¢ € {1,2,3,4}. Wick’s theorem for superoperators states (compare appendix Al of
[29]):

(P = () (e
— agag (cy'65?) (c5° ")
+ aga (¢ el) (53 5?) (4.36)

With the help of this relation, it is possible to simplify our fourth-order Kernel. The first
term of the three terms in the result of Wick’s theorem is exactly canceling the second term
of Eq. (4.35). The two remaining contributions of the relation can be split up in (4

h P’ - s p
IC(4 D) = Z Z a10y4 / de / d€ F?nm I'n'm’ L(W7 € — Ml)L(Wa 5, - ,u/l’)d%a4
{az}{b } —o0
{n}{m}
{p}
fl(pal) (€) P a3 1 p' o flp o) (') P01 500

i0+t —ihLs +pe ™ i0T —ihLg +pe+pe’ ™ 0t —ihLs +pe "
(4.37)

and KC(4X)

h : . _ _
X oo =13 ! > aay / de /de ] Ul i LW & = ) LW, &" — pur)diy™t

{az}{b } —00
{n}{m}
{r}
(pa) (v’ a2)
f[ (5) D a3 1 D, 02 fl ( ) v, OflpAoo
i0+t —ihLs +pe ™ 10T —ihLs 4+ pe +pe’ ™ i0F —ihLs +ple! ™
(4.38)

The constant part of the density of states is disappearing into the two tunnelling rate
matrices I‘p Lnm and Fl, e It can be shown that this superoperator formalism is equivalent
to the ansatz in the dissertation of S. Koller [5]. The difference between these approaches
is that the superoperator formalism is treating the problem in the Liouville space and
therefore can be mapped into single-path diagrammatics. Koller’s approach is performed in
the Hilbert space and can by nicely mapped into double-path diagrammatics. Furthermore,
she explicitly calculates in her dissertation the real part of these energy integrals of the
fourth order Kernel which she calls D- and X-functions (compare Table 4.1). The next
step is to perform the energy integrals of the two fourth order Kernels. The D-function is
defined by

/ !
DI (il A) =

,Lh o o0 / f(n) (x) 1 f(n/) (Qj,)
- — 4.
= /dx / dz oF (4.39)

+p(x—p)i0t +px+pa’ — A0t +p(x— /)

and the X-function reads

/ /
Xpp (s i, A) =

7 T (n) ('Y (0
—%/dx/dx’, S (@) ! @) . (4.40)

i0T +p (v — p) i0T + px +p'a’ — A0t +p/ (o' — /)
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4. Transport theory

The analytic expression of the two integrals can be found in Appendix C. Using these two
definitions K* will simplify to

/C(4)pAoo _ []C(AL,D) X ]C(4,X)} 5

= Z a0 Finmrﬁn,m, [Dilf2 (0,0, o)drg,ou;df;'/,as dﬁ'f@ dr
{ai}{bi}
{n}{m}
{r}

+ X102 (0, o)dﬁ’a4dz/,’a3df,’za2dg;}al P> (4.41)

with O = B(uj, — p), © = B(W), — pw), © = B(Aj, — p — p'ur) and x = B(p}; —
p'uy) where the inverse of the temperature enters via 3 and the chemical potential of the
respective leads via y; (compare Appendix C). The subscripts {ji, j2,73} of the energy
differences p/, A and g indicate that these energies depend on the variables of the first
(a1, p,m), two first respective three first d-superoperators.

4.4. Diagrammatics

In this section, we will discuss the diagrammatic representation of the Kernel of Eq. (4.16)
which was introduced by Gerd Schén, Herbert Schoeller and Jiirgen Konig [32, 33|. This
helps us to identify and visualize the underlying tunnelling processes. At first, we want to
introduce a double-path diagrammatics with its two time lines which represent a forward
and backward propagation on a Keldysh contour [5, 27]. At the end, we want to draw a
comparison between the latter and a single-time line diagrammatics which is more compact
and which represents the Liouville space in a more straightforward way [29].

Starting with the two-time line diagrams, we notice the general structure of the GME of

Eq. (4.17). Every final state (|¥y) (¥y|) is obtained from initial states (|¥,) (¥4/|) which
will be transformed via tunnelling events contained in the Kernel.

X X Z BN
(W] 5 [ W) = 635 = 0= —= > Suvbarwy (Ba — o) paa + D K

a'a aa
[Wy) < [Wa)
= OabOaty /522’
(Wy| > (Vo
|‘1Ib> ‘\I’a>
+> | (4.42)
a a
(Wy| > (Vo

The first part of the equation is the coherent part which directly stems from the system
Liouvillian L£g and can be seen as a free propagation of one specific state. The second
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4.4. Diagrammatics

part with the grey block in the middle represents all tunnelling events arising from the
perturbation expansion of the tunnelling Hamiltonian. Approximating the Kernel up to
sequential tunnelling will lead to the following eight diagrams:

2 \ ‘ \ ‘
K@ = N le Lo + N lo Lo
~it ~--
o—
7’
’
PO Sy JOTS SNy
+ s lo A + 7 lo S + f lo
4 \ ’
’ \ ' \ e
1 \ 1 \ i

— @ <@
+ A le ®lo o+ A o
—e o> — o5
(449
o) Qg

The two black vertices represent the two DL “-operators of the Kernel. They are connected
via a dotted line which stands for a Wick contraction. The Wick contraction will result in
a Fermi-function (compare Eq. (4.23)) and thus the dotted line connecting two dots can
be further specified with the lead index [, the lead spin ¢ and the p index which governs
the direction of this fermionic line. As an example, one could take the first diagram
of Eq. 4.43 where we see that the rightmost and therefore time-wise the first tunnelling
vertex is connected to an out-tunnelling event. It can be seen as an electron with spin
o which is annihilated in the system and transferred to the l-lead. The tunnelling rate
matrix I'7,  is incorporated in the two D5*-operators and can set a specific diagram a
priori to zero. Tt should be emphasized that the lead spin in the two connected tunnelling
events is always preserved but it is not in general true that a spin up injected electron
will create a spin up electron with respect of the dot system. To each diagram a certain
Y -function is associated which will weigh a specific tunnelling event similar to the entry
of the tunnelling rate matrix. D} *-operators on the upper/lower contour have an index
a = £1 and act from the left /right on the density matrix. The last diagram of Eq. (4.43) is
a single-time line diagram. By summing up the variables p, a1 and as, the eight sequential
tunnelling diagrams of the two-time line diagrammatics are recovered. In Table 4.1, we
find a comparison of these two concepts.

Furthermore, we want to direct the interested reader for the transformation of the dia-
grams into the analytic form and vice versa to the appendix Al of the dissertation of M.
Niklas [34]. With these so-called diagrammatic rules, it is possible to rephrase the lengthy
tunnelling contributions into compact diagrams and visualize them. At this point, we
will give an example of a cotunnelling diagram of the D-type in both diagrammatics. To
highlight the physical interpretation of the diagrams, we opted to project these diagrams
already on the exemplary initial density matrix |0) (0] of an single quantum dot with the
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4. Transport theory

four available states {|0),|1),]}),]2)}:

p—+,0 =], I=L
2) > [0)
e
p’:+,0/ :T717:L — "/” (444)
A
)
12) (2| 0y (2 —e———— (0|

LR I PR (VI R (Y B

The depicted diagrams can be classified as pair tunnelling events where to electrons - in
this case from the left lead - enter into the system (compare Figure 1.2). The p/p’-indices
together with the a-indices which are depicted below the tunnelling vertices, indicate that
two electrons are created in the system part. The o/c’-indices tell us that the created
electrons have opposite spin. Fixing all the indices will lead to three different virtual inter-
mediate states during the tunnelling event and their energies will be then the parameters
of the respective D-function.

Hilbert space Liouville space
Equ?utlon of \\I/> _ _%ﬁ T) p=Lp
motion
Evolutors U(t,0) = e~i/h Ht G(t,0) = e
Free evolution Uo(ta 0) |Wy) (Ve Ug(t, 0) Go(t,0) paar
Diagrammatics W) o)
of a free evolu- [Wp) (Wy| < |Wa) (o
tion (V| > (U,
U,)) «<o—eo— |U
D e LN
diagrams e [Wo) (W |Wa) (Vo
S <\Ifb/| ¢ & > <\1/a/|
U,)) «<o——o— |U
e . A . ) (] NN [0 (0
diagrams AN LA a/\Fa’
& (W | ——e—30——> (V|

Table 4.1|Comparison of the Hilbert space and the Liouville space

4.5. Current Kernel

In close analogy to the Liouvillian £ = Lg + K with its (time evolution) Kernel K =
K@ + K@ which was derived in the previous sections, we can find the so-called current
Kernel. The reasoning starts with Eq. (3.19) where we know that the expectation value
of every operator can be deduced from the density matrix. The current is defined as the
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4.5. Current Kernel

derivative of the particle number up to a prefactor with the elementary charge e:

I, = —e% <Nl> = —e%Tr {Nlﬁ(t)} =—elr {—Nl; {ﬁtomﬁ(t)} }

1

= e%Tr {Nlﬁtotﬁ(t)} — e%Tr {Nlﬁ(t)ﬂtot} =Tr {eh []\71, I:Itot} ﬁ(t)}
_ {e; {Nl, ﬁT}ﬁ(t)} —Tr {flﬁ(t)} - {I} Qﬁ(t)} : (4.45)

Due to the cyclic property of the trace, we can combine the particle number operator of
the [-lead Nl =D .k ézrakélak again with the total Hamiltonian ﬁtot. In the second last
step, we obtain the definition of the current operator I of the I-lead. In the last step,
we use the fact that one can concentrate itself only on the entangled part Qp(t) of the
density operator. The part Pp(t) is always diagonal in the bath basis and does therefore
not contribute to the current due to the odd number of lead operators in the current
operator. The procedure is now very similar to the one of the time evolution Kernel. We
plug Eq. (4.6) into Eq. (4.45) and obtain

I, =Tr {I} /0 t ds Go(t — s)QﬁPﬁ(s)} =Tr { /0 t ds Kl (t — s)ﬁPﬁ(s)} (4.46)

with the current Kernel K/ (¢) defined as K/ (t) = PLGo(t)LrP and K =Tlimy_o+ K ().
The stationary current is then given by

A e ~ 2n .
I7° = Trp {Il > (900erQ) " Gotrp™ @ ﬁB} (4.47)
n=0

if the same steps are taken as in section 4.1 in respect with the Laplace transformation. In
comparison with the time evolution Kernel (Eq. (4.16)) just the first £ is substituted by
the current operator. Therefore the calculation of the current kernel is very similar. There
are three modifications with respect to the diagrams of time evolution Kernel:

e Lead index: The lead index [ of the current operator I; fixes the l-index of the last
(leftmost) vertex. No summation over the fermionic line connected to the last vertex
is therefore needed.

e Position of last vertex: The current operator I is a left superoperator. For this
reason, the last vertex is fixed on the upper contour (two-time line diagrammatics)
or generally, this a-index is fixed to +1.

e Direction of last fermion line: The sign of the diagrams where the fermionic line

points away from the last so leftmost vertex has to be inverted. This difference stems
from a sign difference in Hr in respect with I; (compare Eq. (2.5) with Eq. (4.46)).
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Figure 4.1| Current and differential conductance of a single quantum dot with exited
states due to Zeeman splitting: a) Fourth order current of an Anderson impurity model with
the Hamiltonian of Eq. (2.4) which is additionally made particle-hole symmetric. The green areas
represent the Coulomb diamonds (e.g. the one with particle number N = 1) where the current is
strongly suppressed. The parameters are the following and all measured in units of the Coulomb
interaction U = 1: T = 0.033, E, = 0.5, W = 10°° and a diagonal T" with a coupling strength of
0.006. The gate and the bias voltage are both as well measured in units of U so that the particle
number rises from the right to the left. b) Differential conductance dI,/dV in a so-called stability
diagram. The excited transition lines due to Zeeman splitting can be seen clearly. In the Coulomb
blockade region, there is enhanced current through cotunnelling events in comparison with only
sequential tunnelling.

4.6. Transport code implementation

In this section, we will shortly address the topic of the transport code implementation of
the just-introduced theory. The main goal of this implementation is to rigorously include
coherences within the cotunnelling transport regime. Furthermore, we want to be as generic
as possible in terms of the specification of the treated systems, e.g. we want to easily change
the leads by giving them a spin polarization or change the size of the central system. We
are aware that there are already other codes (e.g. [35]) which are capable of treating the
cotunnelling transport regime with coherences but they are not as easily applicable to more
sophisticated systems due to their numerical expensiveness.

In the past, we used, among others, the program called KinkEq which was written by M.
Leijnse, M. R. Wegewijs and S. Koller [5, 36]. This transport code is well optimized in
terms of calculation time but there is a problem in the way how it treats coherences. It
fully incorporates the second order coherences via the principal part of the Y-function but
not fourth order coherences where one would need the imaginary part of the cotunnelling
integrals D and X. The line of argumentation which justifies their procedure of still having
a consistent fourth order Kernel is based on a splitting of the Kernel in a secular part of only
populations and a general non-secular part [5]. However, if one has to deal with coherences
which are quasi-degenerate, this ansatz cannot justify anymore a proper treatment of the
problem. By contrast, we can confidently claim that with our newly implemented code,
we can treat also the dynamics of all coherences up to fourth order. On the other side, we
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Figure 4.2| Double quantum dot reduced density matrix of the steady state: The diago-
nal elements are the populations and the off-diagonal elements are the coherences. In general, the
size of the reduced density matrix of a double quantum dot is of size 16 x 16 due to its 16 states
{10,0),11,0),]0,1),]4,0),...,]12,2)} which are depicted in a number representation. The general
Kernel would be then of size 256 x 256. Due to the conservation of total particle number, the
entries, which have to be considered, are reducing drastically (blue blocks). It is obvious that with
increasing system size the exact treatment of all states soon becomes unfeasible - even just in the
blue blocks of defined particle number.

enter into a way more complicated realm due to the sheer number of coherences when we
consider bigger systems with many degenerate or quasi-degenerate states.

In the previous sentences, we justified the way, namely to include all coherences up to fourth
order, how we are setting up the code and now we will come to the actual description of it.
It should be emphasized that this description is to no point complete but rather will focus
on the overall picture. The numerical computing environment for this project was chosen
to be MATLAB. Usually, we want to calculate the current in a gate voltage-bias voltage-
map (see Figure 4.1 a)). At every point in this voltage landscape, we set up time the
evolution Kernel - if desired up to fourth order. According to the modifications explained
in section 4.5, we easily can deduce from the time evolution Kernel K also the current
Kernel ICZI which is just a subset of it. The steady-state density matrix p>° can be then
calculated (compare Eq. (4.17)) by

0= <£S +E® 4 /C(4>) P (4.48)

with keeping in mind the definition of the system Liouvillian LoX = —% [ﬁs, X] Fortu-

nately, we can reduce the number of non-zero entries of the steady-state density matrix
due to the conservation law of total particle number (see Figure 4.2). With additional con-
servation laws, we can further reduce the acquired block-diagonal structure of the density
matrix. For example, we can exclude coherences between states of different total spin num-
ber (conservation of total spin). Solving Eq. (4.48) can be a tough mathematical problem
in its own. During this work, we faced at several occasions numerical instabilities due to
an inadequate solution of this task where the result can be then highly inaccurate. We use
the built-in eigs-function of MATLAB to solve the equation and find then the eigenvector
of the eigenvalue which is closest to zero. The eigs-function of MATLAB uses an Arnoldi
algorithm to find the eigenvectors respective the eigenvalues [37]. If there are many eigen-
values which fulfill this condition of being close to the value of zero, then it can happen
that we do not find the correct eigenvector. It should be emphasized that we are aware
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4. Transport theory

of more sophisticated ways, namely using a preconditioner (compare [38]), to tackle this
problem but at this stage we do not focus on this. The focus of the implementation is more
on the crucial step to calculate the time evolution Kernel via the diagrammatic technique
as accurately as possible while at the same time not using too much computational power.
The time-consuming part is the one of the calculation of the D- and X-functions. The
reason for that is the fact that the analytical expressions of them (compare Appendix C)
include sums which in principle go up to infinity. To speed up the calculations, we first
of all choose to split them up into different cases where the involved energy differences
share certain properties like e.g. 4 = 1/ and A = 0 in the case of D.i . There, the sum of
a digamma function with two denominators of the general case disappears and therefore
speeds up the evaluation. In the general cases, we truncate the sums in the following way,
here exemplary shown for a part of the D-function:

inn’ & O (1+k+2)
IR
ey (+k+m)
kﬂ<k+ + ) (k+3+ %)

\

+§imfml+k+N>+0@Q+000+@WU (4.49)
k=0

k+ 5+ N)°

We noticed that if we truncate the sum up to a certain number there is a slowly converging
shift in comparison to the exact result. If we add the first term of a Taylor expansion in
the three energy parameters to the truncated sum, then we compensate this shift. The
truncation is chosen so that (N — 1) > |B(max(u, u'))/(27)|.

Another time-consuming part is the calculation of the intermediate energies which will be
then the arguments of the D- and X-functions. These energies stem from the product of the
four creation-/annihilation-operators (compare Eq. (4.41)) and they can be seen as different
paths to reach a certain final state. In the code, a huge speedup is achieved if we precal-
culate this product of the dh“-operators for every set of parameters {a;},{n}, {m}, {p}.
We can store then all the paths which are associated with one diagram in an energy inde-
pendent tensor (compare Table 4.2). This tensor can be finally used for the whole voltage
landscape.
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4.6. Transport code implementation

Final state: |Uy) (Uy| | p-state A-state p'-state | Initial state: |U,) (V]|
2,2 (2,2 L2 @2l | 1L 2] 1122 2,2)(2,2]
2,9 2.1 L) @A | 11,0y @,1 | 11 2.1 2,1) 2.1
T, (111 10,10 (1 41| 10,00 ¢85 41| [0, 1) (15 1 1) (1,11

Table 4.2| Precalculation of intermediate paths for the cotunnelling energy integrals:
A specific diagram allows only some transitions from an intial state |¥,) (V.| to a final state
|Tp) (Uy|. In this table, an exemplary diagram which is determined by a certain configuration
of its d-operators is chosen (d:4dP,“*dP 2 dp,or — dip dii d d ). Tt is a D-type diagram
where all the superoperators act from the left on the density matrix due to the a-indices. The
density matrix which we are looking at in this example is one of a double dot with four single-
particle states {|t L), [T R),|} L),|} R)}. Before going through the whole voltage landscape, we
identify the paths which are connected to each diagram and store them in a tensor. For the actual
calculation of the Kernel with a given bias and gate voltage, we just have to calculate the value of
the possible energies but not again the paths itself, plug them into the D-function and place the
result according to the initial respective final state in the correct position of the Kernel.
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Spin resonance model

In this chapter, we will focus on transport through a single and a double quantum dot in the
spin valve configuration. In this setup, one can find spin resonance lines in the stability
diagram which are due to a mixing of spin channels induced by an effective exchange
field. This setup is ideal for comparing the results of the self-implemented transport code
of the cotunnelling regime with existing numerical transport data. In this respect, we
have to mention the work of M. Hell et al. where they analyze such a spin resonance in
a single quantum dot [35]. We will dedicate the first section to the explanation of this
mechanism and afterwards, we will show explicitly the effect of including cotunnelling
events to the transport calculations. In the second section of this chapter, we will go
beyond the Anderson impurity model and extend their work by looking at a parallel double
quantum dot and analyze its spin resonance lines with the help of our found equations of
motion.

5.1. Single quantum dot spin resonance

In order to obtain a spin resonance line inside the Coulomb blockade region, three points
are crucial. First of all, we need to have degenerate or almost degenerate states in our
system. This is achieved when we do not apply an external magnetic field to the quantum
dot so that the spin up and spin down levels have the same energy. As we have pointed out
already in the introduction, this is a necessary condition for interference effects to appear.
The second point is - again another prerequisite of interference effects - the existence
off-diagonal elements in the tunnelling rate matrices which can be associated with the
tunnelling behaviour of the two leads. To be more precise, we do not need them just to
be off-diagonal rather them not to share a common eigenbasis with the energy eigenbasis
of the central system. With this condition, we are sure that there is not another basis
where these three constituents, namely right lead, leaf lead and central system, can be
diagonalized at the same time. The last point for the existence of a spin resonance line
is that we need the setup to be in the so-called spin valve configuration which we achieve
e.g. with ferromagnetic leads of almost antiparallel alignment [39]. The mechanism of
a spin valve setup is explained in more detail in Figure 5.1. First of all, we define the
Hamiltonian of the quantum dot Hy (compare Eq. (2.3)):

. U\ 45 : ot
Ho= Y <50_2> did + Udldydld). (5.1)
={1.4}
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5. Spin resonance model

-
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Figure 5.1| General setup of a single quantum dot in the spin valve configuration: The
two black arrows indicate the polarization unit vectors my, /g of the two leads which are in this
case almost antiparallel aligned so that the angle between them is approaching ¢ = 7. If now
one electron with the spin from the left lead enters into the system, there is almost no possibility
for this electron to leave the system through the right lead. The red arrow symbolizes the spin
of the central system S. The effective magnetic field B which stems from an interplay of spin
polarization and electrical correlations on the dot will induce a spin precession. With the thickness
of the arrows between the dot and the leads, the asymmetry in the coupling should be emphasized.
At the vectorial resonance condition of maximum precession (compare Eq. (5.7)) the spin valve
effect is partly lifted and a spin resonance line appears (see Figure 5.2).

To account for the spin polarization, we choose the tunnelling rate matrix for the I-lead to
have the following form:

2T 5
o = D 50ttty = [T (L2 + Py - o)) (5.2)
o
An upper index p = —1 of the matrix in the last step does not change the matrix while

p = +1 will transpose the matrix (compare Eq. (4.25)). The spin-averaged coupling
strength of the tunnelling rate matrix F? is defined by half of the trace of the given matrix.
The polarization of the [-lead is entering this formula via P, and the polarization unit
vector of the [-lead via m;. The vector o contains the Pauli-matrices o as entries:

o P (R B (O -

From now on, we will use bold symbols to denote vectors. In Figure 5.2, the transport data
of the self-implemented code is shown. Before explaining all the details of the plots, we first
want to give all the tools which are necessary for a full understanding of the mechanism.
To define the state of a single quantum dot, we need in principle six parameters: the three
populations (pg, p1 and pe2) and the three components of the spin S. The components of
the spin are defined by the expectation values of the spin operators S;

N 1 ~
SZ‘ = 5 Z dAz, [Gi]CC/ dg/ (5.4)
¢
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5.1. Single quantum dot spin resonance

with ¢ = z,y, z. The equations of motion which follow from this setup are

Do = — 2P0+ V0P + 2710 - S, (5.5a)
P1 =270 — (Vo +731) P1+ 29512 — 2 (Y10 — ¥31) - S, (5.5b)
P2 = Va1 P1 — 2791 P2 — 29351 - S, (5.5¢)
S =~fypo+ (—ivi + 2v31) 1 — Y2 — (Vo +51) S — S x B (5.5d)

with v = > ’yljfnm and ’yljfnm = I’? fljE (e —pnm) where iy, is the energy difference between
the state n and the state m. The vectorial form is defined by v, = >, anmli’rnm. Out of
an analysis of these equations, we can deduce two things. Firstly, we encounter in the last
term of Eq. (5.5d) a part which acts as if it would be a magnetic field thus will be called
effective magnetic field B:

B => 2PT{Im (Y{ (10 — ) = Vi (n21 — o)) my (5.6)
l

In other sources, the same field is referred to an exchange field. The effective magnetic field
is induced by Coulomb interaction and is characterized by the difference of the principal
parts of the Y-function and thus by the real part of the digamma functions (compare
Eq. (4.28)). This effective magnetic field can be seen as a many-body interaction effect
which will vanish if the Coulomb interaction U becomes zero. The effective magnetic field
B causes precession of the spin S but it also generates a spin splitting of order F?. Due
to this precession, an electron captured in a spin valve configuration can now turn its spin
in order to leave the dot which results in a lifting of the spin valve. This lifting effect
can only appear if our system stays in a coherent state for a certain time to be able to
precess. Coherence, as we have pointed out already a couple of times, is described by the
off-diagonal elements of the tunnelling rate matrix. For a coherent state in the reduced
density matrix where we traced out the leads and the tunnelling rate matrices are tilted,
we need inevitably the off-diagonal elements of the reduced density matrix, namely the
coherences, to describe such a state. It is therefore reasonable why in B the principal
parts which are connected to the dynamics of the coherences appear. In the work of M.
Hell, they gave a vectorial argument for the lifting of the spin valve [35]:

B-nj, = (Byny, + Brng) -ny, = ((BL + BR7||) ni, + BR’J_TLJ_) -ny, = By, +BR7H =0 (5.7)

They argue that this is the condition of maximum precession. The magnetic field can
be split up into one part stemming from the left lead Byny and one from the right lead
Brnpg (compare Eq. (5.6)). It is possible to reexpress the part from the right lead into
one which is perpendicular to left lead Br n| = Brsin¢mn | and one which is parallel
to it Bgmy = Brcos¢mny. The second point which we can deduce from the equations
of motion is the one of the overall current suppression of the spin valve itself. When the
effective magnetic field is ignored and at large biases where the Fermi-functions are either
0 or 1, we get for the current [39]:

PO
I= % (1 — P2sin? q;) . (5.8)

Now, we want to turn our attention to a precise description of the actual transport data
of Figure 5.2. One can observe a spin resonance line in the current landscape but even
better in the stability diagram of differential conductance. In all the shown plots, we have
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5. Spin resonance model

an asymmetry (I')/T% # 1) in the coupling to the leads. Without this condition, we
would observe the resonance line at zero bias voltage according to Eq. (5.7). The plot of
the fourth order differential conductance (see Figure 5.2 a)) matches perfectly in shape
and magnitude the one from Figure 2 of [35]. Together with various line cuts which also
agree with their data (e.g. Figure 9 of [35]), we have a strong indication that our fourth
order code is producing trustworthy results. This spin resonance effect already appears in
second order calculations as it is anticipated from the second order resonance condition
(see Figure 5.2 b)). Comparing the scale of the differential conductance in fourth and
second order, we can see that the resonance line in the second order is stronger than in the
fourth order plot. Generally, there are two competing influences of including fourth order
processes.
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Figure 5.2| Transport data of a single dot spin resonance in the spin valve configura-
tion: a) Differential conductance obtained by fourth order calculations: The transition lines are
highlighted by the black dashed lines. The s-shape of the spin resonance line is centred around
the particle-hole symmetric point. With white dashed lines the predicted resonance position is
marked. b) Differential conductance obtained by second order calculations: In comparison with
a) the spin resonance line is more pronounced. c¢) Current obtained by fourth order calculations.
d) Difference of fourth order and second order current highlights the increased current through
cotunnelling events inside the Coulomb blockade region. Furthermore, suppression of the resonance
line through increased spin decay can be extracted. The parameters of all plots are measured in
terms of the Coulomb interaction U = 1: T = 0.05, E, = 0, W = 10%°, ¢ = 0.99 7, P, = 0.99 and
2T =T'% = 0.01.
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5.2. Double quantum dot spin resonance

On the one hand, there are more tunnelling events available so that - especially in the
Coulomb blockade region - a higher maximal current can be achieved. In Figure 5.2 d)
which displays the difference between the fourth and second order current, we observe
exactly this (red respective blue region inside the Coulomb blockade region for positive
respective negative bias). Though, the regions of current which are enclosed by the black
dashed transition lines are exhibiting a lowering of the current. With including fourth order
tunnelling events, additional transitions to states are possible which differ by two in terms of
particle number and not only the ones with neighbouring particle numbers. On the other
hand, a fourth order treatment increases also the spin decay and thus hinders coherent
precession of the spin S. In this regime, there are more tunnelling events to leave this
coherent state at disposal. Due to this decay, the spin resonance line is suppressed close to
the transition lines where also sequential tunnelling via thermal excitation can contribute to
the current. Well inside the Coulomb blockade region, the current is increased. According
to Eq. (5.7), we can predict the position of the spin resonance line through a second order
analysis (compare white dashed lines in Figure 5.2 a) and b)).

5.2. Double quantum dot spin resonance

In this section, we will now focus on a double quantum dot setup (see Figure 5.3) in the
spin valve configuration in analogy to the previous example of a single quantum dot. The
two dots are coupled to both leads, have an on-site Coulomb interaction U and a crucial
inter-site Coulomb interaction V' which will be chosen throughout our analysis to be smaller
than U. The Hamiltonian of the isolated system Hy reads then:

Hy=Y" (50 -~ % - V) dl o doctU Y " dldord! doy+V [ Y dycdare | [ dlpedase
ol a ¢ ¢

(5.9)
with a = {d1,d2} as the index to specify the dot and ¢ = {1, ]} as the index to specify
the spin. In order to see resonance lines in this setup, one needs once again asymmetric
coupling to the leads. We have to deal now with a system which has in principle an orbital
and a spin degree of freedom. To account for this, we model the tunnelling rate matrix as
a Kronecker product between an orbital part and a spin part:

14 _ spin orb p _ spin __ spin F?i[bl 0 P
D pm = (I @1 =L+ " n 0)® 0  Torb (5.10)
nm 1,d2 nm

With this form of Fi m> We can describe spin polarization as well as different coupling to
the different orbitals. Furthermore, it implies that we do not allow for coherent coupling
to the orbitals (off-diagonal elements of F?rb). We will address this particular issue in the
outlook of this thesis in chapter 8.

At first, we assume Fﬁfsl = Fgf32 #* F%{El = I“E{’ZQ which can be seen as an equal coupling
to both orbitals of each respective lead but with different strength depending on the [-
index. For such a double dot, we could find the equations of motion which are depicted in
Appendix D. The 16 eigenstates of this system can be found in Table D.1. The interesting
part about this double dot system is the splitting of the six states with particle number two.
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5. Spin resonance model

Figure 5.3| General setup of a double quantum dot in the spin valve configuration:
The two black arrows indicate the polarization unit vectors ny, /g of the two leads which are again
almost antiparallel aligned (compare Figure 5.1). If one wants to fill up one dot with two electrons,
one has to pay energy of the on-site Coulomb repulsion U. Additionally, there is an inter-site
Coulomb repulsion V' between the dots. The coupling to the dots can be asymmetric which is
denoted by the different thickness of the tunnelling arrows.

We will find two excited states where two electrons occupy either dot one (subscript "d1")
or dot two (subscript "d2"). The remaining four ground states are divided into a triplet
and a singlet. Interestingly, to describe precisely the spin of this triplet state the concept
of quadrupole moments is entering (compare Appendix D). The quadrupole moments are
able to express an anisotropy of the spin of the triplet. With the help of the equations of
motion, we are able to predict the position of the resonance lines (white dashed lines in
Figure 5.4). In the plots, we always see from right to left the one-particle, the two-particle
and the three-particle Coulomb diamond. We focus now on the one-particle diamond. Here
the spins S141 and S149 have to be considered which are defined by the expectation values
of the respective operators in close analogy to Eq. (5.4). From their equations of motion
(see Eq. (D.3c)), we can extract a magnetic field which is exerting a torque on Sy, which
is defined as

Bia =Y 2P0 Im (Y (1o — ) = Vi (noer — ) mu, a={d1,d2}.  (5.11)
l

The difference in respect with the effective magnetic field of the single dot spin resonance
(compare Eq. (5.6)) is that here the excited energy difference pge; is entering. It causes
that the resonance line will extend to higher bias voltages (see Figure 5.4 b)). According
to the resonance condition of maximum precession (see Eq. (5.7)), we are once again able
to predict the position of this resonance line. Due to the particle-hole symmetry of this
setup, we can apply the same analysis to the three-particle diamond. In the two-particle
diamond, however, the effective magnetic field which will precess the spin of the triplet
Sogr is determined by Eq. (D.3g):

Bogr =Y 2PT{ Im (Y (pog1 — ) — Y (nsag — ) mu. (5.12)
l

Here the energy difference is with respect to the two-particle ground state.
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5.2. Double quantum dot spin resonance

A deviation of the previous plots is achieved when we are dealing with an additional

asymmetric orbital coupling within the l-tunnelling matrix itself. With Ffrzl = 0.005,
FﬁrSQ = I“f{zl = 0.01 and F‘E{ZQ = 0.0075, we observe then a splitting of the resonance

lines (see Figure 5.4 ¢) and d)). The singlet and triplet basis is not ideal to describe the
spin resonance effect for such a coupling. Our found equations of motion are not able to
capture this observation. If we are just interested in the spin resonance effect in a double
quantum dot, it is actually more accurate as well as more straightforward way to think
about a double quantum dot as two parallel quantum single dots in parallel. The term
which is connecting the two systems is the inter-site Coulomb energy V but it does not
distinguish the spin of the involved electrons just its population. Using this ansatz of two
independent single dots in respect with their effective magnetic fields allows us - with the
help of the resonance condition (compare Eq. (5.7)) - to precisely predict the position of the
resonance lines for each orbital separately. The blocking state in the one-particle diamond
is now [1,0) respective |0,1) and it can be left through fluctuations to the |0,0) and the
12, 0) respective |0,2) state. It is important to note that the coupling to the orbital degree
of freedom is diagonal so that there cannot be fluctuations to a different orbital. From
this analysis, we get an effective magnetic field By, which coincides with Eq. (5.11). The
blocking state in the two-particle diamond is |1,1) and it can be left through fluctuations
to the neighbouring particle numbers but this time starting from |1, 1) which is associated
with the ground state energy. The formerly defined Bogr splits then up into B, using
the just described more suitable picture:

By, = Z 2PZF?§) Im (Yj(ﬂ2g1 - ,ul) - Yj(MSZg - Ml)) n;, o= {d1> d2} : (513)
l
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Figure 5.4| Transport data of a double dot spin resonance in the spin valve configu-
ration: a) Current obtained by fourth order calculations for a coupling '™, = T'¢*b, = 0.005

and Tfh, = 'Y, = 0.01. b) Differential conductance obtained by fourth order calculations: The
resonance line in the N = 2 Coulomb diamond is very pronounced compared to the outer resonance
lines in the N =1 and N = 3 Coulomb diamonds. The coupling is the same as in a). ¢) Current
obtained by fourth order calculations for a coupling I'f*y; = 0.005, I'f"5, = 'y = 0.01 and
FORT’EIQ = 0.0075. d) Differential conductance obtained by fourth order calculations (same coupling
as ¢)): Due to the asymmetric coupling, the three resonance lines in the respective diamonds split
up. In all the plots, the predicted resonance positions for positive gate voltages are marked with
white dashed lines. The parameters of all plots are measured in terms of the Coulomb interaction
V=1:U=3T=005 E,=0W =10, ¢ =0.997 and P, = 0.99.
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Canyon of conductance

In the introduction, we asked ourselves if in the cotunnelling transport regime the so-
called canyon of conductance will protrude into the Coulomb blockade region. We will
explain in this chapter the specifications of both the experimental [22] and the theoretical
setup [24] in which such suppression of current and therefore conductance can be observed.
Moreover, we will show our transport calculations which will proof that cotunnelling current
is extending the canyon of conductance into the Coulomb blockade region.

In an InSb nanowire quantum dot (see Figure 1.5 (i) (a)), there exist multiple energy
levels which have a large level dependent g-factor. If one applies now a magnetic field to
this system, it is possible to shift these energy levels so that two of them get degenerate
(compare Figure 1.5 (i) (c)). At low temperatures (here 300mK) exactly at those points,
one sees the conductance dropping. This prerequisite of degenerate energies is fulfilled
on a line in a gate voltage versus magnetic field plot (compare Figure 1.5 (i) (b) or Fig-
ure 6.1 a)). It should be noted that in this setup a constant bias voltage is provided to
enable current. The cause of this canyon is an interplay of interference and correlations of
the involved electrons due to Coulomb interaction. These plots in a gate voltage-magnetic
field-landscape have, similar to stability diagrams, regions where the system is in a state of
Coulomb blockade. There one exhibits suppression of current in respect to regions where
current can easily flow. In this case, the canyon is stretching from the N = 6 Coulomb
blockade region with spin S, = 0 to the one of N = 8 with spin S, = 1. Nevertheless,
tunnelling events like the ones of cotunnelling or higher order ones can provide means to
have current in the Coulomb blockade region N = 7 with S, = % where the canyon is
cutting through. Though due to interference, even those tunnelling processes cannot drive
a current in special parameter sets like the ones of precisely the canyon of conductance.

We turn now the attention to the theoretical explanation and especially to the numerical
calculations of the canyon of conductance which were done in [22] but to a greater extent
in a following up publication [24]. At first, we notice that in the experimental (compare
Figure 1.5 (ii) (b)-(f)) as well in the numerical data (compare e.g. Figure 4 of [22]) the
canyon of conductance is always accompanied by a correlation-induced resonance near
the electron-hole symmetric point which was predicted at first in [40]. This correlation-
induced resonance depends exponentially on the Coulomb repulsion U [40]. For numerical
calculations of the conductance, they use in both cited theoretical works the second order
von Neumann (2vN) approach [23] and apply it on a two-level, spinless, interacting model.
As already pointed out in the introduction, this approach is numerically very expensive
because it is, among others, non-perturbative. It is therefore not easily applicable to bigger
systems. Besides, it should be noted that the 2vN approach is only reliable in a temperature
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6. Canyon of conductance

regime where the temperature is higher than the Kondo temperature 23] so that they had
to give a slightly higher temperature as in the experiment. Due to the 2vIN approach, it
is not clear if this conductance suppression only appears when taking into account higher
order processes.

With our self-implemented transport code, we have now the ability to check if also the
cotunnelling regime exhibits this canyon of conductance. With our fourth order diagram-
matic approach, there are some advantages as well as disadvantages with respect to the
2vN approach. Obviously, our approach is perturbative and therefore definitely more
suitable for problems with lower coupling strengths. On the other side, the cotunnelling
contribution is - at least in the weak coupling limit - the strongest contribution and higher
order processes are just small corrections to it. In contrast to the sequential tunnelling
regime, it provides though conceptionally different tunnelling processes which due to quan-
tum fluctuations allow for transport in the Coulomb blockade regime. With one-electron
and two-electron processes together, we would capture the leading order of all possible
processes. Furthermore, we have a clean construction of our fourth order theory where we
do not neglect any contributions so far. In contrast to this, the 2vN approach can exhibit
negative conductivities due to an improper treatment of higher order processes [22].

For our calculations, we assume the same tunnelling rate matrices as in [24]:

a a —a a

F(I:anyon _ Fcanyon,O ( 1 az > ,F;{myon — Fcanyon,O < 1 —2CL ) ,a € R (61)

With such a coupling the two dot states couple with opposite parity to the leads. If one
thinks about coupling as an overlap of the dot wave function with the lead wave functions,
we could think about one dot state with a symmetric wave function and one with an
antisymmetric one. In Figure 6.1, our numerical findings are displayed. There is a strong
indication that every order will - due to interference - cancel itself within this correlation-
induced resonance peak and result in a canyon of conductance. The argument for the
existence of such a canyon inside the Coulomb blockade region is therefore not based on a
summation of all orders.
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Figure 6.1| Canyon of conductance of a single quantum dot in a E,-Vg plot: a) Ex-
perimental data of the conductance of an InSb quantum dot where one observes a canyon of
conductance (blue dashed line). The red dashed box should schematically show the area which we
model in our calculations. Picture is taken from Figure 2 of [22]. b) Increasing a magnetic field
B is proportional to increasing the Zeeman splitting F, of the two dot states. In this plot, the
fourth order current is shown in a E,-V,-landscape. Close to E, = 0, a canyon of conductance is
cutting through the plot. The asymmetry parameter is chosen to be a = 0.5. All other param-
eters are chosen with respect to U = 1: W, = 0.5, T = 0.05, I'®®w°n0 — 0,01 and W = 10°°.
c¢) The difference of fourth and second order current is depicted. Due to fourth order processes,
more current inside the Coulomb blockade is observed. The parameters are the same as in b). d)
The two line cuts along the white dashed line of plot b) (V; = 0.05) of fourth (blue) and second
(red) current highlight the appearance of a canyon of conductance. The fact that the canyon does
not cut through the Coulomb blockade regime as a vertical line can be seen by the asymmetric
peaks which accompany the canyon. The reason why the fourth and second order current does not
drop exactly to zero inside the canyon is due to a slightly incomplete destructive interference. A
complete destructive interference is just obtained for one specific line in a gate voltage versus bias
voltage, which would translate here to one specific gate voltage per fixed bias voltage (compare

[18]).
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Unifying picture for interference

In this chapter, we want to give a unifying picture for interference. In chapter 5, we
investigated spin resonances where, due to coherent precession of the spin, we could see an
increase in the current. In chapter 6, we dealt with the so-called canyon of conductance
where the conductance is suppressed by interference. In the introduction, we mentioned
interference blockade in a carbon nanotube quantum dot where once again suppression of
conductance in certain transitions lines is observed. Now, we will address the connection
of all these setups which was one of the questions, we raised in the introduction.

The way how we constructed our transport code allows us now to easily switch between
the setups which look at the first glance quite different (e.g. sometimes we have an increase
of current and sometimes a decrease). The link to bring these setups nonetheless together
are the tunnelling rate matrices. They are the fundamental part to describe interference
effects. For a single quantum dot in the spin valve configuration, we define them as

I‘\P

l,nm

= [V (12 + PAny - o))’

nm *

(7.1)

In Figure 7.1, we show the transition of the interference blockade picture to the spin
resonance one. If the polarized leads have an intermediate opening angle of roughly 0.2 1 <
¢ < 0.8, we observe the disappearance of transition lines along with negative differential
conductance which both are fingerprints for interference blockade (compare Figure 7.1 a)).
The origin of negative differential conductance is the existence of a blocking state which
is characterized by non-coupling to one of the leads [21]. The remaining transition to the
other lead is, due to the bias voltage, energetically not favourable so that both transition
lines are suppressed. If we increase the opening angle between the polarized leads further
(¢ > 0.97), then we enter into the realm of the spin valve configuration and thus of the spin
resonance lines (compare Figure 7.1 b) and c)). Spin resonance is therefore just at the very
end of this increase of the opening angle. It is important to note that if we reach an angle
of exactly antiparallel alignment (¢ = 7, compare Figure 7.1 d)) spin resonance disappears
which seems counterintuitive at first sight. Though as we have pointed out already, we
need the coherences of the involved density matrix to play a role which will induce the all-
important effective magnetic field. If we can diagonalize the two tunnelling rate matrices
at the same time which is the case in antiparallel alignment, the role of the coherences
will vanish and hence the effective magnetic field. The maximum of spin resonance is
therefore not - as one could suspect - close to ¢ = 0.99 7 but closer to ¢ = 0.95 7 (compare
Figure 7.1 b) and c)). In the canyon of conductance setup, we deal with a tunnelling rate
matrix of the following form

1\l
e < psenn (L) oy (7.2)
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7. Unifying picture for interference
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Figure 7.1| Transformation of the interference blockade picture to the spin resonance
picture: All parameters of the following differential conductance plots of this figure are measured
in terms of the Coulomb interaction U = 1: T'=0.05, E, =0, W = 10%, P, = 0.99, 2I'Y =T =
0.01 and a) ¢ =0.7m, b) $ =0.957, ¢) ¢ =0.997, d) ¢ = 7.

where the [-index changes the sign of the asymmetry parameter a so that L— 0 and R— 1.
We are now able to find the parameters P, and n; to reexpress the tunnelling rate matrix
of the canyon of conductance setup into the one of spin polarized leads (Eq. (7.1)):

(—1)!sin ¢ 9%
) = peanyon0 (1 + a2) N = 0 ) ¢ =sin"! <1_'_(12) P =1. (7.3)
cos

In the polarization vector, the factor (—1)! should be understood as 1 for L and as -1
for R. With a = 0.5, we have a polarization opening angle of ¢ ~ 0.59 7 so that we are
exactly in the picture of interference blockade with decoupled states. In Figure 7.2, we
highlight graphically the link between interference blockade in the Vi-Vj-landscape and
canyon of conductance in the E,-V,. With the help of this connection, the interpretation
of this origin of the canyon of conductance is now more evident. Due to degenerate states,
a decoupling of a certain state from one of the leads can arise which is accompanied by
negative differential conductance (compare Figure 7.2 e)). In Figure 7.2 d), a drop of
current close to the N =1 <+ N = 2 transition can be observed. For the interpretation
of the origin of the canyon of the conductance, one could go even further and make the
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comparison to optical dark states. The latter ones were firstly studied in 1976 [41, 42]. A
three-level system irradiated by a laser exhibits an optical interference effect. If the level
splitting of the ground states matches the frequency separation between the laser modes,
the fluorescent light emitted by depopulation of an excited state is disappearing [42]. The
canyon of conductance is nothing else as an all-electronic analogon of this optical dark
state. Such an all-electronic dark state was proposed in [21]. The coherent tunnelling
takes on the role of the coherent laser pumping. The different modes of the laser are
represented by the different couplings to leads. In Figure 7.3, we display a plot of the
excited state occupation in the optical dark state case and one of the current through the
dot in the canyon of conductance case. In both cases, we vary the resonance parameter of
the splitting of the two ground states. The parameters which are chosen are different but
the qualitative agreement is striking. In the work of [21], there is, though, no variation
of the energy splitting because there is no magnetic field applied but rather a change in
the Lamb shift frequencies of the energy levels. The Lamb shift contributions stem once
again from fluctuations of the system to the leads and they are strongly depending on the
applied bias and gate voltage. To summarize it, they all are based on the same underlying
physics even if there are some subtle differences.

If we apply a magnetic field to all of our models, the direction of magnetic field with respect
of the polarization plane of the two leads is of crucial importance. We can, for example,
apply an additional magnetic field to the spin resonance picture. The direction vector of
the applied magnetic field will directly add to the effective magnetic field in the resonance
condition (compare Eq. (5.7)) and hence alter the position of the spin resonance. Though,
applying the magnetic field perpendicular to the polarization plane of the leads would not
influence the effect of interference because it is equally coupled to both spins. It is clear
that the effective magnetic field and thus the spin resonance will always disappear if the
Zeeman splitting of the states is big enough so that the coupling can distinguish between
the formerly quasi-degenerate states.
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7. Unifying picture for interference
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Figure 7.2| Transformation of the canyon of conductance picture to the interference
blockade picture: a) Canyon of conductance: The asymmetry parameter is set to a = 0.5.
All other parameters are chosen with respect to U = 1: V;, = 0.5, T = 0.05, I'*®¥°n.0 — (.01 and
W =109, All other plots which will follow have the same parameters except that the bias voltage is
not fixed. The two white dashed lines represent the line cuts (E, = —0.2 respective E, = —0.005)
which will correspond to the line cuts of b) respective d) (black dashed lines) b) Current for
E, = —0.2. ¢) Differential conductance for E, = —0.2: Far from the canyon of conductance small
negative differential conductance appears close to the N = 0 <> N = 1 transition. The asymmetric
coupling to the leads results in a smaller split-up of the transition lines on the right hand side which
will cause then negative differential conductance according to [43]. d) Current for E, = —0.005.
e) Differential conductance for E, = —0.005: Inside the canyon of conductance, there is strong
suppression of the transition lines N = 1 +» N = 2 which indicates that the two-particle state is
decoupled from one of the leads.
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Figure 7.3| Comparison of an optical and an all-electric dark state: a) Excited-state
occupation as a function of the resonance parameter. Taken from Figure 1 of [42]. b) Same plot as
Figure 6.1 d) shows the fourth and second order current with respect to the Zeeman splitting F,.
The applied magnetic field is in the plane of the lead polarization which results in an asymmetry
of the peaks which accompany the interference canyon. Nevertheless, there is good qualitative
agreement with the plot of an optical dark state. b) Sketch of a three-level system (e, €, €3)
on which an optical dark state is based. The curvy lines represent the different laser modes of
frequency w; and wy. These modes are detuned by A; respective Ay. The dark state forms under
the condition A; = Ay even if the lasers are slightly tuned away from resonating the excited state.
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Conclusion and outlook

In this thesis, we addressed the topic of interference effects in tunnelling setups with the
focus on the cotunnelling transport regime. There are five main points of this thesis which
we want to stress now. One achievement is surely that we managed to find an analytic
expression for the cotunnelling energy integrals, namely the D- and the X-function. We
did not restrict ourselves to the real part of the cotunnelling energy integrals which are
needed for the dynamics of the populations but rather include also the imaginary part.
With this imaginary part, we are now also able to consider the dynamics of the coherences
up to fourth order (compare section 4.3). Besides, we embedded these integrals in a concise
formalism based on the diagrammatic approach expressed in the Liouville space.

Another important point of this thesis is the implementation of a transport code upon
this theory. In section 4.6, we demonstrated the general operating principle of this trans-
port code as well as some numerical objections like e.g. how to treat infinite sums in the
cotunnelling energy integrals.

Furthermore, we dedicated section 5.1 to introduce the spin valve configuration and explain
the origin of resonance lines which appear in a single quantum dot. Based on this, we could
extend this already known mechanism to a double quantum dot which is coupled via inter-
site Coulomb interaction. We showed numerical data of the appearing resonance lines and
predicted their positions through our analytical findings. For example, we could set up
the equations of motion for a double quantum dot with equal orbital coupling (compare
Appendix D) out of which we concluded the exact definitions of the involved effective
magnetic fields. The latter ones are responsible for lifting the spin valve effect and thus
result in a resonance current. In the single and double quantum dot, the cotunnelling
processes are necessary to obtain such a resonance line deep inside the Coulomb blockade
region.

The next finding of this thesis is the occurrence of a canyon of conductance in the cotun-
nelling transport regime. In chapter 6, we demonstrated the extension of the canyon of
conductance into the Coulomb blockade region. We could conclude that the cotunnelling
current exhibits destructive interference within itself similar as in sequential tunnelling.
Another available transport code which showed this canyon of conductance at first works
with a non-perturbative approach so that they could not make an explicit statement about
interference in the cotunnelling transport regime.

Last but not least, we were able to combine three - at first glance - different models,
namely interference blockade, spin resonance and canyon of conductance, into a unifying
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8. Conclusion and outlook

picture. The link to bring these models together are the tunneling rate matrices. In
chapter 7, we could show the transition of the inference blockade picture into the spin
resonance picture via a monotonous increase of the opening angle of the spin polarized
leads. Even more interesting, the mapping of the canyon of conductance picture into
the interference blockade, both analytical and graphical, was displayed. The similarities of
these different manifestations of interference effects were, up to now, not greatly emphasized
in the literature. Moreover, we could extend the findings of a work about all-electric dark
states in a carbon nanotube quantum dot. We could support their claim of encountering
an electrical analogon of an optical dark state in their setup. We produced in similar setup
a line cut of current which has the characteristic shape of a plot of fluorescence of an
optical dark state. With our appropriated knowledge, we can now confidently claim that
the canyon of conductance is, in his essence, also an all-electric dark state.

This thesis represents not a closed research work but more an ongoing one. Therefore, one
can mention as an outlook of this thesis a couple of things. First of all, the model of a
double quantum dot is not yet elaborated to full extent. In section 5.2, we addressed a
double quantum dot with spin polarized leads. Though, the orbital coupling of the leads
was in both treated cases diagonal. If we allow the orbital part to be off-diagonal, we can
assume for the tunnelling rate matrix:

_ {F? (12 4 Plspinnlspin ) a’> ® (12 + Plorbn?rb . o.)}p (8.1)

nm

F?TLTTL
Preliminary results which are obtained in such a configuration of a spin valve - both in terms
of spin and orbit - are displayed in Figure 8.1. Several lines with different slopes inside
the outer Coulomb diamonds suggest the existence of an interesting mechanism which is
so far not understood. Furthermore, the existing transport code is through its generality
ideal to apply it to different transport setups. Another interesting path could be to go to
bigger system like e.g. a triple quantum dot which is the smallest system with symmetry
protected orbital degeneracies but where we would have to improve the performance of
the transport code. Moreover, the transport code is the perfect prelude for a setup with
superconducting leads. To work with a particle-conserving approach to superconductivity
can be very promising in this respect [44]. Due to the knowledge we gained by calculating
the complex cotunnelling energy integrals and especially due to findings of the former group
member Jordi Picoé Cortés, we find it encouraging to head into this direction.

o4



di,/dV

><10'3

0.5

-3 -2.5 -2 -1.5
e Vg [V]

Figure 8.1| Differential conductance of a double quantum dot with spin and orbital
polarized leads: Inside the one- and three-particle Coulomb diamond resonance lines appear but
the origin of them cannot be explained so far. All parameters are measured in terms of the Coulomb
interaction V = 1: T =0.05, U = 3, E, = 0, W = 1050, PP™> = PP = (.99, ¢°™ = ¢Pi* = 0.99
and 2I"Y = T'% = 0.01 (according to Eq. (8.1)).
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Part V.

Appendix
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Sequential tunnelling energy integral

i

The following integral defines the Y-function up to the prefactor (—ﬁ) To perform this
integral, we use the residue theorem. It states that an integration on a closed contour
in the complex plane is equal to the sum of all residues of the poles which are located
inside the contour multiplied by (27i). The contour which is chosen for this integration
is depicted in Figure A.1. The contour consists of only the real axis and a big semi-circle
which will be zero due to the cut-off function. The integral then yields

oo

. fP(w) L(W,w) . L(W,iwy,) . 1. 1 .
1 dw——""—""7—-"==2 —p) ———=+2 ——iW P(iW
nlg%) © w— p+1n mZ( p) Wy — [ e 2Z iW—,uf (+iW)

:QWii(—p)iL(W,,u) [1< W, 1+§5)_ L

— 2\we —W w4+ W Wi+

con(Chn) (- (%))
(n(22) ) £0-E) ()

(v (5 +3:) )

o] - (3 o (3 10) - (3o ) w0 (o 0

+ %L(W, 0) (% —i) [w —ip (\IJ(O) <; + 2W7T> ~ g <; - 2“;))

lim . .
Woee T O (L _go (L, W
2+p{\p <2+27r> R T (A-1)

The constant C’ is defined by Eq. (4.29) but will drop anyway. For the second line, we
used the following relations

; W i
e o |3 (o= ) -] e
fP(+iW)=1—1ip tan<2/>, (A.3)
and we expressed in the third last line the tangent in terms of two digamma functions:
mtan(rz) = O <; + :c> — (; - :z:) . (A.4)
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A. Sequential tunnelling energy integral

Re w

**w=-iW

Figure A.1]|Contour integral of Eq. (A.5) in the complex plane: The dark blue line depicts
the integration path and the crosses are representing the poles of the Fermi-function (red), the
pole of the denominator (green) and the poles of the cut-off function L(W,w) (orange). With this
chosen contour only the poles of the Fermi-function, which lay on the positive imaginary axis, and
one pole of the cut-off function, which lays at w = iWW with residuum —%iW, have to be taken
into account. The Fermi-poles on the upper half plane are located at wy, = 27 (k + %) for k € N
with residuum —p. The light blue semi-circle is the contour which is taken for the last term of
Eq. (A.7) while the second last term of this equation is the same semi-circle which is closed in on
the real axis.

Moreover, we defined the constant C' by the renormalized wide band constant W as C =
w0 (% + %) In the dissertation of S. Koller [5], the same result is obtained by splitting up
the contour into a principle value integration which is denoted by [ "dw and an integration
of the small area around w = p which can be solved by the use of the light blue semi-circle

which is shown in Figure A.1.

p L
tim [ awl DI (4.5)
n—0 w—u+n
n—e » I o0 » I pte » I
— lim lim / ! W EWw) | / ! W EWw) | / PR QAU
n—0e—0 w—u+tn w—u+n w— -+
— 00 pte H—e
(A.6)
/ P
= lim dw—f C) L(VV, w)
n—0 w— W@+
P
— lim lim 7{ dw flw) LW, w) 7{ du 2@ LW, @) (A7)
n—0e—0 w — u—i—’m ~ w—u+n
=—imfP(n)
!/
= / dww —am fP(p) (A.8)

This split-up coincides exactly with the Sokhotski—Plemelj theorem which states for the

60



real line

o0
/
lim dx& = / d:UM —ainf(y) (A.9)
n—0 r—y+n r—y
—0oQ

with f(x) is an arbitrary complex-valued function which has no poles on the real line. The
purpose of showing that the result of this integral can also obtained without splitting the
integrand into real and imaginary is that we have a justification using this residuum-only
method. It should be mentioned that, in this method, we exchange the order of the limit
n — 0 and the integration. In general, this is not allowed but if we have a function which
is analytic and the integral exists, it is reasonable to exchange them.
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Vanishing of the C-constant in sequential
tunnelling

In the following, we proof that the part of the Y-function which does not depend on the
Lg is vanishing if we sum over the a-indices. For this reason, the constant C is dropped
from actual calculations. Starting with the Kernel operator

K@ =3 ad TP, dbodn' Y (B(ihls — pu)) (B.1)

l,nm—'n
nmp
laa/

we focus on the part with C:

iC p 5 /
p p7a p7a
o g ao Ty A ™ o
nmp

laa’

ic .
= % {Pl,nm
nm

(dp ™ = d T dy ™+ dy Tl —dyTdnT)

Ty (A = A+ dfdt — 4 d, ) |

l,nm

iC _ L _ S
" or {F?:nm (—dy Ty ™ 4 b — dyy " d T AT dy T d T — Ga)
nm
T (g = dft g+ dfdy — dfd )
=0 (B.2)
In the second last step, we used the fermionic anticommutator relation {d;, d;r} = 0;; which
reverses the sign of the first and the last contribution. The part with I', | can be written
as F;rmn and then the variable names can be consistently switched (n <> m).
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Cotunnelling energy integrals

In the cotunnelling transport regime, we encounter two different types of integrals, namely
the D- and the X-function. In this section, we will perform these two integrals and they
will be displayed in different cases in the same way as they are displayed in the appendix
of the dissertation of S. Koller [5]. The decisive distinction will be that we will do the
full complex calculation. It should be noted that the functions D and X are smoothly
transforming between these cases within itself. The reason why these cases are anyway
used is that they speed up the numerical calculation of the D- and the X-function a lot
while enhancing the accuracy. Quite often the diagrams which need to be calculated have
e.g. the restriction A = 0. Therefore, it is not needed to perform a slowly converging sum
of digamma functions with taking the limit of A — 0 but rather use an analytic expression
for specific sums of digamma functions.

Re w

Figure C.1|Contour integral of Eq. (C.1) in the complex plane: The blue line depicts the
integration path and the crosses are representing the poles of the Fermi-function (red), the poles
of the two denominators (green) and the poles of the digamma function (yellow). The poles are
located at iwy = 2me (k + %) for k € Z with residuum —p for fP(w), at w = p — in with residuum
+1 for (w—p—in)~" (or p instead of p) and at iwj, = A — 2mi (k+ 3) for k € N with residuum

—27i for W0 (% + %)
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C. Cotunnelling energy integrals

The following three equations will help us for the integration:

2y (0)
(*1)22\11 (k+1) 1

= k+tp k+g
1 2 2
_)2(q—p) [‘11(1) () - ¥ () - (‘I'(O) (p)) + (‘I'(O) (q)) ] P#a
O (p) v (p) — S0 (p) =q; pgeC
1 1
(%2) = 2 mm =
1
) e (0O ()~ v (g)] p#a,
v (p) p=¢q; p,geC
M (w) 1

n—0 w—p+inw—pu +1in
= {Applying residue theorem: 1. k™ residue of f™(w) is -n and the poles are at
twy = 2T (k + %) ; 2. The poles of the two denominators do not contribute

because they are not inside the chosen contour (compare Figure C.l)}

1 m 1 1
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The relations of (1) and (*2) are taken from [45].
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C. Cotunnelling energy integrals

D.ii Given p # i/
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X.i Given p+p' = A
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C. Cotunnelling energy integrals

X.ii Given p+ p' # A
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Furthermore, we want to give the explicit reexpressing of the cotunnelling integrals in
order to get from Eq. (4.37) to Eq. (4.41). It is done exemplary with the D-function but

it similarly applies to the X-function.

[e.9]

/ & / & Fen) (g) 1 fa2) ()
An2 10++pE—AE3z0+—|—p€+p€—AEQZO++p€—AE1

i _p it / N / @) (p (w = Byu)) 1
10T 4+ pw — BAE3 i0T + pw + p'w’ — BAE,

Fe2) (pf (W' = Bur))
10t + pw — BAE

w=w—PBu ai)
&= By —ﬁ / / ao’ (pw)
0t + po + pﬁul BAE;
2 (a)
i0F + po + pBuy + P& + p' By — BAE i0F + p’ + p/ By —
= D (BAE; — Bpju, BAEy — Bppu, B (AEy — puy — plar))

BAE;
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Equations of motion for a double
quantum dot

In this chapter, the coupled equations of motion for a double quantum dot which is specified
in section 5.2 are given. In principle, we need 30 parameters to precisely specify this double
quantum dot. There exist 16 eigenstates of the system which are depicted in Table D.1. We
see that the six states of particle number two are divided into a ground state triplet (pagr),
a ground state singlet (pag5) and two localized excited singlets (p2csa). The one- respective
three-particle populations and spins are constructed in analogy to a single quantum dot. In
order to correctly account for all degree of freedoms of the triplet state, we have to include
quadrupole moments which can describe spin anisotropy and give additional terms of spin
relaxation. The notation of the following analysis is based on the work of M. Baumgirtel
et al. [46]. To begin with, we choose the orbital part of the tunnelling rate matrix to be
proportional to the identity which describes equal coupling to both orbitals:

Ff,nm = [F?pin ® F(l)rb}p — |:(12 4 Plspinnlspin . 0') ® (F?rbl2)}ip (D.l)
nm nm
Moreover, we define the quadrupole moment tensor operator Q as
A 1/, A 1.
Q=3 (88— %8:) - =80, (D.2)

where S; is the i = z,v, z component of the spin operator S = %Z“,’k a?i,k (O')CC/ Cig/,k
with o as the vector containing the Pauli-matrices (compare Eq. (5.3)). The trace of the
quadrupole moment tensor operator Q with a density matrix will lead to the nine observable
quadrupole moments of the quadrupole moment matrix . Not all the moments are
independent so that in principle only five are needed to completely describe the anisotropy
of the spin (e.g. Q,2, Qu2_y2, Quz, Quy, Quzy Qyz). Though, we opted to take into account
all the nine entries in order to simplify the coupled equations. We will use e.g. (Q x B);; =
€1 QikBr and (Bx Q) = €31 B Q1; where € is the Levi-Civita symbol. Moreover, we define
a dyadic product as (ab);; = a;b; which will give us a matrix. The product Q-v;5, is defined
as a conventional matrix-vector product. Similarly to the single dot equations of motion
(compare Egs. (5.5)), we define v&, =37, 'ﬁnm and fyljfnm = F?rbfli(e — fnm) where i is
the energy difference between the state n and the state m. The vectorial form is defined by
vE =3, "lPle,Enm— This time though, we encounter two different effective magnetic fields
which we denote by Byn—op = > 2PlI‘?rbIm (Yj(umn — ) — Yj(uop — Ml)) n;. Out of
an analysis of the equations of motion, we can predict the position of the resonance lines in
this double quantum dot (compare section 5.2). Another interesting point is the appearance
of the quadrupole moments which enrich the physics of this particular problem. We can
extract that they couple to the spin of one-/three-particle occupation but as well to the

71



D. Equations of motion for a double quantum dot

spin of the triplet. Interestingly, this coupling @ -~,,; to both spins differs in terms of the
sign so that this contribution tends to make these spins non-collinear [46]. The effective
magnetic field exerts a torque on the quadrupole moments via the terms (B x Q) and
(Q x B). The index « can take the value d1 respective d2 and & takes the opposite value
of a. In order to simplify the equations, we define here p; = p141 + p1d2, S1 = S1d1 + S142,
P3 = P3g1 + P3ae and S3 = S341 + S342. The equations are then:

Po= —4y19P0 + YioP1 + 2710 - St (D.3a)
Pla = 27500 — (’71_0 + Yoo + 272,1) Pla + 2%5e1 P2eSa + Vag1 (P2gs + P2gT)
~2 (V10— Y2e1) - Sta + Yag1 * S2gT (D.3b)
Sta = 1o po + 3 (=710 + Yae1) Pla — Vo1 P2eSa + Yog1 (&p2gr — 3P2gS)
- ('Yl_o +Yaer + 275;1) Sia + %’Yg_glsng — S1a X Bio—2e1 + Q - 73,1,  (D-3¢)
P2gT = 37ag1P1 — 2 (7591 + 73*29) P2gT + 37V32,03
+ Yog1 - S1 +2 (’Y?Eg - ’72_91) - S2gT — Y324+ 93, (D.3d)
P2gS = 5V, P1 — 2 (Vigl + ’7;_29) P2gS + 5732P3 — Yag1 - S1 + Yang - S35 (D.3e)
PreSa = Va1 Pla — 2 (Vae1 + Vase) P2eSa + V32¢ P3a + 2¥32¢ - S3a — 2731 - Sty (D.31)
Sogr = 4 (7559 - ’72_91> P2gT + ¥ag1P1 — YaagP3 + 2759151 + 273,53
-2 (73—29 + 72},1) Sagr — S2g1 X Bagi-s29 +2Q - (’7559 - 72_91) : (D-3g)
Q= -2 (72}1 + 7:%) Q — Q X Bagi—32 + Bag1-329 X Q
+2 (S191 + 1 51) = 2 (S57zm, + ¥y S5 )

_ % (SQQT (72;1 - 7:3+29> + <'72;1 - '7;29) Sng> — % <72+g1 . Sl) 15

+3 ((’72_91 - ’Y?Bg> : S2gT) 13+ 2 <’y3_29 : S3> 13, (D.3h)
P3a = 273304 — (’ng, + V320 + 273—2g) D3a + 2Vihe Presa + iz (D208 + P2gT)

2 (Y2 = i) * S — Vag * St (D.31)
Ssa = —VaaPa+ 5 (— Ve + Vd3) Psa + Vg P2eSa + Vg (—&D2g7 + 5P2gS)

- (713 + Y32e 273?25,) S3a + 5792529 — S30 X Ba2e—a3 — Q - ¥ipy,  (D-3))

Pa= — 4y pa + 7503 — 2905 - Ss. (D.3k)
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Particle number N State Energy Parameters
0 |0, 0) 5 Do
1 |, 0) € P1L; S1d1
1 0,0) € P1d2, S1d2
2 12,0) 2¢e +U D2eSdl
2 0,2) 2¢+U D2eSd2
2 4 =11 2 +V P2gS
2 14+ 1,1 2e+V P2gTs S2g7, Q
2 1) 2e+V P27 S247, Q
2 40 2e4+V P21, Sog1, Q
3 2,0) 3e+U+2V | psar, Ssar
3 o, 2) e+U+2V D3d2, S3d2
4 12, 2) 4e +2U + 4V P4

Table D.1|Double quantum dot states according to the setup of Figure 5.3: In total,
there are 16 states in this double quantum dot. The on-site Coulomb energy U is chosen to be
higher than the inter-site Coulomb energy V' so that two localized singlets (subscript "2eSd1" and
"2eSd2") with particle number two exist. They are excited with respect to the ground state singlet
With e the on-site energy
is denoted. The subscript "d1/d2" labels the two dots which are connected in our chosen setup
parallel - not in series - to the leads.

(subscript "2¢S") and ground state triplet states (subscript "2¢T").
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