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Abstract

A time-dependent extension to the Landauer-Biittiker approach to study transient
quantum transport in arbitrary junctions composed of leads and conducting devices
is developed. The nonequilibrium Green’s function approach is employed for de-
scribing the charge and heat transport dynamics. The importance of the developed
method is that it provides a closed formula for the time-dependent density matrix
in both electronic and phononic systems. In the electronic case the nonequilibrium
conditions are due to a switch-on of a bias voltage in the leads or a perturbation in
the junction whereas in the phononic case the central region of interest is coupled
to reservoirs of different temperatures. In both cases the time-dependent density
matrices, and furthermore other transport properties such as local charge and heat
currents, may be evaluated without the necessity of propagating individual single-
particle orbitals or Green’s functions

More precisely, an analytic solution to the Kadanoff-Baym equations of motion for
both electronic and phononic Green’s functions describing an arbitrarily shaped
and sized noninteracting lattice connected to an arbitrary number of noninter-
acting wide-band terminals, also of arbitrary shape and size, is provided. In the
electronic case, the initial equilibrium state is properly described by the addition of
an imaginary track to the Keldysh time contour, on which the equation of motion
is described. From the solution the time-dependent electron and phonon densities
and currents within the junction are extracted. The final results are analytic expres-
sions as a function of time, and therefore no time propagation is needed — either in
transient or in steady-state regimes.

As the formalism allows for studying time-dependent transport in noninteracting
but arbitrary molecular systems coupled to wide band leads, several applications
are presented and discussed. Especially, transient charge dynamics in graphene
nanoribbons of different geometries is studied. The transient time scales are found
to exceed several hundreds of femtoseconds while displaying a long time oscillatory
motion related to multiple reflections of the density wave in the nanoribbons at the
ribbon-lead interface. This finding strongly vouches for the need for a fully time-
dependent description of the quantum transport processes. The time-dependent
current through a graphene nanoribbon has a shape that scales with the length
of the ribbon and is modulated by fast oscillations described by intra-ribbon and
ribbon-lead transitions. Furthermore, time-dependent quantum transport is stud-
ied in curved graphene nanoribbons. The curvature is found to trigger temporally
and spatially focused electric currents which might prove pivotal for a robust de-
sign of graphene sensors and circuitries. Further simulations in a superconducting
benzene-like molecule attached to normal metal leads show formation of Cooper
pairs within the molecule related to Andreev reflection processes. In addition, tran-
sient heat transport in atomic chains is studied where the transient oscillations are
found to be related to the transitions between the chain’s vibrational modes.
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1 Introduction

1.1 Quantum transport and nanoscale electronics

Roughly speaking we can divide a field in physics in two parts: statics and dynam-
ics. Statics, as the Greek word suggests, is concerned with balance and equilibrium
of objects. Dynamics, on the other hand, deals with something that is changing in
time. We might further separate kinematics from dynamics as a mere mathematical
description of motion and leave the cause and the laws of motion under dynamics.
In quantum transport the key element typically is to describe the dynamics of charge
in a studied structure. Charge is a quantity related to electrons so let us start with
electronic transport by asking: What is it that the electrons do in a circuit? As al-
ready realized, we could put this in a simple way and say that they have an internal
property called charge and they move.

Atoms, as the building blocks of materials, contain electrons in a cloud-like shape
around the nucleus. This cloud is a collection of electrons trapped in the atomic
orbitals whose number and the overall structure depends on the element we are
dealing with. Typically it takes a considerable amount of energy for the electrons
to escape from their orbitals, especially when the orbital in question is close to the
nucleus. Some elements are identified as metals, for which the outer layers of the
atomic orbitals are not attached to the nucleus so strongly, and it is possible for
individual electrons to move from one atom’s outer orbital to another atom’s outer
orbital. When we have a collection of metal atoms composing a material the outer
orbitals behave as a sea of mobile electrons. Just like in regular water, this electron
sea can have currents. The difference in gravitational potential causes water to
flow in a river whereas electrical potential causes electrons to flow in a metal. This
electrical potential could be caused by a battery, setting higher voltage to some part
of the metal and lower voltage to another part. If we form a circuit with potential
differences as a closed path in the electron sea, we have a continuous current. It is,
however, important to notice that applying a voltage on a metal structure, only the
electrons in the outmost orbitals are affected since the electrons in orbitals closer to
the nucleus would require rather assertive batteries to break them free.

As discussed above, the outer layers are the ones important for electric circuitries,
and there also most of the chemistry happens. If neighbouring metal atoms share
their outmost orbitals so that there are no vacancies but the electrons completely
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occupy the orbitals evenly, the metal is called an insulator as there is no possibil-
ity for the electrons to move about. Some materials, on the other hand, have free
electrons and free space in their outmost orbitals which means the electrons can be
moved with very small voltages (fractions of volts), and these materials are called
conductors. These materials can also be engineered as devices of intermediate forms
or combinations of insulators and conductors (called semi-conductors) where exter-
nal forces (e.g., electro-magnetic fields) may be used to move or trap electrons into
a particular configuration. This movement may further generate electro-magnetic
tields or heat which may, in turn, affect the flow of electrons even more.

One milestone in the development of molecular electronics, which studies molecular
building blocks as electronic components, was put forward by Aviram and Ratner
in 1974 when they proposed a molecular rectifier as a single organic molecule
functioning as a one-way conductor of electric current [6]. After this idea and from
then onward, experiments have been designed to measure transport properties, like
the conductance, in molecular scale [7-9]. Furthermore, based on the measurement
of the transmission of electrons through an atomic contact many diagnostic and
spectroscopical tools have been developed, e.g., scanning tunneling microscope [10]
by Binnig and Rohrer for which they received the Nobel prize in 1986 [11], atomic
force microscope [12], point-contact spectroscopy [13], inelastic electron tunneling
spectroscopy [14] and resonant inelastic tunneling spectroscopy [15].

However, starting already from the discovery of the transistor in 1948 by Shockley,
Bardeen and Brattain (for which they received the Nobel prize in 1956 [16]), the
tield of electronics was slowly but surely converging towards the atomic scale as the
building blocks kept getting smaller and smaller, also famously predicted by Moore
in 1965 [17]. Vacuum tubes [18] and diodes [19] were soon after the second world
war replaced by transistors, which in turn were soon composed into integrated
circuits [20] leading to the early stages of microprocessors [21-24] which we now
carry around us in our everyday devices, see Fig. 1.1.

From this development we notice two approaches towards roughly the same des-
tination.

i. The technological approach, ultimately leading to a present day hot topic of
nanotechnology [26-28], pushes the existing ideas and technology to their
limits towards smaller scale.

To include a few examples, molecular wires, two- and three-terminal transistor-like
devices including molecule-electrode contacts and local heating are discussed in
Ref. [29] reviewing experimental progress over the past decade. Also, graphene
and carbon nanotube based transistors” performance has recently been analyzed
thoroughly [30, 31].
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Fig. 1.1: Development of electronic components. Picture from Ref. [25].

ii. The fundamental science approach constructs new ideas from known basic
principles of nature ultimately leading to a concrete realization of technolog-
ical importance.

To include few examples also on the theoretical advances, density-functional the-
ory [32-34], nonequilibrium Green’s functions [35-42], density-matrix renormal-
ization group [43, 44], dynamical mean field theory [45-47] and quantum Monte
Carlo [48, 49] are amongst the most commonly studied and used methods.

This thesis concentrates on the latter approach: New theoretical methods, particu-
larly in the field of nonequilibrium Green’s functions, are studied in order to shed
light on various nanoscale and molecular electronics phenomena such as charge
and heat transport in a molecular junction.

The quantum transport problems are typically time dependent; there is no guaran-
tee that the system would in an instant relax to a steady-state configuration once
the junction is “switched on” (as in connecting different devices or driving them
out of equilibrium by an external perturbation). In contrast, there are transient
effects depending on, e.g., the system’s geometry [50-53], its predisposition to ex-
ternal perturbations [54-57], the physical properties of the transported quanta and
their mutual interactions [58-63]. In future applications these nanoscale devices
are pursued to operate at very fast switching time scales meaning how fast the
device can be switched on and off. This essentially relates to, e.g., microprocessors’
operation times and efficiencies to perform floating-point arithmetic operations. If
the quantum transport problem was completely solved, we would have specific
information about the electron density regarding the studied structure, as in how
many electrons there are in a particular configuration within the structure at certain
moment in time and, more importantly, how we could control this. This outcome
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in determining materials’” electronic properties is a key point in modern electron-
ics and nanotechnology, and a logically and consistently formulated theory gives
a basis for the development of technological applications. Even though the tech-
nological applications are an integral part of science and they steer the ways of
research, even more important is the underlying understanding of nature. Without
basic understanding of the fundamental mechanisms that dictate, e.g., the electrical
conduction in a molecular junction, there is no application.

This discussion, interestingly, is not limited to charge transport and electrons only
but there are other possibilities for quantum transport as well. Oscillations and vi-
brations in a solid stemming from thermal energy may be regarded as mechanical
waves or phonons traversing along the solid in question. In principle, the transport
of phonons relates to heat transfer in a studied structure [64-66]. Also, very recently
there have been efforts in manufacturing photonic circuits where the information
flow would be handled as photon transport [67]. In addition, in the field of cosmol-
ogy the fundamental question of asymmetry between the matter and antimatter
content in the universe is remotely related to quantum transport. The standard
model in cosmology [68] incorporates inflation — an early period of very fast expan-
sion of the universe; the dynamical mechanism responsible for creating baryons
after inflation is not known but the description of this baryogenesis involves set-
ting up transport equations for relativistic quantum systems in out-of-equilibrium
conditions [69, 70].

1.2 Quantum physics of many particles

Just like in the field of classical physics, also in quantum physics there are rules,
cf. Newton’s laws of motion. The rules are, however, invented by us, humans, and
they should agree with our experience of nature. Naturally, this sets a limitation
on how nature can be perceived by us or by the apparatus we build. The rules of
quantum physics are typically called postulates as they are not something that can
be deduced from the knowledge in classical physics. The postulates of quantum
physics are stated in almost every textbook on the field (see e.g. [71]); the exact
form of the statements is not important here. However, most importantly, once
the set of rules is given, the consequences are to be calculated and then compared
with experiments. If the calculations do not agree with the experiment, then the
underlying set of rules is wrong. (This, of course, applies to any field of science.)
The last step is the most important one since the postulates are not similar to, e.g.,
axioms in mathematics; the postulates can only be justified by comparison with the
theory they lead to and our experience of nature.

One of the postulates discussed above is about the time-evolution of a system de-



1.2 Quantum physics of many particles 5

scribed by a state vector |¥/(t)) at time . This is given by the Schrodinger equation [72—
74] (we use 11 = 1 unless stated otherwise)

S 1W(0) = AV, 1)

where the Hamiltonian, which can be time-dependent, H = T + U represents the
total energy (kinetic + potential) of the system. This is a first-order linear differential
equation which can be solved uniquely with an initial condition [¥(t = 0)). Equa-
tion (1.1) tells us that the dynamics of the system is completely determined by the
Hamiltonian. The actual (physical) properties of the system are encoded into the
state vector |[¥). More explicitly, this is an element of a complex Hilbert space H,
and it gives a mathematical representation of the state of the system. (In fact, this is
another postulate.) When expressed in a specific basis, this object is also related to
the wave function or the probability amplitude which further relates to the probability
of finding the system in a physical state represented by the state vector.

In general, the state vector [¥) might include a huge amount of information. When
studying systems of atoms, molecules and solids we are typically dealing with
electron configurations ranging from N = 1 particle to 1 mole of particles (N ~ 107
particles). (This is not limited to electrons only.) The state vectors, or further, wave
functions, W(xy,x,...,xn, t), might include an enormous number of variables for
each spatial coordinate of each particle, for instance. In principle, we know the rules
that describe the dynamical evolution of the system of interest; we only need to
solve the Schrodinger equation (1.1). In practice, however, this is not possible since
the number of equations to be solved, even numerically by using highly efficient
supercomputers, is simply out of reach. There is, however, a way around this which
does not solve the actual problem but helps us in dealing with it. In this field of
many-particle quantum physics, a very important observation is that rather many
interesting properties of many-particle systems that are observed in experiments
involve observables related to only a few particles such as densities and currents.
Then, to evaluate these quantities from the underlying theory to be compared with
experiments might be possible in terms of a reduced quantity. This means, that we do
not need the full and complicated state vector or wave function for every particle of
the system but we might be able to theoretically describe an observable and predict
its properties by looking at less complicated quantities.

The use of reduced quantities is the key in the theory of nonequilibrium Green’s
functions (NEGF) and in density-functional theory (DFT). In the Green’s function
approach the state of the system is described in terms of NEGFs, G(x, t;x’,t"), de-
pending only on two spatial and time coordinates (spin may also be included in
the spatial coordinate). We will consider these in more detail in the next Chap-
ter but it should be noted that the time-coordinates t,t’' lie on the contour in
Fig. 1.2. In DFT the state of the system is described in terms of densities, n(x,t) =
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N f dxy--- f dxn|W(x, x2, - . ., xn, £)|?, where the remaining (unimportant) coordinates
have been integrated out. In fact, the densities and Green’s functions are related
by n(x,t) = £iG=(x, t;x,t) (<’ denotes the lesser Green’s function) where the sign
is + for bosons and — for fermions [73]. Even if we discuss the properties of the
system in terms of a reduced quantity, such as the NEGF, we should still follow the
underlying set of rules. The description therefore is to be completely equivalent to
the Schrodinger equation although the dynamical equations of motion might take
modified forms, e.g., Kadanoff-Baym equations [38, 73, 75] (the spatial and spin
coordinates are suppressed for clarity)

[i0; — h(D]G(t, ') = 6(t, ') + f diZ(t, HG(E, ). (1.2)

14

Instead of the form of a differential equation in Eq. (1.1) for a function |¥(t)) of one
time variable, in Eq. (1.2) we have an integro—differential equation for a function
of two time variables G(t,t'). Also, in contrast to the Schrodinger equation, in
Eq. (1.2) the Hamiltonian is split so that /i represents the noninteracting part and
the interactions are encoded in the integral kernel or the self-energy X on the right-
hand side. The self-energy may be thought of as an effective medium (in macroscale)
or as a scattering potential (in microscale). Including or excluding particular types
of interactions can then be done by approximating this object Z. In addition, the
integrals are performed on a contour y in a complex time plane, the Keldysh
contour [39, 73], see Fig. 1.2. The addition of a complex-time track to the contour
is a trick to include equilibrium weight, i.e., initial correlations to the evolution of
the Green’s function. In DFT, and in time-dependent DFT (TDDFT), the dynamical

A

to — 1B

Fig.1.2: Keldysh contour on the complex time plane has a forward (—) and a backward
branch (+) on the real-time axis, [ty, oo[ and a vertical branch on the imaginary axis,
[to, to —ip] with inverse temperature . (The contour is slightly shifted from the axes
for clarity.)

equations of motion for the system are given by the Kohn-Sham equations [33, 34,

76]

do;(t)
dt ’

[T + oxs(D]g;(t) = i (1.3)
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where T is the kinetic part of the Hamiltonian, ¢;(t) are the (time-dependent) Kohn-
Sham orbitals, from which the density is obtained as n(f) = X jcocc lp;(H)I?, and
Oks[n(t), t] = Dext(t) + Ouln(t)] + Ox[n(t)] is the Kohn-Sham potential composed of
the external potential, Hartree potential and the exchange—correlation potential
which, in principle, are functionals of the above density. The interacting part of the
Hamiltonian, U, enters the Hartree potential and the exchange—correlation potential
in a way similar to the self-energy in the Kadanoff-Baym equation (1.2). In fact,
between these objects (typically to be approximated in a practical calculation) there
is a connection [77].

The original simplicity and the intuition in the Schrodinger equation for a state
vector |¥) is unfortunately gone by introducing the Green’s functions or the den-
sity functionals as the description of the dynamics of the system becomes highly
complicated. However, this is the price to pay in order to perform calculations in
practice.

1.3 Lattice models for electronic transport studies

In order to model particle transport in a structure of interest we need to construct
a quantum description for the movement of the particles in every point of the
structure, as in a lattice.

A (many-particle) Hamiltonian representing N particles with coordinates x;, mo-
menta p; and masses m; in a potential V, which in general may be time-dependent,

is written (in first quantization) as

N f)Z

A=Y |5=+ Vixjt
(0= )| 5 * Vit

=1

N
+ Z W(x]‘, xk) = Zl fz(xj, t) + Z W(x]‘, xk), (14:)
j=

j<k j<k

where the inter-particle interactions are given by the function W whose strength
typically depends on the distance |x; — x/, like in the Coulomb potential. A (many-
particle) wave function Wj(xy, ..., xn, t) satisfies the time-independent Schrédinger
equation, HY; = E;Wj, returning the energy E; corresponding to the j-th eigen-
state of the time-independent Hamiltonian. On the other hand, if the Hamilto-
nian is time-dependent, e.g. consisting of a perturbation V(t), then the dynamics
of a many-particle state is given by the time-dependent Schrodinger equation,
i, W(t) = H(t)¥W(t), with an initial condition arising from the time-independent
problem. In addition, the many-particle wave function obeys the spin—statistics the-
orem [78] stating that when interchanging two particles the wave function is ei-
ther symmetric (bosons) or antisymmetric (fermions), W(xy,...,xj,..., X, ..., XN) =
+W(x1,..., %, ..., Xj,...,Xn). In this context we consider fermions only.
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Instead of quantizing the particles’ coordinates and momenta it is often advanta-
geous to quantize the wave function itself. Let us then introduce electronic field
operators W™ (x) which, when acting to an N-particle state vector |xi, ...,xy), re-
move (create) an electron from (to) coordinate x. (It is possible to include also a spin
degree of freedom by denoting x = (r, 0).) More explicitly,

¢/+(X)|X1,...,x1\]> = |x1/-"/xN/x>/ (15)

1I,\/(:X")Lxl/ cee /xN>

N
Z(_l)N_ké(x - xk)lxll ey X1, Xkt1s 0 - - /xN>' (16)
k=1

The structure in the latter equation is a little more involved because it has to take
into account all the possibilities on how one of the particles (from 1 to N) could
be removed from coordinate x. Creating and removing particles by the field oper-
ators means that any N-particle state may be constructed by consecutively acting
with a creation operator to the vacuum state: |xy,...,xy) = Wt(xy) - PH(x1)[0).
On the other hand, trying to remove a particle from the vacuum state yields
a null state (zero) W(x)|0) = |0). It can, further, be shown [73] that the proper
(anti)symmetrization of the N-particle wave function is encoded in the field oper-
ators as anticommutation relations

(UO@), ¥O)) =0, (W), ¥ @)= ok -x). (1.7)

Using the field operators the N-particle Hamiltonian may then be written (in second
quantization) as [73]

A@) = f dx @ (x)hi(x, t)‘f/(x)+% f f dxdx W (x)WT (v )W(x, ¥ )P (x )W (x). (1.8)

The next question is: What is a suitable basis for expanding the field operators, and
therefore, expressing the many-particle Hamiltonian in Eq. (1.8)? Here we may be
very general and choose a one-particle state |jo’) labelling both an orbital index j
and a spin orientation ¢’ along a chosen axis (e.g., the z-direction). We may express
this in the position-spin space, |x) = |ro), as a projection (raljo’) =: @, (x) = @(r)0sy-
Since f dx|x){x| = 1, this relates to the one-particle state | jo’) being created by acting
on the vacuum state with a creation operator

Ui};, = f dx(p]-g/(x)lf/*(x). (1.9)

A similar description applies to the annihilation operator

di = f dx’,, ()W (x). (1.10)
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Now, if the set of the one-particle states, {|jo’)}, forms an orthonormal basis, we may
expand the field operators in this basis by

PO = ) ol . (1.11)

jo'

In practical calculations the basis functions ¢ are related to the (physical) proper-
ties of the studied system. One popular model description, by Pariser, Parr and
Pople [79, 80], considers each atomic site j in a lattice being described by one lo-
calized orbital, and these orbitals are assumed to be almost perfectly localized, i.e.,
that the overlap integral is [73]

1 whenj=k,
dxo" L) = ' 1.12
f XPjo () Pro (%) {6 when j, k nearest neighbours. ( )

However, when the overlap between neighbouring sites is nonzero, the orbitals do
not form an orthonormal basis. It is still possible to construct one by expanding in
small 6

0 )
Dy (x) = Qjor(x) = E(P(j+1)a/(x) - E(P(]’—l)o’ (x), (1.13)

and use this finite basis to expand the field operators. As the field operators would in
this case be expressed in terms of the localized orbitals, the corresponding operators

cf(]? remove (create) an electron from (at) the atomic site j with spin orientation o’.

Inserting the field operators from Eq. (1.11) into Eq. (1.8) leads to a representation
for the Hamiltonian

~ A A 1 A
A = ) TuOdidio + 5 Y Upindlodl diodus (1.14)

jk,o jklm,o0’

where we defined the hopping and Coulomb integrals

Ty(t)

f dr (e, pulr), (1.15)

U jkim f f drdr’(p;(r)qo,’;(r’)W(r, )it ) m(r). (1.16)

Even though U is called the Coulomb integral, any type of interaction, say Yukawa,
is possible to include as a different form for the function W. Also, in the hopping
integral, technically only the off-diagonal terms (j # k) may be regarded as hoppings.
In principle, these integrals need to be evaluated in order to accurately model a
realistic system by the Hamiltonian in Eq. (1.14) but it is also possible to regard
them as parameters. By choosing a proper parameter set, the full Hamiltonian
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matrix with the hopping and interaction matrices can be constructed. For instance,
in the tight-binding approximation, we would assume the matrix T in Eq. (1.15) to be
very close to a diagonal one; the diagonal elements would represent the lattice’s on-
site energies and the first off-diagonal elements the hopping probabilities between
the neighbouring lattice sites.

Even though the above formulations can incorporate electronic interactions by
the Coulomb integrals, in practice (computationally) this inclusion can be a very
demanding task. However, many nanosystems of general interest may be grown to
be perfect conductors meaning that the electrons can travel considerable distances
without encountering any obstacles; these sort of systems are typically referred to
as ballistic conductors [81, 82]. With this in mind, in many of the example simulations
presented in this thesis we will be concentrating on graphene structures. Graphene,
a thin carbon film of hexagonal (or honeycomb) geometry, can be regarded as a two-
dimensional material as one dimension is highly suppressed to be only one atomic
layer thick, see Fig. 1.3. Graphene holds promise for technological advances due to
its beneficial properties such as conductivity, mechanical strength and transparency
for light [83].

Although in realistic configurations the tight-binding approximation might be too
crude, in the field of ultracold atom gases it is common practice to construct so-called
optical lattice structures by using laser grids [84-86]. The lasers are used to create
trapping potentials in a way similar to periodic potentials in a crystal structure. The
cold atoms in a gas trapped by the lasers further act as generic particles which can
turther be used as a model for electrons in a transport setup. Because of the recent
progress in the laser technology, the applicability and control in these arbitrary
lattice systems is very exceptional and novel. It is therefore possible to relate our
tight-binding model systems to an experimental setup.

Fig. 1.3: Graphene is a two-dimensional monoatomic thick building block of a car-
bon allotrope. The nearest-, the second-nearest- and the third-nearest-neighbour
distances are, respectively,a = 1.42 A, b =2.46 A and c = 2.84 A [87].

In many computational tools, such as the Atomic Simulation Environment (ASE) [88],
graphene structures (among others) can be tailored and the (x, y, z)-coordinates of
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the atomic configuration can be extracted. The (nonzero) elements of the hopping
matrix for a graphene structure can therefore be constructed from known parame-
ters [89] by
V1= 270eV if d]'k =a
Ty =4y2=020eV ifdy=0b (1.17)
V3= 0.18eV if d]'k =c

where the distance is evaluated by dj = /(x; — x0)? + (y; — yx)? + (zj — zx)?. Other
models for, e.g., hydrogen passivation and impurities can be implemented in a
similar fashion [90].

1.4 A brief overview on (time-dependent) quantum
transport studies

The formalism developed by Landauer in 1957 [91] and later complemented by
Biittiker in 1986 [92] provides an intuitive physical framework of the current flowing
in a junction composed of leads and a central conducting device, i.e., a molecule.
First, the current I, in lead f3, carried by the scattering states originating from lead
a # f, is calculated. In this calculation, the current I, is essentially given by an
integral of the transmission probability for an electron to go from lead « to lead .
Then, the difference I3 — Iz, between the currents flowing into and out of the lead
B over all terminals a # f is calculated. This gives the current Ig in terminal § in
steady-state regime.

Based on the time-dependent Schrodinger equation (1.1), Caroli et al. presented in
1971 a microscopic derivation of a tunneling current in a transport setup (which
would nowadays be called a Landauer-Biittiker formula) [93, 94]. In these works,
the leads are considered to be initially uncontacted from the central conducting
device so that they are in equilibrium at different chemical potentials. Then the
contact is switched on suddenly, and the Landauer-Biittiker formula is recovered
as the long-time limit t — oo of the expectation value of the current operator. As
this approach of suddenly switching on a contact in a junction might not have
resembled the way the experiments are typically carried out, Cini proposed in
1980 an alternative approach [95]. In this work the whole system is considered to
be initially contacted and in equilibrium at a unique chemical potential. Then the
system is driven out of equilibrium by an applied bias voltage to the leads. Even
though the initial setups in these works are different, the same Landauer—Biittiker
formula is recovered since the way the system is prepared does not affect the steady-
state properties as was shown later in 2004 by Stefanucci and Almbladh [96].
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The formalism of Landauer’s and Biittiker’s may also be derived using NEGFs as
studied by Meir and Wingreen in 1992 [97]. This mathematical tool when applied
to quantum transport in multi-terminal junctions provides a natural framework to
calculate the current at all times, and it is not limited to the steady state. This leads to
several studies of generalizing the Landauer-Biittiker formula to transient regime.
Around the same time as the work of Meir and Wingreen, in 1991, Pastawski de-
rived a formula using NEGFs for I4(t) using the approach of Caroli’s (in partitioning
the transport setup) in the linear response and adiabatic regime [98]. Also, in 1994 a
calculation of Ig(t) was done by Jauho et al. where the same (partitioned) approach
was used to write I4() as a double integral over time and energy; the corresponding
integrand consists of a combination of Green’s functions in the central region [99].
Later, in 2004, Stefanucci and Almbladh further realized that when the leads are de-
scribed within wide-band approximation and when the central conducting device
consists of only a single level, it is possible to perform the time integral analyti-
cally and obtain a time-dependent extension to the Landauer-Biittiker formula [96].
In addition, they used the approach of Cini’s (without partitioning the transport
setup), and thus confirmed the loss of memory of the initial preparation in the
steady state. A step forward in deriving a time-dependent Landauer—Biittiker for-
mula for arbitrary junctions was done by Perfetto et al. in 2008 where also the spin
was added to the single-level junction [100].

As a part of this thesis, the results of Ref. [100] are further generalized to junctions
of any shape and dimensions within the wide-band approximation for the leads
and noninteracting electrons; see Sec. 2.2, Pub. [I] and Ref. [73]. An extension to
time-dependent bias profiles was derived by Ridley et al. in Ref. [101]; here this is
briefly discussed in Sec. 2.4.3. Furthermore, also an analytic formula for the time-
dependent one-particle density matrix is derived separately at zero and arbitrary
temperatures and for perturbed and superconducting central regions; see Secs. 2.3
and 2.4 and Pubs. [II, IV]. The result for the density matrix can be used to calculate
the local density and current density in the central region, e.g., in graphene samples;
see Chap. 3 and Pubs. [II, III]. Similar to the discussion of electronic transport in
the framework of Landauer and Biittiker, also a derivation in the case of phononic
transport for the time-dependent one-particle density matrix is presented in Sec. 2.5
and in Pub. [V]. This result can further be used to study local heat currents within
the central region in the transient regime.
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2.1 Introduction to quantum transport problems

In this section the basic concepts of Green’s functions stemming from the time-
dependent Schrodinger equation will shortly be introduced, and we will briefly
consider the applicability of the Green’s functions in a two-terminal transport prob-
lem.

2.1.1 Green’s functions as propagators

Let us start with a consideration of a system whose properties are determined by a
time-independent Hamiltonian H. In the Schrodinger picture a state ¥ evolves by
a unitary operator U so that

V() = ULt to)| W (to))- (2.1)

The time evolution operator U itself satisfies the equation of motion due to the
Schrodinger equation (1.1)

i%fl(t, to) — HU(t, t)) = 0 (2.2)

which is a homogeneous, first order, ordinary differential equation. To solve the
equation we need an initial condition which is provided by the nature of a time-
evolution operator; it must be H(to, t) =1,1ie, propagating a state from ¢, to fy is a
unit operator. The solution to Eq. (2.2) reads simply

ULt ty) = e i), (2.3)

We can use this expression also for propagating backwards in time since it is valid
for t < ty also. The above discussion could also be performed for time-dependent
Hamiltonians H(t) by using chronological and anti-chronological time-ordering
operators [73] but here we would like to make an introduction to the use of NEGF
formalism in a transport setup with as little complexity as possible.

13
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From the solution for the time-evolution operator we may define two new operators
depending on the propagation direction in time by employing a step function
representation:

GRA(L, o) = FiO(x(t — to)U(t, to). (2.4)

Because the time-evolution operator U is unitary, we have a relation between the
two operators defined in Eq. (2.4)

[GR(t, to)]F = GA(t, ). (2.5)

By direct differentiation and using the equation of motion for the time-evolution
operator we may also write the following equation of motion for G/

i%CR/A(t, to) — HGNA(t, ) = 8(t — to). (2.6)
In contrast to Eq. (2.2) this is a non-homogeneous differential equation. If the source
term (on the right-hand side) is of the form of a delta function, the functions
satisfying this type of equation are typically called Green’s functions or propagators.
The distinction between the propagation direction in time, denoted by R/A, is then
called either retarded or advanced Green’s function.

By looking at Egs. (2.3) and (2.4) we also see how the retarded and advanced
Green’s functions depend only on the time difference t — ¢,. Using this property it
is often useful to express these quantities in the frequency space. Using an integral
representation for the step function in Eq. (2.4)

p { -1 00 d e—iw(t—to) x
t—tg) = lim — .
( 0) 1]1—%}' 21 [oo @ w + 117 ! ( )

which can be proven using the residue theorem, we get for the retarded Green’s
function

A -1 00 “iw(t-t)
GR(t - tO) = —ilim (—)f da)—e - e_lH(t—tO)
-0+ \2mi/) J_ o, w +in
| —i(w+H)(t—to)
= lim e —— (2.8)

n—-0" J_o 27 w + lT]

Changing the integration variable as @’ = w + H we may manipulate this to take
the form of the Fourier transform

GR(t—t) = f ‘;—“T)(e—iw’<f—fo>éR(w') (n — 0%), (2.9)

(S¢]

where GR(w) := [w—H+in] . It is worth noticing that above we have operator iden-
tities for which a spectral representation can be written in terms of the eigenstates
of H. As in the time domain, also here a symmetry relation holds

[GR(w)]" = G (w), (2.10)
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and then we may formally express the propagators as

G¥w) = [(w + i)l - A (2.11)
or, equivalently, the equation of motion (2.6) in frequency domain as

[(w+in)l - AIG¥(w) = 1. (2.12)

The positive infinitesimal 1 accounts for proper causal structure in the retarded and
advanced Green’s functions; G® is analytic in the upper-half plane whereas G* is
analytic in the lower-half plane. In the above discussion essentially nothing more
than the Schrodinger equation was used to introduce the concept of propagators.
The interpretation of the system’s properties in terms of these propagators [based
on the system’s Hamiltonian in Eq. (2.11)] is therefore completely equivalent to the
Schrodinger equation.

All the above discussion is very general. The retarded and advanced Green’s func-
tions follow, in this case, from the time-evolution operator in Eq. (2.3) for a time-
independent Hamiltonian. Had we included time-dependency in the Hamiltonian,
the time-evolution operator would only take a little more intricate form due to the
chronological time-orderings [73]. As was briefly discussed in Eq. (1.2) with Fig. 1.2,
it is possible to include the system’s properties at equilibrium to the time-evolution
by adding an imaginary-time propagation, i.e., the vertical track in the Keldysh
contour. In addition to the retarded and advanced Green’s functions, we will en-
counter other Keldysh components of the Green’s functions depending on the time
arguments; we will see these forms more explicitly in the next section.

2.1.2 Nonequilibrium density matrix in a two-terminal setup

Let us then apply the Green’s function description to a more explicit calculation
in an atomic-scale junction. We look at a specific setup of partitioning the system
of interest in a transport sense into left (L) and right (R) leads and to a central
conducting device (C), see Fig. 2.1. We wish to see what the Green’s functions
look like for these sort of setups, and how the corresponding components are
evaluated. We assume that the basis of the studied LCR system can indeed be
divided accordingly. We let the Hamiltonian be of the form (we drop the hats in the
notation for now)
Hyp Hie O
Her Hee Her
0 Hgrc Hrr

This means the leads are coupled only through the central region as the direct
couplings between them are zero. Now, we project the equation of motion (2.12)

H= . (2.13)
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Fig. 2.1: Division of the transport system basis into three blocks. Each atom can be
described with several basis functions for different orbitals.

for the retarded Green’s function onto the CC subspace to extract an expression for
the propagator on the central region embedded into the lead environment. The CC
and aC elements of Eq. (2.12) read (where a € {L, R})

(@ + iGN w) — HeeGR™ (@) - Z HeoG¥Mw) = 1, (2.14)

(@ £ i) G (w) - HaCGR/A(a)) HaWGY )

0. (2.15)

Here we may multiply the second row from left by the propagator in the lead «
(denoted by a lower-case g), and then use the corresponding equation of motion
g%A(a))[(a) +in) —H,.] = 1 to extract an expression for the coupling propagator GE/CA

Gat (@) = gu (@)HacGee (@)- (2.16)

Inserting this back into the first row closes the equation for GR (w) and we may
write the solution as

GiMw) = [(w £ 1) — Hee = (Zem1) g (@) = (Zem g (@), (2.17)

where we defined the embedding self-energy as

(Zema)ol (@) = Heagr (@)Hac. (2.18)

[Hopefully, the lead index R (cursive symbol) will not be confused with the retarded
component R (upright symbol).] It is to be noted, as can be seen from the definition,
that the embedding self-energy is a matrix defined on the CC subspace. Even though
in the subscript there also is a lead index «, it is not to be confused with objects in
the lead subspace. We call this quantity an embedding self-energy as it stems from
the coupling between the central region and the lead environment. Later we will
also encounter many-body self-energies taking into account the interactions within
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the studied system. A common definition together with the embedding self-energy
is the level-width function

(Fa)CC(a)) = i[(zem,a)gc(a}) - (Zem,a)éc(a))] =-2 Im[(zem,a)léc(w)] (219)

for which we have the same notation as for the embedding self-energy; also this is a
matrix defined on the CC subspace. Similarly, we very often encounter a difference
of the retarded and advanced Green’s functions, called the spectral function, as

Acc(@) = 1[G (@) - GAc(@)]. (2.20)

As the Green’s functions depend on the self-energies originating from the lead
environment, we get a contribution from both leads by manipulating Eq. (2.20) as

iGIéc(w)[(Géc(w))_l - (ch(w))_l]Géc(w)
iGRo(@)[-i(I')cc(w) — i(TR)cc(@)]Gac (@)
Gléc(w)[(FL)cc(w) + (FR)CC(w)]Géc(w) = (Ar)cc(w) + (AR)cc(w), (2.21)

where we inserted Egs. (2.17) and (2.19). Also, we notice from Eq. (2.19) that the
imaginary part of the embedding self-energy function gives rise to the broadening
of the band. This is intuitively understood by looking at Eq. (2.17): the real part
of the embedding self-energy could be absorbed into the Hamiltonian Hcc, thus,
only shifting the poles of the Green’s function, whereas the imaginary part of the
embedding self-energy gives the width of the peaks.

Acc(w)

Granted the simplicity of Eq. (2.21), itleads to a very important result. As it describes
the spectral density in the central region due to the lead self-energy, we may weigh
this function by the occupation probability (given by the Fermi distribution) and
integrate over the frequency to obtain

pec = [ S2A@IADc@) + Arecte], 2.2)

where f(w) = [ef@™® + 1] is the Fermi function with chemical potential y and
inverse temperature = (kgT)~*. This is the nonequilibrium density matrix for the
central region C, and it could readily be generalized to an arbitrary number of
leads. We will look at an example calculation in the next section, after deriving also
a current formula of the similar form of Eq. (2.22).

2.2 Time-dependent quantum transport

So far we have discussed only time-independent or stationary transport. There is,
however, no guarantee that this steady-state description would capture the essential
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physics in, say, atomic-scale junction operating at high-frequency regime where bits
are being switched from zeros to ones at an appreciable pace. Therefore, we need
an accurate theory for describing the full time-dependence.

Before diving into the formal development of the time-dependent quantum trans-
port in terms of the nonequilibrium Green’s functions in Pub. [I], let us briefly
look at other theoretical approaches and computational methods for this task. As
briefly touched upon in Chap. 1 the time-dependent density in a system of inter-
est may be evaluated from Eq. (1.3) (according to the Runge—Gross theorem [34]).
From the Kohn-Sham orbitals it is possible to define a (Kohn-Sham) current den-
sity which is equivalent to the true current density when considered via a surface
integral relating to the system’s geometry [102-104]. This is the essential starting
point for a (partition-free) scheme based on TDDFT to treat the time-dependent
current response, even in fully interacting systems. Another widely used method,
which was also briefly mentioned in Chap. 1, is the density matrix renormalization
group (DMRG). DMRG is, also in the context of time-dependent problems, a power-
ful technique especially in case of one-dimensional interacting quantum systems. It
has been successfully used in the study of real-time dynamics (as in time-dependent
quantum transport) where a certain hierarchy of equations for the time-evolution
operator and the density matrix is solved using specific approximations [105-108].
In one-dimensional systems the matrices describing the transport setup are sparse
as there are fewer connections between the relevant basis states, and together with
DMRG a time-evolving block decimation algorithm is often used [109-111]. However,
arguably the most used technique in time-dependent quantum transport is the
NEGEF formalism with its natural connection to the traditional Landauer approach
as we will see in the following.

Next, in this section, we introduce a multi-terminal quantum transport model for
which the dynamical equations of motion for the Green’s function can be solved
analytically. We first have a look at the Hamiltonian, Green’s functions, and the
equations connecting them, and we derive in a steady-state limit important results
known as the Meir-Wingreen [97] and the Landauer-Biittiker [91, 92] formulae.
Furthermore, an analytically solvable time-dependent quantum transport model
will be discussed, for which the full solution to the equations of motion in tran-
sient regime will be presented in the next section, thus extending the traditional
Landauer—Biittiker formalism into time domain without losing the intuitive inter-
pretation or increasing the computational cost. The presented derivations follow
the theoretical framework set forward in Pubs. [, II].
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2.2.1 Hamiltonian, Green’s functions, and the equations connect-
ing them

We start by describing the system’s Hamiltonian H = H, + Hy,, where the nonin-
teracting part is in second quantization [see Eq. (1.14)]

Ao =Y ewadly o + Y Tondlhodo + Y | Toadlh i + Trantlhy odhma] - (2:23)

ka,0 mmn,o mka,0

The first term accounts for the a-th lead with ka being the k-th basis function of
the a-th lead, the second term is for the central molecule, and the last term is
for the coupling between the central part and the a-th lead. The corresponding
annihilation (creation) operators for these states are denoted in Eq. (2.23) by dt"
obeying the fermionic anticommutation rules (dss, ai; o} = 0xy00s. The interacting
part can be written in terms of the Coulomb integrals v;j,,,, as [see Eq. (1.14)]

N 1 N o oA oA
Hine = = Z vijmnd-'t d+ dm,a’dn,a- (224)

This sum is restricted to molecular indices only, i.e., the interactions are described
only between the electrons within the central molecule. It is worth noticing that
we may still keep the interacting Hamiltonian in our derivation even if, later in
this thesis, we consider only free electrons occupying the lattice system without
interacting with each other. The setup is depicted in Fig. 2.2.

Fig. 2.2: Transport model corresponding to Eq. (2.23) where a central molecule (C) of
arbitrary shape and size is connected to arbitrary number of leads, also of arbitrary
shape and size (the structure is for illustration only.)
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The transport and nonequilibrium conditions are as follows:

1. The system is initially (¢ < ty) in thermal equilibrium at inverse temperature
B and in chemical potential y1, when the density matrix is of the form p =
Le AN with N and Z being the particle number operator and the grand-
canonical partition function, respectively.

2. At times t > t; the system is driven out of equilibrium with an external field
by raising suddenly the energy levels of every lead €, — €y + V.

From the nonequilibrium conditions we get that after t = t, charge carriers start
to flow through the central molecule. To calculate time-dependent nonequilibrium
quantities we use the equations of motion for the one-particle Green’s function
on the Keldysh contour y. This quantity is defined as the ensemble average of
the contour-ordered product of particle creation and annihilation operators in the
Heisenberg picture [73]

Gr(z,2') = KT, [d,n@)d! 14, (2.25)

where the indices 7, s can be either indices in the leads or in the central region and
the variables z, z’ run on the contour. The contour has a forward and a backward
branch on the real-time axis, [ty, o[, and also a vertical branch on the imaginary
axis, [to, to — ] with inverse temperature §, see Fig. 1.2 and, e.g., Refs. [73, 112]. For
a function k(z,z’) on the Keldysh contour the components lesser (<), greater (>),
retarded (R), advanced (A), left ([), right (]) and Matsubara (M) are defined as [73]

k<(t,t') = k(t_,t,), (2.26a)

kK@t t) = k(t,,t), (2.26b)

KR(t,t) = +0¢t-t)[k () -k (t1)], (2.26¢)

KAt YY) = =0 —t) [k (L) —k<(t, )], (2.26d)

K(t,t') = kito—it,t), (2.26e)

Ki(t, 1) = k(t ty—it), (2.26f)

M(t,7) = k(ty —it, tg —iT)). (2.26g)

The matrix G with matrix elements G, satisfies the equations of motion [38, 73]

[i% - h(z)] G(z,7) = 8(z2)1+ f d2E0(2,2)G(2,2), (2.27)
¥

G(z,7) {—i% —h(Z)| = 0(z,z)1+ deG(z, 2) L2, 2), (2.28)
Y

with a boundary condition such that the Green’s function is antiperiodic along
the contour y (Kubo-Martin-Schwinger boundary conditions). On the right-hand
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side of Egs. (2.27) and (2.28), the many-body self-enerqy X, takes into account the
many-body interactions due to Eq. (2.24) [73]. This object is now different from the
embedding self-energy defined earlier. Here h(z) is the single-particle Hamiltonian
which, in the basis ka and m, has the following block structure

hiy 0 - Iy
0 hpn --- h
S R (2.29)
hei hey +++ hec
where (M )i = Onw Oki€xa corresponds to the leads, (hac)im = Tkam is the coupling
part, and (hce)mn = Tmn accounts for the central molecule. Accordingly, the matrix
structures for the Green’s function and for the many-body self-energy are
Gu Gi -+ Gic 00 --- 0
Gn Gxp -+ Goc 00 --- 0
=1 s o K Lmb=1. . . : ’ (2.30)
Ga Ge - Gec 00 -+ (Zmb)cc

where, as mentioned earlier, all the interactions are contained in the component
(Zmb)cc, i-e., the leads are described within a noninteracting framework. This as-
sumption makes (Zmb)cc[Gec] to be a functional of Gee only. As we are mainly
interested in the dynamical quantities within the central molecule, it is convenient
to project the equation of motion in Eq. (2.27) onto states CC and aC. This is a
similar procedure we already performed in Sec. 2.1. The projection involves some
book-keeping with the matrix products, and this process is outlined as follows:

. d ’ / ’
1EGCC(Z;Z ) — Za: hca(2)Gac(z,2") — hee(2)Gec(z, 2°)

dcce )+ Y, [ dEmene D6uce2) + [ daEmece DGectz 2), 231
a Y

')/

. d , , ,
1&GaC(Z/Z ) - haa(Z)GaC(Zrz ) - haC(Z)GCC(Z/Z )

5ac(Z,Z')+Z f dZ(Zmb)ap(z,2)Gpe(Z,2) + f dz(Zmb)ac(z,2)Gec(2,2'), (2.32)
B

Y Y

where we may use the facts (XZnp)ap, (Zmb)ac, 0ac = 0 to get

[i% - hcc(Z)] Geelz, 2') = 0(z,2) + Z hca(2)Gac(2,2')

+ f dz(Zmb)cc(z,2)Gecl(z, 2) (2.33)
Y
15 - 1@ Guc = huc@)Gectz ). 2349
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Then we multiply Eq. (2.34) with the Green’s function of the isolated a-th reservoir,
Saa(z,7"), whose equation of motion is [i% - hm(z)] 8aa(z,7") = 0(z,7") (due to no
interactions in the lead sector), and integrate over the Keldysh contour y. This way
we obtain

fy d280a(z,2) [i%—hw@)] Gaclz,2) = fy d28ua(z Dac@Cec(s, 7). (2.35)

Due to the occurring delta function on the left-hand side, the integral readily gives
Gucler2) = [ dgun(e, Dhuc(@)Gecle ) 2.36)
y
Then, from Eq. (2.36) we may insert G,¢ into Eq. (2.33) to obtain

i - hee@)| Gectz,2) = 6 2)

+ Z hCa(Z) fydzgzm(zl Z)hozC(z)GCC(Z/ Z,) + fdz(zmb)CC(Z/ Z)GCC(Z/ Z,)

;/

= [1% - hcc(z)] Geel(z, 2') = 0(z,2)

+ ‘Ldz[(zmb)CC(zl Z) + ; hCa(Z)g(m(Z/ Z)haC(z)]GCC(Z/ Z,)' (237)

Here we notice that the second term in the square parentheses on the right-hand
side is exactly the embedding self-energy L., we defined in Sec. 2.1. Then, we obtain
the equation of motion for the Green’s function projected onto the central molecule

[ii - hCC(Z)] Gee(z,2') = 0(z,2') + fdz [(Zmb)cc(z, 2) + (Zem)cc(z, 2)] Geel(Z, 2).

dz y

(2.38)
The adjoint equation of motion can be derived in a similar manner. So far, we
did not specify the type of interaction or any explicit form for the self-energy
XZmb. For practical calculations these forms typically need to be approximated; see,
e.g., [113, 114]. Otherwise the equations of motion for the Green’s function are
general integro—differential equations which can be solved numerically using time-
stepping schemes [73, 75, 115].

2.2.2 Meir-Wingreen formula

It is worth stressing that everything so far has been very general; we are dealing
with a multi-terminal junction with interacting central region, and in addition to the
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equation of motion, we have obtained a Green’s function in Eq. (2.36) to describe
the propagation of a particle from lead a to the central region. This turns out to
be a very convenient quantity since we can relate it to the current in the interface
between the central region and the lead. Let us consider current in lead « as a rate of
change in particle number, I,(f) = SN, (t) with g being the charge of the particles.
Furthermore, the particle number, N,(t), is the ensemble average of the number
operator in the Heisenberg picture, (N, = Qo dr dka,o)r for which we have the
equation of motion as [73]

ka,o

Lo(t)

7 SR0) = g [Ruto), A))
—ig{ Y [ Odiao®) ) exadly O (0]

ko k' o’ o’

+ Z [dkaa(t)jka,a(t) T dLa’(t)(j”f"'(t)]

ko,mno’

b Y 8Os, Tuadl, (e )]

ko,mk’ o’ o’

Y A Odias(t) , Tewndly ,Odna®]). (239

ko,mk’ o’ 0’

A nonzero current follows from a voltage shift in the lead Hamiltonian as raised
energy level €, — €, + V,. Since the number operator commutes with the lead
and molecule part of the Hamiltonian, the first two commutators in the above
expression give simply zero. The nonzero contribution comes from the coupling
terms which we can expand as follows

Ia(t) = _1q< Z {kaa der g/[ kag(t)dkaﬁ(t) dka 07 (t)]

ko,mk’ o’ o’
+ Toam |dhy s Ok t) , A (O] dnor ()] ). (2.40)

Next, using [AB, C] = A{B, C}—{A, C}B for the commutator and the anticommutation
relations for the creation and annihilation operators we further get

Lo®) = =i9( ) " [~ Tukaddhy o (i) + Trandl, ,(Odna(®)] ). (241)

mk,o

Here we may identify the equal-time lesser Green’s function [Egs. (2.25) and (2.26a)]
for the aC block in Eq. (2.36) and use the following symmetry relation

[G=(t, )] = [-i{d"( d(t))] =i(d"(®d(t)) = -Gt ). (2.42)

Also, using the fact that the hopping matrix is hermitian, summing over the spin
index 0, and using the identity z + z* = 2Re z for a complex number z in Eq. (2.41),
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we get
I.(t) = 4q Z Re [Tia G, (8 9] (2.43)
mk

The summation in Eq. (2.43) corresponds to a trace over the molecular indicesm € C
of the matrix product hc,Guc, so we may also write the current as

I(t) = 49 Re {Trc | heaGic(t, D]} (2.44)
We may expand the product inside the trace using Eq. (2.36) as

hCa(z)GaC(Zr Z/) = dehCa(Z)gaa(zl Z)haC(Z)GCC(Z/ Z,) = fdz(zem,a)CC(zl Z)GCC(ZI Z,)/

| ! (2.45)
where we noticed the definition of the embedding self-energy for lead a, (Xem,a)cc-
Then we should take the lesser component of Eq. (2.45). Different components of the
functions on the Keldysh contour, see Egs. (2.26a)—(2.26g), are related by the Langreth
rules [73, 116]. Using these rules in Eq. (2.45) and then inserting to Eq. (2.44) we
have

Ia(t) = 4‘7 Re {TrC [(Zem,a)éc . Géc + (Zem,a)gc : Géc + (Zem,a)]cc * Grcc] (t/ t)} s (246)
where we defined time-convolutions on the Keldysh contour as

= 5
£l = [ difegEn; 1 xglen =i [ deftogn. @4
Equation (2.46) is a very general formula for the current through the interface
between the central region and the a-th lead since itis already in the transient regime
(t-dependency) and it properly takes the vertical track of the Keldysh contour into
account (last term). This term is responsible for the initial couplings and correlations
in the system. Importantly, if the Green’s functions appearing in Eq. (2.46) satisfy
the equation of motion (2.38), also the interactions are properly included to the
description.

Let us study some limiting cases of Eq. (2.46). First, in the steady-state limit (f — oo)
we may assume that the dependency of the initial state is washed out [96], i.e., we
may drop the last term in the square brackets. Furthermore, the functions (Xem,q)cc
and Gcc (of two time variables) become functions of the time difference only and we
may employ the Fourier transform. Then, the convolutions become products of the
corresponding Fourier transformed functions, and we may obtain an expression
for the steady-state current by

I = limI,(H

200 [ G2 Te| o)) [GEe@) - GAc)]

i [(Zema)ic(@) = Eema)oc@)| Gec@)}),  (248)
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where we again used Rez = (z + z)/2. In Eq. (2.48) we notice the definitions of the
spectral function and the level-width function [see Egs. (2.19) and (2.20)], and we
may write the steady-state current as

d
Ia = 2111 f %TI"C [(Zem,a)éc(w)ACC(w) - (Fa)CC(a))GéC(a))] . (249)

Furthermore, we limit ourselves to a two-terminal setting and calculate the total
current through the central region as I = I —I;, and insert a fluctuation—dissipation
type of relation for the embedding self-energy (Xemo)Sc(@) = ifa(@w)(Ta)cc(w) [73],
where f, is the Fermi function for the a-th lead; this is defined as f,(w) = [ef@+Vo) +
1]7! for the biased Fermi level. Then, we get the Meir—Wingreen formula [97, 117]

d
I = 2ig f %Trc {[fL(a))(TL)cc(w) — fr(@)(I'r)cc(w)] [ch(a)) - Géc(a))]

+ [(M)cc(@) = (TR)ec(@)] GEe(w)) - (2.50)

Since Eq. (2.50) follows as the long-time limit of Eq. (2.46), we may regard Eq. (2.46)
as a time-dependent generalization of the Meir-Wingreen formula which also takes
the initial correlations into account.

2.2.3 Landauer-Biittiker formula

Let us then consider another well-known steady-state result, and start from Eq. (2.49).
In the absence of interactions we may write the lesser Green’s function simply in
terms of the embedding self-energy as (since the many-body self-energy is zero) [73]

Geo(@) = GEo(@)(Zem) (@) Gac(w), (2.51)

where (Zem)io(@) = Xo(Zema)c(@). In this case, we may also insert the same
fluctuation—dissipation relation for the lesser self-energy as above, and we obtain
for the current through the interface between the central region and the a-th lead

I

20 [ ;—:;Tl‘c (@) )ec@)GE(@) T ec(@)GA(@)

- ifﬁ(w)(ra>cc(w)GIéC(w(rﬁkc(w)cféC(w)]
f Z folw fa(w) Tap(w), (2.52)

where we defined the transmission function

Top(w) = Trc [(F )ec(@)Gee(@)(Tp)ec(w)Ga, (CU)] (2.53)
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Limiting ourselves again to a two-terminal setting, we may evaluate the current
through the noninteracting system as a difference I = Iz — I

dw
I=14q f S [@) = fr@)] Tre [(Dec(@)GE@) TRec@)Gic(@)] (254
which is typically called the Landauer—Biittiker formula [73, 91, 92, 117]. If we know
the transmission function T(w) = Tir(w), the conductance of the central region may
be calculated from the Landauer formula [91, 117]

2¢? 2¢?
G = —-T(@) = 7= Trc [(Mec@GE@)TRec@)Gec@)],  (2.55)
where ¢ is the electron charge and & the Planck’s constant. The factor G, = 2¢%/h is

often termed the conductance quantum.

2.2.4 Basic concepts and an example calculation

Let usillustrate the basic concepts in quantum transport and the use of the Landauer-
Biittiker formalism discussed above by means of an example. Consider an ethylene
molecule C;Hy and a single m-orbital structure around the two carbon atoms. We
choose accordingly the basis as the states [1) and |2), where the 7-electron is local-
ized around either the 1st or the 2nd carbon atom. The Hamiltonian then takes the
form
Hee = (fot eot) (2.56)

where ¢ is the on-site energy for a carbon atom and ¢ is a probability amplitude
for an electron to jump from one carbon atom to the other. The energies and the
corresponding stationary states of the Hamiltonian are

S % (1) 5 12)). (2.57)

We could then express the Hamiltonian also in the molecular orbital basis as

Hee = (eo‘ €0+) (2.58)

Then, we want to couple the molecule to two leads, and the coupling is described
by the embedding self-energy

(Zem,a)léc(w) = —idiag(V—,a/2, 7/+,a/2)/ (259)
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(a) Transport setup for a molecule (dis- (b) Transmission of the two-level molecule

crete spectrum) attached to two leads  asa function of energy. The inset shows the
(continuum spectrum). The Fermienergy ~ transport setup through the 7 orbitals and
is in the HOMO-LUMO gap. the parameters corresponding to Eq. (2.60).

Fig. 2.3: Basic concepts in a transport setup explained by an example calculation.

ie., (Ia)cc(w) = (Fa)ce = diag(y-a, V+q) With vz, being positive (real) constants.
As the level-width functions are frequency independent, this is also called wide-
band approximation (WBA) since the frequency dependency of the lead states is
considered constant when compared to the two discrete states of the central region.
In this approximation, also the real parts of the embedding self-energy may be
dropped due to Kramers-Kronig relations [73, 118] (if the imaginary part of the
embedding self-energy is constant, then the real part becomes zero), or they may
be absorbed into €.. In addition to the simple m-orbital framework, there are also
o orbitals in the ethylene molecule to keep the structure together. However, the n
orbitals give, in this case, the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) which then are responsible for the electron
transport through the structure. We will not describe these orbitals rigorously here
but only state that the level structure of the central region is, in principle, more
complicated than in Eq. (2.57). More generally, the transport setup is something
like in Fig. 2.3a. Here the levels below the Fermi level are occupied whereas the
states above the Fermi level are unoccupied. The leads’ continuum of states and the
discrete spectrum of the molecule may also be shifted in energy to model voltage
profiles, i.e., biasing and gating.

Typically we are only interested in the channels responsible for the transport, in this
case, the r orbitals, and we may evaluate the transmission function by inserting the
matrix structures into Egs. (2.17) and (2.53) and find

T(w)

Trc [(FL)CCGIéc(a))(FR)CCGéc(C‘))]

_ Y-LY-R + V+LYV+R (2. 60)

(=€ )2+ (YL +y-r3?/4 (=€) + oL+ yep)?/4
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We plot the transmission in Fig. 2.3b with parameters €, = —e_and y_; =y, =
Y_r = Y+ = |e_|/10. We notice that the transmission approaches one when the en-
ergy is in resonance with the molecular orbitals and that it decays as w2 elsewhere.
This means that when we expose the system to the amount of energy correspond-
ing to the resonances, we get a functioning transmission channel. The transmission
and further the conductance given by the Landauer formula in Eq. (2.55) work in
this way as response functions: they describe the system’s response to an external
perturbation, in this case, given by the parameters leading to the resonant energy
levels. The width of the resonance peaks is determined by the parameters y ,. This
means that when the coupling of the molecule to the leads is stronger the resonances
become wider and it is easier to get a nonzero transmission and conductance even
if the external perturbation did not match the resonant level exactly.

2.2.5 Equations of motion for a noninteracting central molecule
within the wide-band approximation

When deriving the equations of motion (2.38) in the previous section we defined the
embedding self-energy, X.m, accounting for the coupling between the molecule and
the lead environment. In addition to the isolated Green’s function G,, this quantity,
as well, is independent of the electronic interactions, and is completely specified by
the Hamiltonian of the reservoirs

Cemafu@) = Y (el & @) iltahn = Y To !
k k

@)~ s V)

(2.61)
where we wrote explicitly the diagonal elements of the lead Hamiltonian on the
horizontal branch of the Keldysh contour. The imaginary part of the embedding
self-energy is related to the level-width function

(Fa)n(@) =270 Y Tgad(@ = €10 = V) Tk (2.62)
k

Also, as seen in the example calculation in the previous section, for these objects
WBA is often assumed, i.e., that the eigenvalues of the Hamiltonian for the central
molecule are well inside the continuum spectrum of the reservoirs €x,. In WBA the
level-width function is assumed frequency independent and the retarded Keldysh
component of the embedding self-energy becomes [see also Eq. (2.11)] for indices
m,n € C

1
(Zem,a)in(a)) ~ _E(Fa)mn' (263)
This means that when the energy bands of the leads are ‘wide’ the embedding self-

energy can be assumed to be a purely imaginary constant with respect to frequency
w.
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Employing WBA for the embedding self-energy in time domain therefore gives

’ " dw —iw(t—t' i ’
Eanln(t1) = [ SN @) = =5 bt =1 (260

—00

Even though the form of this function is, at this stage, rather abstract, this is a
key step when we start solving the equations of motion (2.38). When we drop the
interactions, i.e., consider the limit of free electrons or ballistic transport, and set
Lmp = 0, we are left with the contribution only from the embedding self-energy on
the right-hand side of Eq. (2.38). In addition to this, when we employ the WBA for
the embedding self-energy as in Eq. (2.64) the equation of motion for G becomes a
closed differential equation which can be solved analytically.

Now we apply the assumption of a noninteracting central molecule. Then the
many-body self-energy for the central part Y, in Eq. (2.38) vanishes and we are
left with the embedding self-energy X., only. The equations of motion simplify
correspondingly (let us also lighten the notation by dropping the subscripts ‘CC’
and ‘em’ as there should be no danger of misunderstanding any more)

[i%—h(z)] G(z,Zz)) = 6(2,2’)+fdeZ(Z,Z)G(Z,z’), (2.65)
G(z,7) _idci' —h(z’)] = 6(z,z’)+LdZG(z,Z)ZJ(Z,z’). (2.66)

(Let us, from now on, also call the embedding self-energy simply as the self-energy
since it is the only self-energy contribution left.) By using the Langreth rules [73,
116] in these equations of motion, (2.65) and (2.66), we are able to extract the lesser
Green’s function, G<, from which many interesting physical quantities, such as
electron densities and currents, can be obtained. We are mainly interested in the
time-diagonal of the lesser Green’s function G=(¢, t) since this is directly related to
the one-particle density matrix as p(t) = —iG=(t, t), and this quantity can be obtained
by subtracting Eq. (2.66) from Eq. (2.65), then setting z = t_ and z’ = t/, and then
taking the time-local limit t, — t_. This procedure involves somewhat tedious
bookkeeping for which the details can be found in Pub. [I] and we state here only
the result

1%G<(t/ t) - [h(t), G<(t, t)] = — [GR . 2< + G< . ZA + G-| * Zf] (t, t) + h.C. (267)

with the time-convolutions on the Keldysh contour being defined in Eq. (2.47). This
is the final form for the equation of motion for the lesser Green’s function in the
equal-time limit we are trying to solve. The underlining assumption in deriving
Eq. (2.67) is the neglecting of the electron—electron interactions. Although not yet
explicitly present in Eq. (2.67), the WBA for the self-energy is another assumption
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we do in order to have a closed equation for G. This seems a rather unreasonable
price to pay but the reward is that Eq. (2.67) may be solved analytically. If we
lift the assumptions, we are left with solving numerically the full Kadanoff-Baym
equations (2.27) and (2.28) which itself is a very demanding task although the
reward is the more complete description of the underlining physical processes in
the quantum transport setup.

From Eq. (2.67) we may already extract some physical information about the trans-
port setup. If we set the right-hand side to zero, we have a reduction to a Liouville-
type equation for the one-particle density matrix p = —iG* of the isolated central
region. The self-energy, by construction, accounts for the openness of region C. The
terms inside the square brackets also have a transparent physical interpretation.
The first term is a convolution between the propagator in region C, GR and the
probability of finding an electron in the lead <. This can be interpreted as a source
term describing the injection of electrons into region C. The second term has the
opposite structure: a propagator in the leads, XZ#, is convolved with G* which is
proportional to the probability of finding an electron in region C. This term can
therefore be interpreted as a drain term and is responsible for damping and equili-
bration effects. The last term accounts for the initial preparation of the system. In the
partitioned approach, where the terminals are considered initially uncontacted and
in equilibrium at different chemical potentials, this term would be zero since the
hopping integrals Tk, = 0 in equilibrium [93, 94, 99]. However, in the partition-free
approach [95, 96], where the system is initially contacted and in equilibrium at a
unique chemical potential and then driven out of equilibrium by a potential be-
tween the terminals, this term is nonzero and accounts for the initial coupling of
the central region to the leads.

2.3 Solving the equations of motion for the Green’s
function

As we have now obtained an integro—differential equation of motion (2.67) for
the equal-time lesser Green’s function, we would like to solve this equation in a
closed form. For closing the equation for G<, i.e., that the solution does not involve
any iteration or time-propagation schemes, we would need the time-convolutions
on right-hand side of Eq. (2.67). In particular, the time-convolution involving G*
should be coupled with the terms on the left-hand side. For this, we employ the
wide-band approximation discussed in the previous section.

First, we see how the different Keldysh components of the self-energies can be
obtained from the WBA result for the retarded/advanced self-energy. Second, we
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will evaluate the corresponding Green’s function components to be inserted in
the convolution integrals in Eq. (2.67). Once we have expressions for the time-
convolutions, the remaining differential equation may be solved uniquely. Most of
the details of the derivations will be deferred to appendix.

2.3.1 Effective Hamiltonian and the corresponding eigenbasis

Before solving Eq. (2.67) we need to find expressions for the time-convolutions
inside the square brackets on the right-hand side. This procedure starts from the
WBA for the self-energy; from the retarded and advanced Keldysh components we
get an expression for the Matsubara component, and further from this we can derive
expressions for the left/right and greater/lesser components. Similarly, when we
know the Matsubara self-energy, we may express the Matsubara Green'’s function,
and further use this to derive the left/right components of the Green’s function.
From the WBA we also readily get the retarded/advanced Green’s functions. These
derivations of the different Keldysh components are straightforward but a little
technical so we shift the details to Appendix A.1.1, and state here only the necessary
expressions in order to proceed. For further convenience, we introduce a non-
hermitian effective Hamiltonian as
i + i

heff =h- EF, heff =h+ EF, (268)
where I' = ), T, is a positive semi-definite matrix accounting for the total con-
tribution from the coupling of the central molecule to leads a, see Eq. (2.63). Due
to non-hermiticity this object has separate left and right eigenvectors forming a
mutually biorthogonal set {|\I/]L>, |‘P$)} with

Wil = e (WY,
(W} Rff i« I]{| (2.69)
het| W) = €1W75),

where the eigenvalues € are, in general, complex. By the biorthogonality we have
<\I/]L|\I/]I§) = 6]-;((\I/]?|\P?>, where we can choose an appropriate normalization of the
diagonal elements. The resolution of identity in terms of the left/right eigenbasis
also works pairwise

oy RN y Ml
(L) (WRIOT)

i i

(2.70)
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2.3.2 Terms in the equation of motion (2.67)

The Keldysh components of the self-energies and Green’s functions in Eq. (2.67) in
terms of the effective Hamiltonian read (see App. A.1.1)

d . ,
DI (00 TS f % flw — p)e i @rValt=t), (2.71)
1 dw ei(a)+Va)t
|- — —WgT
t - Famn_. 1 P — 272
Zhm(®8) = Lo )& | 5o 2.72)
q
Gi(tt) = —iO(t - t)e ™), (2.73)
4 N A
Gl(t,1) = e thet [GM(O,T)—f d ettt f dTZ](t/,T)GM(T,T)], (2.74)
0 0

where the sum over g is a sum over Matsubara frequencies w, = % and f is the
Fermi function. The advanced self-energy can be found from Eq. (2.64) by conju-

gating. Inserting these expressions into the definitions of the time-convolutions in
Eq. (2.67) leads to (see App. A.1.2)

- 7 dw :

R y< _ _ _ Aw+Va—heg)t R
GR-xo| ) = 1§a f_zn flo-w[i-e | G + Va)lw, (275)
< =A@ = %G<(t, I, (2.76)
: 7 dw ,

1 [ — 3 e _ i(w+Vy—heg)t ~R
Gl x 2l (tt) = 1f @) Z e D GR(w)T . (2.77)

2.3.3 Time-dependent density matrix and its interpretation

Then the expressions in the above equations may be inserted into Eq. (2.67), and
this way we find

: d < <
i G ()~ [, G(t, )]

dw - i
— _); _ _ Aw+Va—heg)t R S <
= {1 Ea f_an(w y)[l e ff ]G (a)+Va)Fa+2G (t,r

dw .
. _ i(w+Va—hegr)t ~R
+ lf_an(w ) Ea e G (a))Fa}+h.c. (2.78)



2.3 Solving the equations of motion for the Green’s function 33

which is a nonhomogeneous, linear, first-order differential equation for G=(¢, t) and,
therefore, it can be solved explicitly. The solution is worked out in A.1.3 and reads

f(;—:f(w - u);{Aa(w +Va)

+ Vo[V e GRw)Ay(w + Vi) + hoc|
+ V2e ! GR(0)An(w + Va)GAw)es |, (2.79)

—iG<(t, )

where we introduced the partial spectral function as [cf. Eq. (2.21)]
Ay(w) = GRw)T,Gw) . (2.80)

The full nonequilibrium spectral function is A(w) = )., As(w).

In Eq. (2.79) we have an explicit closed formula for the equal-time G* or, equiva-
lently, for the time-dependent reduced one-particle density matrix (TD1RDM). This
is a generalization of the static density matrix derived in the framework of Lan-
dauer and Biittiker, in Sec. 2.1, see Eq. (2.22). We see that the first row of Eq. (2.79),
i.e., the time-independent part exactly corresponds to the form in Eq. (2.22) (with
the addition of a bias voltage). Now, we may investigate what is the role of time-
dependence, since all the terms inside the frequency integral in Eq. (2.79) may be
calculated separately, and no time-propagation nor self-consistency algorithms are
needed. By analyzing the terms we extract the following properties:

1. Withno external bias, V,, = 0, only the first row contributes. This term correctly
gives the equilibrium value of the equal-time G* since at zero bias }_, A,(w)
is the equilibrium spectral function, see also Eq. (2.22).

2. Both the second and the third row vanish exponentially in the long-time limit,
and the equal-time G* approaches a unique steady-state value.

3. The transient dynamics is given by the second and the third row. By inserting
a complete set of eigenstates of the effective Hamiltonian ks, see Eq. (2.69),
we notice that:

(a) The second row gives rise to oscillations with frequency w; = |u + V, —
Ree€j|. These oscillations correspond to transitions between the biased
Fermi level of the leads and the resonant levels of the central molecule
(at comparatively low enough temperature).

(b) The third term accounts for intramolecular transitions and gives rise to
oscillations with frequency wj = |Ree; — Reex|. These oscillations are
visible only if the effective Hamiltonian h.s does not commute with I',.
In the case that [heg, ['n] = O the time dependence of the third term is of

the form e et iyt — Tt
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2.3.4 Time-dependent Landauer-Biittiker formula

As discussed earlier in Sec. 2.2.2 the time-dependent current through the interface
between the central region and the a-th lead is calculated simply by

I(H) = 4qRe(Tr[Z5 - G* + IR - G* + I} x GT] (1, )], (2.81)

where we shall use g = —1 for the electron charge and Re{Tr[A]} = Tr{A + A'}/2
for the trace. Each of the terms in Eq. (2.81) carries similar information as already
discussed with Eq. (2.67). For the terms inside Eq. (2.81) we may use previously
obtained results in Egs. (2.75), (2.76) and (2.77) with minor modifications:

|Zs-6Mwn = i f ‘21—: flw = WLGHw + Vo) [1 - e @ Velia] - (2.82)
[=R-G<|¢tp) = —%racf(t,t), (2.83)
[Zix Gt = i f Czl—: f(@ — WG w)e {@Ve i), (2.84)

and correspondingly for the complex conjugated ones. In addition, we may use the
already obtained result for G=(t, t) in Eq. (2.79). After some algebra (see App. A.1.4)

we arrive at
dw
_Zfﬁf(w ) Eﬁ Tr{

TG (w + V)[sGMw + Vi) = [,GMw + Vo )[;GMw + Vy)
+ Vp[Fa @ Vi GR(@) (—iasGR (@ + Vi) + Aglw + Vj)) + h.c ]
+ Vilae " GR(w)Ap(w + V)G (w)eest } (2.85)

L(t)

The physical interpretation of the terms in Eq. (2.85) is similar to the one after
Eq. (2.79). We have a steady-state part given by the first two rows, which can be
identified as the Landauer-Biittiker formula in Eq. (2.54). The time-dependent part
is given by the second and the third rows, and it vanishes exponentially in the
long-time limit and the oscillations in the current have the same structure as in the
reduced one-particle density matrix.

2.3.5 Evaluating the densities and currents in practice

Looking at the final formulae in Egs. (2.79) and (2.85) we are left with numerical
integration. These are one-dimensional integrals over the frequency w but they
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may be tedious to perform, at least for larger systems. The integrands (related to
the spectral functions) for larger systems are, in fact, heavily oscillatory and spiked
functions. Although we know the positions of the spectral peaks (as the real parts
of the eigenvalues of h.¢), the dense frequency grids (even if adaptive) to model
the spectral peaks accurately might be computationally rather expensive. There
is, however, a way around this problem by looking at the matrix structures more
carefully.

We may expand the results in Eq. (2.79) and (2.85) in terms of the eigenbasis of the
non-hermitian effective Hamiltonian h.¢. As noticed earlier in Eq. (2.69), this object
has separate left and right eigenvectors, hence, extra care must be taken. We notice
that in Eq. (2.79), in every term there is /e on the left and hsz on the right. This in
mind, and looking at how the matrix operates in Eq. (2.69), we choose to expand
in the “left-left” eigenbasis, i.e., we multiply the density matrix p(t) = —iG=(t,t) in
Eq. (2.79) from left by a row vector (ijL| and from the right by a column vector [¥}).
This gives

pi(t) = (WL|P(t)|W;<L>

1 1
— wh T, V228
Zf flw = y){( W+ Vi, — heg a)+Va—hfo| %

. 1 1 1
" Va q/L e1(a)+V,,—heff)t o WL + h.c.
[< ]l W —heggw + Vi — heg a)+Va—hfo| ¢
. 1 1 1 1 :
A T, W) 1 - (2.86
o ]l w—heggw + Vy — hegt w+Va—hfow—hfo HUR )

From Eq. (2.69) we know how the effective Hamiltonian /. operates on its eigen-
vectors, and we obtain

pix(t)
= Z f Zfw-w ;mﬂr s
w+V, +Va—e;
. 1 1 1
+ V, [elerVeme) WG|V ) ————— +h.c.
[e ] a)—eja)+Va—ej< 1Tl k>a)+Va—e; ¢
er 1 1 1 1
Vit WL Wy e (287
T Yae ]a)—e]-cu+Va—€]-< il k>a)+Va—eZa)—ezek 287)

This can be written in a very compact form by introducing

Foz,jk = <IIIJL|F0¢|IIJ]}>/ (2.88)
_ [dw flw-w)
Aaje = fﬁ (W+Vy—€j)w+Vy—€) (2.89)
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_ i(a)+Va—ej)t
f do flw=pe (2.90)

[T, (£) 21 (w-—€e)w+V,—e€)w+Vy— 62)'
0, - f dw flw—u) (2.91)

21 (@ — €)@ + Vo — €)@+ Vo — €)@ —€)’

Then, the density matrix elements in the left-left eigenbasis become

P = Y (T jiha i + Val e[ Mo i) + T, (O] + VAT e ' Q. (2.92)

a

Itis important to notice that we only expressed the earlier result in a particular basis
but the original complexity in the frequency integrals is still present in evaluating
Egs. (2.89), (2.90) and (2.91).

In Pub. [II] we evaluated the integrals in Egs. (2.89), (2.90) and (2.91) analytically
in the zero-temperature limit. The Fermi function in the zero-temperature limit re-
duces to the Heaviside function, and adjusting accordingly the integrals’ limits, we
get the following explicit expressions (the superscript ‘0" denotes zero temperature)

A
_ Log(e} — tta) — Log(e; — ta) (2.93)
2m(e; — €)) ’ |
ng,jk(t)

ek—e]-—VOé

e-ilej—tta)t {F[i(ez — pa)t] + “——FIi(e; — pa)t] -

€

S Fli(e; — wyt)

) (e - )G €~ Vo) . @9
‘Q‘g,jk
1
- * —¢;+ V,)|Log(e; — ua) — Log(e; —
2ﬂ@—@m-@—@w4%k%+ )[Log(ei ~ )~ Log(e; = 9]
+ (€= €= V) [Log(e; ~ o) ~ Log(e; ~ w}, (2.95)

where we defined u, = u+ V, and

Fo - {ez [2ri - Ei(z)] , if Arg(z) €] — m, —1t/2] 296

—-e“Eq(z), otherwise.

Log is the principal branch complex logarithm function, Arg the principal argument
and E; the exponential integral function:

Ey(z) = fl ej dt. (2.97)
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The piecewise definition of the function F is due to branch cuts in the z-plane.
Now, the complexity of the numerical integration is overcome as we have analytic
expressions where we can simply insert our system parameters. (However, this
finding does not necessarily mean the final expressions would not be complicated.)
It is still to be noted, that the expressions include a special function (the exponential
integral) which again, in principle, needs a numerical integration. However, the
algorithms presented in Ref. [119] offer a very fast and accurate treatment.

As canbe seen from expressions in Egs. (2.93), (2.94) and (2.95) the case of degenerate
eigenvalues €; (When the imaginary part is zero) leads to unphysical results because
of denominators going to zero. It is, regardless of that, possible that the structure
of the single-particle Hamiltonian / would together with the coupling matrices I,
produce such an effective Hamiltonian /e with €; = €;. In this case, consider the
left/right eigenbasis of the effective Hamiltonian heg. Since hegs = h— %F ,where h and
I' are hermitian matrices, then

i
eWHWE) = (WHhal VF) = (WHRW ) = SOPHIWE), (2.98)
and we may solve for the eigenvalue

WY)W oo
O ety T e (299)

Since the expectation values are real and the norms positive, we get

L L

———L 1 <9 2.100
2 (WHWL (2.100)

Imej =

meaning that the eigenvalues of k. lie in the lower-half plane (and correspondingly
the ones of h', in the upper-half plane). Then, suppose that Ime; = 0. This gives
(‘I’].LIF I‘I/].L> = 0, and since the level-width matrices are calculated from the tunneling

matrices by I' ~ T'T, we get
(WHT'TIW) = 0 = (PHDL) =0, (2.101)

where |CD]L> = T|‘I/jL>. Having then a zero-norm vector I(D]L.> it means that vector itself
must be zero: 0 = |®}~> = TIWjL) for all j. This means that I‘I/].L) is an eigenvector of T
with zero eigenvalue. In particular, I |1I/].L) = T*Tlll’].L) = 0, and hence

Ty = <111}|r|11/,}> =0, Yjk (2.102)

Therefore, we do not have to calculate anything when Ime; = 0 because then the
I'y jx terms in the final formula [Eq. (2.92)] give zero contribution.
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Recently, in Pub. [IV] the integrals in Egs. (2.89), (2.90) and (2.91) were also per-
formed analytically for arbitrary nonzero temperatures in the Fermi functions.! As
this is a somewhat technical extension to the above formalism (evaluating com-
plex integrals with Matsubara poles), only the final expressions are given here (the
details can be found in Pub. [IV] and Ref. [120])

i 1 1 1 Bl — ta) 1 pBle— pa)
Auje = € —¢€ {eﬁ@z—wﬂ +ﬁ[¢(§_ om ) V2T 2w ’

(2.103)
: —i(ej—€))t
1 e 7 %k .
I, 4(t) = - + je T/PeTiE Tt
P TR {eﬁ(ek_““) 1
o € —€—Va_ €, —€j_
F(ek_[“la/t/ﬁ)-i_V—aF(ej_‘ua/tl,B)_ Va F(Gj—y,t,ﬁ) ’
(2.104)
i Blej—ia) Ble—1)
O S ﬁ [¢ (% ~ T ) -y (% ~ T )]
o jk (€ —€)e. —€j+ Vo)V,
i Blej—w) pBle;—tta)
I i [‘P (% - ) -y (% - o )]
— , (2.105)

(el*( — ej)(el*{ —€ = V)V,

where 1) is the digamma function [121] and we defined another special function by

_ 1 1 iz 3 iz _,,
t,B) = Fill,= + ——, =+ —, e 2P 2.1
‘F(Zl /,B) iﬁZ+T(2 1( ,2+2T(,2+2T(’e ( 06)

with »F; being the hypergeometric function [122]. Inserting Egs. (2.103), (2.104)
and (2.105) into Eq. (2.92) gives then the TD1RDM at arbitrary temperature. When
the asymptotic behaviour of the digamma and hypergeometric function is studied,
the results in Egs. (2.103), (2.104) and (2.105) can be shown to reduce to those in the
zero-temperature limit [Egs. (2.93), (2.94) and (2.95)], i.e., when § — oo.

Having now the full one-particle density matrix expressed in a general basis of the
central region, we typically want to work specifically in a localized site basis of
the central region. Evaluating the TD1RDM in the site basis (or in any physically
relevant basis), {|m), |n)}, is then readily done as a basis transformation from the
‘left-left” eigenbasis to the desired one

(m¥3)  (WRjn)
(WHWR) (WRWL)

(mlp(t)iny = Y

jk

(WHpB)IVE), (2.107)

'To be supplemented in Ref. [120]
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where {|R)} are the right eigenvectors of heg; this form in Eq. (2.107) follows from the
biorthogonality of the left/right eigenvectors of a non-hermitian matrix. In the case
of site basis, the diagonal elements of the density matrix give the charge densities
corresponding to each atomic site of the central region whereas the off-diagonal
elements give rise to transitions between sites, i.e., bond currents. Since the Green’s
function in Eq. (2.25) is of the form G,,, = —i{7" (afna?;», and the density matrix is
calculated from the lesser component as p,,, = —iG;;, = (clAchn), the bond-current
operator may be defined, corresponding to current from site n to m,

Jon = =i (Tundlyds = hic.), (2.108)

where T, = T}, are the hopping matrix elements in the central region. The expec-
tation value of Eq. (2.108) then gives the bond currents

Jom) = Jom = 2T I [p1] - (2.109)

Between the charge densities and bond currents there is an obvious continuity
property
oy, = Z Jinn (2.110)

meaning that the currents flowing in and out of site m must add up to the temporal
change of density in that site.

2.4 Perturbations, superconductivity and time-depen-
dent fields

In the previous sections we have introduced a time-dependent quantum transport
model for which we could find an analytic solution reducing to earlier known results
by Meir and Wingreen and Landauer and Biittiker. We also performed the frequency
integrals analytically so that the final expressions could be implemented in terms of
special functions such as the exponential integrals, digamma and hypergeometric
functions.

In this section we further extend the transport model to include local perturbations
in the central region. In practice, this amounts to adding separate Hamiltonians for
the central region for the vertical and horizontal branches of the Keldysh contour;
in equilibrium (Matsubara) the Hamiltonian takes the same form as in the previous
section where as out of equilibrium we will consider another Hamiltonian includ-
ing, e.g., on-site potential terms or complex phases for the hopping terms. It turns
out, that this inclusion does not complicate the equations of motion considerably,
and similar solution as in the previous section may be obtained.
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241 Gate voltages, general potential profiles or magnetic fields
within the central region

When studying transport in systems that are larger than, say few atoms, the step
potential for the lead bias window may be questionable. In order to model a more
realistic voltage profile, we could take a linear gate voltage within the central region,
ranging from the left-lead biased energy levels to the right-lead biased energy levels.
The gate profile in the central region could, for instance, take the following form

2V
u(x) = —Tx +V, (2.111)

where £V is the bias window in the leads, L is the length of the central region and x
is the coordinate in the central region, measured from the left lead’s interface. A gate
voltage of this form would then be included as on-site terms to the Hamiltonian of
the central region

B=ht Y udh . (2.112)

Let us, however, keep the perturbation as general as possible, and simply state that
the perturbed Hamiltonian of the central region is

oy = Ton + U, (2.113)

where h = T is the non-perturbed Hamiltonian for the central region (ground state,
Matsubara) and u is the perturbation in the central region which can take arbitrary
forms. This means that we are not restricted to only additional on-site terms since

[Ff;, h] # 0, in general.

Let us also briefly discuss the inclusion of a magnetic field; this contribution for
the central region may be added by the Peierls substitution [123-125]. Instead of
adding a perturbation u as in Eq. (2.113) we now transform the central region’s
Hamiltonian in terms of the phase factors a,,, which appear in the hopping matrix
elements as

hmn = Tmneiamn (2114)

with @y, = —a,. Along a closed loop these factors yield the magnetic flux (nor-
malized to the flux quantum @, = h/2e). Let us look at the phase factors more thor-
oughly. Consider a lattice shown in Fig. 2.4 where we have an external magnetic
tield pointing in the negative z direction whereas the lattice itself is located in the xy-

plane. The magnetic field therefore has the form B = —Bé, for which we may choose
the corresponding vector potential (in a convenient gauge) as A= B(y,—x,0)". 1t is
easily verified that VxA = B. The magnetic flux is defined as a surface integral

@:ffﬁ-d§:5€ff~d?, (2.115)
S V4
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oL

Fig. 2.4: Lattice in an external magnetic field.

where S is, in this case, a surface within the xy-plane in Fig. 2.4. By writing the
magnetic field B in terms of the vector potential and using Stokes’ theorem we may
also write the second identity in Eq. (2.115) where y is a path encircling the surface
S counter-clockwise. By looking at Fig. 2.4 we see that the closed loops for the path
integral are composed of paths between lattice points j and k: 7 = 7 — 7;. Between
the lattice points j and k we may therefore parametrize the path as

Vi(t) = (1 —t)r; + t7. with te€[0,1] and %fjk(t) = —7; + I (2.116)

Then, the phase corresponding to the flux between lattice points j and k can be
calculated as

Dy

1
5o S d,
f A dyy = f AGu®) - 37t
Vik 0 dt
'B
= j(; > ((1 =By + tyr, —(1 — H)x; — txg, O) . (—xj + X0, —Yj + Yo, —Zj + zk) dt
B
= 5 () = xXy- (2.117)

The Peierls phase factors are indeed related to the magnetic fluxby a;,, = 7 rf” A dr,

where the line integral of the vector potential A goes from site m to site n [123, 125-
127]. The prefactor e/l will therefore render the exponent in Eq. (2.114) dimension-
less. (In Gaussian units an extra factor of the speed of light, ¢, appears.) Inclusion
of the magnetic flux density B in the hopping matrix is therefore done by

Ty — Tmnei;%%(xnym—xmyn) — TmnezniB(xnym_xmyn)/(DO’ (2.118)

where we inserted the flux quantum @,. We see, that the transformation along a
closed loop (21) normalizes exactly to the flux quantum, the magnetic flux orig-
inating from ~ Bx?. For these considerations, it is also sometimes advantageous
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to introduce a quantity called magnetic length, Iy = Vh/eB, for which the physical
meaning is the length of electron trajectory along which this electron gains a phase
factor comparable with 21 from the magnetic field. Normally, the magnetic length
is a rather large distance but when it is comparable to the lattice constant, it means
that the magnetic field strength is comparable with electric field strength in the
atom (which is a rare situation).

In the case of perturbed central region, we also need to adjust the bond current in
Eq. (2.109) to include the corresponding hopping matrix elements as

Jon = 21Im[T €™ Dy ]. (2.119)

Now that we have two different Hamiltonians for the central region, one for the
unperturbed and one for the perturbed system, we have to adjust the derivation
for the TD1RDM worked out earlier. By carefully studying the steps we notice that
nothing changes in the equations of motion or in the self-energy calculations. It is
only the Green’s functions’ components in Egs. (2.73) and (2.74) that need to be
adjusted according to either unperturbed or perturbed Hamiltonians. We see that
the Matsubara Green’s function should include only the ground-state Hamiltonian
h. On the other hand, for Green’s functions having components on the horizontal
branch of the Keldysh contour, also the perturbation is present, hence, there we use

the Hamiltonian h.

In Eq. (A.11) we have to deal with both & and 11 and we get
fr t 7 ﬁ
Gl(t, T) = e ettt |GM(0, 7) — f dt ettt f dzX\(t', 7)GM(z, 1) |. (2.120)
0 0
Similarly for the retarded Green’s function in Eq. (A.17)

GR(t = t') = —iO(t — t')e eut=t)), (2.121)

Then, in the derivation, we should change all the rest accordingly. First, introduce
a notation for the Green’s functions: If the function is to be evaluated with the
perturbed Hamiltonian, we put a tilde above, otherwise it is evaluated with the
unperturbed Hamiltonian (i.e., as before)

~ 1 1
GYw) = = GMw) = P and so on. (2.122)
W — Heff eff

Because of these changes, also some terms in the equation of motion change:

|G* - =<|(t,t) = iZ f ‘;—: flw-w|1- e—i<w+va—ﬁeff>f] GRw+ V)l  (2.123)
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and

dw . -
1 [ — 1 _ i(w+Vy—heg)t ~R
[G * X ] (t,t) = lf - flw—pw) Ea e GXw)T,. (2.124)

Equation (2.124) here requires some thinking (going through the derivation in
App. A.1.2 and checking what changes). In Eq. (2.124) the retarded Green’s function
(without a tilde) follows from the analytic continuation of the Matsubara Green'’s
function, and therefore it is calculated from the unperturbed Hamiltonian.

The equation of motion, to be solved for G=(t, t), is then
: d < <
i< G (4,0 = [1(t), G*(t,1)]

. dw i(w+V—h, =] i <
= - {12 f > f@=p) [1 - elrVea] GR(w + V)T + TG (t,1)

dw - 7
. _ i(w+Vy—heg)t R
+1f_2n flw—p) Eu e DG (a))l"a} + h.c.. (2.125)
This may be solved in a similar fashion as earlier, see App. A.1.5. The solution is
. < _ da) ~R ~A
—iGS(t,t) = fﬁ flw - ) Ea {GR(@ + Vo)TuGAw + V)

+ [V GR (@) Vo GR(w + Vo) [GA@ + Vi) + hic.|
+e et GR() V. GR(w + V)G Mw + VH)V:,GA(w)eiEfof} ,(2.126)

where Va = V,1 — u. Equation (2.126) is the final result for the TD1RDM in the
case of perturbed central regions. This can easily be checked to reduce to the earlier

result in Eq. (2.79) when u = 0 and h = h. The interpretation of the different terms
is naturally the same as earlier in Eq. (2.79) as Eq. (2.126) includes a mere extension
to the Hamiltonian for the central region.

Similarly as earlier in Sec. 2.3.5, we are now, in Eq. (2.126), left with a same type
of frequency integral. This integral may be evaluated analytically by expanding

in bases {|WL), |[WR)} (for heg) and {|Wh), |WR)} (for heg). Because h and h do not
necessarily commute (in the case of non-diagonal perturbations, etc.), not only do
the eigenvalue spectra differ (more than for a constant shift) but also the left/right
eigenstates are non-trivially separate. In the second row of Eq. (2.126), for instance,
we need to insert a complete set of left/right eigenstates of h.g, as a resolution
of identity, in between the first exponential and G~, and so on. Then, we end up
having sums and overlaps between the unperturbed and perturbed bases. When
the perturbation vanishes (1 — 0) these overlaps should reduce to the unperturbed
result.
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The density matrix expanded in the ‘left-left’ eigenbasis of the perturbed effective
Hamiltonian /. reads (see App. A.1.5)

pit) = Y [Tl + T jul®) + IT, (1) + Qo (8] (2.127)
with
Toje = (PHLIT), (2128)
Agjp = fd—w flo =) —, (2.129)
M (w+Vy—€j)(w+V,—¢)

o - Z (WHERXWEV | PR g0 fd—w flw - gV
v  (WHWERNWLWR) 21 (@ = en)(@ + Vo = €)@ + Vo = &)’
(2.130)

(WHWRWEV PRI (PRI VEWEWRIWE)

aa,jk(t) = Z

g (Wl (W W Wy KR )

1(7 €t dw f(w - [-1)
f 21 (w — €)@ + Vo — €)@ + Vo — €)@ — €)’ (2.131)

X

where the eigenvalues € and € refer to the complex eigenvalues of h; and Fi{eff,

respectively. In the limit hey — heg this result can be checked to reduce to the
earlier result in Eq. (2.92). In Pub. [II] we also evaluated these integrals in the
zero-temperature limit (the superscript ‘0’ refers to zero temperature)

IS = (WHLWP), (2.132)
—~ _ Log(€; — ta) — Log(€) — pia)
ST G-

(2.133)
a]k(t)

Z <11/]L|1yn§><lpn5|’x7a|@§>fa,nk RIGETNY
et (WLIWRYWLIPRY  2T(€, — €4)(€; — Em

*

€ €m— Voc . E;; _az .
{F[IG La)t] = _—_VF[I@ — Ua)t] + ﬁp[l(em - #)f]} ,
(2.134)

n m a n m a
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Qg, ()
~ Z (WHW Xl Val Vi a,p (P IV KWW o-i@-8t
A= (WHWR LR WRIWL(WRIWE) 2m
Log(em - ,u) Log(gn - Ha)
X — = + =
(€m —€n+ Va)(€m — 6;; + Va)(em - 62) (5;1 —€m— a)(é;a - 6;)@ - 6:, -V
Log(e; — 1) Log(€;, — tta)
+ * * = * — + * * iy * *
(Eq - em)(eq —€nt Va)(eq - ep + Va) (—é;; —€m— Va)(gp - en)@ - eq - Voz

(2.135)

where the electro-chemical potential is as earlier u, = p + V, and the function F
is as in Eq. (2.96). Also these results can be checked to reduce to the earlier results
when € — €. Inserting Egs. (2.133), (2.134) and (2.135) into Eq. (2.127) gives then the
TD1RDM for perturbed central regions at the zero-temperature limit.

Yet another extension is to be presented in Ref. [120] where also the correspond-
ing results for Eq. (2.127) at nonzero temperatures are written in terms of the
digamma and hypergeometric functions [see the discussion after Egs. (2.103), (2.104)
and (2.105)]. We list the final expressions here for completeness

N, jk
i 1 1 1 BlE — pa) 1 Ble— ta)
€ — € {eﬁ@;—#a) +1 T o ll’b (E C 2 ) IP(E 27 )]}' (2.136)
~a ]k(t)
(‘I’L WRY WLV [WRYT,
) ; <WL|WR><WL|WR>

—i(e‘~—’5*)t
{ R e SRy

ePEta) 4 1

(€~ en)('
[F(e'}i ~ fast, B) =

eZ—em - Vaﬁr . €, — €n
- - n - YAY? +,§_,—
€ -V, €n = tart,) €, — Vv

n— Cm m~— Va

F(em - ‘Ll, t/ ,B)]} s
(2.137)
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Qg ik
aj
_ Z (‘I’jLWnl})(lpn]ﬂvaw,f)ra,np(WﬂVZWL,LXW;W,(L) I
mpq (Wl (W W W R W)
1 i 1 _ Blen — 1)
(€m — €0+ Vo)(€n — €, + Vy)(en —€;) 2117 \2 2mi
(€n —€m = V)€ —€,)(€, — €, — V) 2T Co2mi
. 1 [ i +g_(1_ﬂ%—wﬂ
(€ —em)€; — €+ Vo€, — €, + Vo) [efE W+ 1 27 \2 27

1
@_em_va)@_a)@_eg_va)

i L1 1 Ble — ta)
PGt 41 217 |2 2mi ’

(2.138)

where F is given by Eq. (2.106). Inserting Egs. (2.136), (2.137) and (2.138) into
Eq. (2.127) gives then the TD1RDM for perturbed central regions at arbitrary tem-
peratures.

2.4.2 Extension to normal metal — superconducting — normal metal
(NSN) junctions

In Pub. [IV] (and in Ref. [120]) we also consider an extension to the central regions
being superconducting. The transport setup is otherwise similar to Sec. 2.2 but we
will discuss the extension via Nambu matrices [128-131].

In order to model a superconducting island, we add a pairing field operator A to
the Hamiltonian of the central region by

HCC = Z Tmndjngd\na + Z mn oa’d;gdjlg + Amn e dma’d\no) . (2139)
mno mn,oo’

This may be rewritten in a compact form by introducing the 4-component Nambu
spinors [128, 132, 133]

(ﬁ# ‘{mT

£ (ﬁ%ﬂ dml A Y v

D, =|gr|= || APk (@) = dund, (2.140)
0l B
o} dr
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where the anticommutation relation is to be understood component-wise ({u, v} €
{1,2,3,4}). Quantities in the 4-by-4 Nambu space will be denoted by an underline.
The Hamiltonian for the central region now reads

Ecc = Z(@mfémn@n , (2.141)

with
Tyun/2 0 A mn, 11 Amn,Tl
0 Tmn /2 Amn,lT Amnlll

I . - (2.142)
S By gy T2 0
Mgy Ay 0 ~Tm/2

similar to the form of Bogoliubov—de Gennes [134, 135]. Expanding Eq. (2.141) gives
Eq. (2.139) (under the assumption of a symmetric hopping matrix which typically
is the case) modulo a constant }_, T, which can be regarded as a reference point
to the total energy. The constant follows from the anticommutation relations of
the creation and annihilation operators. For the lead and coupling parts of the
Hamiltonian similar interpretation is done although we will keep the leads as
normal metal. We have the lead Hamiltonian of the form (2.142) but without the
off-diagonal terms

A, =) @)@, (2.143)
ka

with e, = [ex +0(t)V,]diag(1,1,—1,-1)/2. Also here, by expanding Eq. (2.143), the
lead part of the Hamiltonian in Eq. (2.23) (with the bias voltage V, added to the
energy spectrum) is recovered modulo a constant ), €k, which can be regarded as
a reference to the total energy. The central region’s m-th site will be coupled to the
k-th basis function of the a-th lead via T}, and there will be no pairing potential
in the coupling Hamiltonian either [133]

Ao, =Y @)y b He=@) (2.144)

mka

with X o= mkadiag(l,1,—1,-1). Also in this case the coupling part of the Hamil-
tonian in Eq. (2.23) follows by expanding Eq. (2.144) assuming the hopping matrix
to be symmetric. This time, however, no extra constants arise since the creation and
annihilation operators in different regions (a,C) anticommute. The one-electron
Green’s function in the above setup is defined as a time-ordered tensor product of
the spinor field operators [132]

G, (2,7) = =iT,[d,@) ® D, ()], (2.145)

where the time-ordering operator 7, is taken for the variables z,z’ on the Keldysh
contour y. The form in Eq. (2.145) automatically handles both normal and anoma-
lous components of the Green'’s function [136]. The matrix elements in the Green’s
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function in Eq. (2.145) (indices x, y belonging either to the leads or to the central
region) label the transport setup in the following block form

by 0 e th G, G, - Qlc
n=| h;zz hfc ;  G= gfl S ch (2.146)
hey By o hec Go Go o G

with (b, Jw = (B, ) (t) = €040 0k for the leads, (B )mn = émn for the central
region, and (k. )uke = X for the couplings. We denote the matrices for the full
transport setup as boldface symbols. As earlier, we notice how the lead blocks,
haa = hao(z), are different for the vertical and horizontal branches of the Keldysh
contour due to the shift in energy levels at t > 0. Also, notice that the block structure
in Eq. (2.146) does not refer to the Nambu space but it is of dimension (Njeag + 1) X
(Njeag + 1) where Nieaq is the number of leads. Each block then accounts for the
individual dimension of the corresponding partition. We may derive the equation

of motion for the Green’s function by
0.G,,(2,7) = : [0z, 2)XD,(2) ® B,(2)) - 0, XD, () © D ()], (2147)

where the step function is defined, as earlier, on the Keldysh contour y according
to the time-ordering operator 7, [73]. Evaluating the derivative gives

0.G,,(z,2) = 8z, 2)({,(2), B2} ) - iT, [10.8, € B, ), (2:148)

where the anticommutator gives simply 0,,1 (here 1 refers to a unit matrix in
Nambu basis), and the evolution of the spinor operator can further be derived from
its equation of motion

i0.0,(2) = [,(2), A] = [,(2), A, ] +[D,(2), Aol + [D,(2), A, 1 + [D,(2), A, ]
(2.149)
The above commutators with Egs. (2.141), (2.143), and (2.144) may be evaluated
using [A, BC] = {A, B}C - B{A, C} and the anticommutation relations in Eq. (2.140). It
is important to notice here that the index x may belong to any region in the transport
setup. For example, if x € C, then only the corresponding commutators are nonzero

10, (z) = Z Pl + Z X B (2.150)
nC kaC

Inserting this into Eq. (2.148) and using the definition of the Green’s function in
Eq. (2.145) gives

i0:G,,(2,7) = 8z, 2)0uL + ) (€, +X )G, (22) (2:151)
l
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with [ being a general index either in the central region or in the lead sector.
The adjoint equation can be derived similarly, and we may generalize to the full
equations of motion for the whole transport setup as (here 1 refers to a unit matrix
in the combined transport and Nambu basis)

[ L1-10)662) = s 2152)

«—

Gz ?) [—i%l—h(z’) 5(z,2)1, (2.153)

which the Green’s function satisfies being antiperiodic along the contour (Kubo-
Martin-Schwinger boundary condition). As the equations of motion are exactly the
same as those in Egs. (2.65) and (2.66), we may in similar fashion using the Langreth
rules [73, 116] derive the following equation for the lesser Green’s function with
indices on the central molecule G- (for which we will right away drop the subscript
‘CC’” as we are only interested in the quantities within the central region)

i%§<(t, t) - [ECC(t)' §<(t, t)] = — [QR ,§< + §< ,;A + g] * g[] (t, t) + h.C., (2154)

where the time-convolutions on the horizontal and vertical branches of the Keldysh
contour are defined as before. Also here, we describe the leads within the WBA,
where the electronic levels of the central region are in a narrow range compared
to the lead bandwidth, and the retarded Keldysh component of the self-energy
becomes ,
R .

R (@)= Zk: K= g i ™ L2 (2.155)
Looking at Eq. (2.154) and the earlier equation of motion (2.67) we may use the
fact that the same equations have the same solutions, i.e., including the pairing
field in the Hamiltonian of the central region adds no extra complication to the
evolution of the Green’s function. The only difference is in the interpretation of the
matrices in Nambu space. In particular, the lesser Green’s function in the equal-time
limit, p(f) = —iG™(t, 1), can be solved analytically as we have done earlier, and this

gives the time-dependent reduced one-particle density matrix. The lesser Green’s
function is commonly expressed in terms of the normal (G>,) and anomalous (F )
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components [131]:

Gt ) Gt (Fantd  (<F )t
)< _ (G< )mn(t t) (G< )mn(t t) (_P> )nm(t/ t) ( F> )nm(t t)
B G i N7 NS R WS e A W R e AW
(F )mn(t t) (Ffl)mn(trt) (_Ga)nm(t/t) ( G )nm(t t)
p
<
<

A

(dl Odur (1) (Odu (B) Yt () (g (O (£))
(@l Odny (D) (O (1)) Yy () (g (D (£))
@ odt (1) (d (Bd"(0) ' (1) (duy (O ()
<d+T(t)d l(t» <d l(t)d l(t)> <dnT t)dml( )>

O, ()
(2.156)

which is obtained by expanding the product in Eq. (2.145). Here we will not write
the full expressions for the TD1RDM anymore because the same results from earlier,
Egs. (2.92) and (2.127), apply by only interpreting the indices in Nambu space, see
also Pub. [IV].

Let us motivate the discussion for the NSN setup by means of a simple example.
We simplify the pairing field to be spatially local and only couple opposite spins
(as in Cooper pairs)

A= ZA dtdr . (2.157)

Consider a single dot connected to two leads for which the Hamiltonian can be
written as H = Hjeaq + Hiun + Hgot with

I:Ilead = Z ekad,\;:aad,\kaa ’ (2158)
kao

Htun = Z tkaOdA;:agdAOU + Z tzaod}\ggd}\ktw s (2159)
kao kao

Hdot = € Z dgajog + Aod\gTCz\gl + AajoleT (2160)

with €, giving the level structure of the leads a € {L, R}, t,0 corresponding to the
tunneling strength between the leads and the dot, and €y, 4, being the energy and
the pairing strength in the dot, respectively. The creation and annihilation operators
d,d obey the usual fermionic operator algebra: {dAxg, ciA;a,} = Oy, 000 for {x, y} € {ka, 0}

and {o,0’} € {T,]}. Let us introduce a new set of anti -operators cfxg = (ﬂg which

naturally obey the same commutation relation {dxg, d Oxy0sor- The Hamiltonian

vl =
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can now be rewritten in terms of the new and old operators as

H = Z €xally ot + Z(_eka)d}ta Akal + Z €ka
ka ka

ko
/\_I_ A . M 4 .’5+ 2 . z:,+ )
+ Z (tkaodkaTdOT + tkaodonkaT> + Z [(_tkao)d()ldkal + (_tkao)dkaldol]

ko ka
+ GOdAgTdAOT + (—Go)ngjol + €+ AongJOl + ABJ&dAOT , (2161)

where the constant shift, €y + ), €xa, Occurs due to the anticommutation relations.
The constant does not modify the overall structure but sets a reference point to
the total energy. We could even choose the dot energy to be ey = — ), €, for
convenience, or we could assume the leads to be in half-filling with ) ;, € = 0,
etc. The important thing is that the other terms in the Hamiltonian have a similar
structure, and we may model the dot part as in the following figure

Ay —
€0 0 €0
® Wl
Aa —€0
A
where the matrix is of the form of Eq. (2.142) and the corresponding eigenvalues

are €, = + /e + |Ao[?. The transport setup corresponding to Eq. (2.161) can then be
viewed through the following energy diagram

The coupling terms t;,9 connect separately the spin-up and spin-down particles
between the leads and the dot, and the pair strength term A, acts as a hopping term
flipping the spins within the dot. This setup can also be made more general by a
non-local A as in Eq. (2.142).

According to this picture for the NSN setup and the Nambu structure in Eq. (2.156)
we will adjust the expressions for the local bond currents in Eq. (2.119) as

Jon(® = = Y [Tn(Gi et ) + hic], (2.162)

o
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where the spin is explicitly taken into account. The Cooper pair density may be
evaluated by .
Py (t) = i(F7)mm(t, t)e* T, (2.163)

Together these expressions satisfy the continuity equation [131]
d _ . 20Tyt
0 = Z Jun(t) — 4Im[4;, P,y (B)e 2], (2.164)

where the site density is the expectation value 1, = {f1,,) of i, = ¥, d', dyo. In the
Nambu representation of the lesser Green’s function the diagonal blocks therefore
give rise to the bond current, whereas the off-diagonal blocks correspond to the
Cooper pair density. In the continuity equation (2.164) the two different terms on
the right-hand side can also be identified as the normal current and the supercurrent.

2.4.3 Arbitrary time-dependence in the bias profile

In 2015, Ridley et al. derived an extension to the formalism presented in this the-
sis [101]. This is an obvious and very useful extension of the present work, and it de-
serves a short discussion. In their work, they consider an arbitrary time-dependence
for the bias voltage V,(t) in the a-th lead. The key finding in their work is that this
time-dependent part of the Hamiltonian

V() = Z Vo)t o (2.165)

ka,0

commutes with the rest of the Hamiltonian for each a separately. Hence, the contour
ordering can be omitted when calculating the corresponding evolution operator.
In other words, these terms can be removed from the contour-ordered product of
Hamiltonians in the time evolution. This leads to the fact that the expressions for
the creation and annihilation operators in the Heisenberg representation can be

written as . X _ X
Qoo (£) = dyg e Pt = [dF ()]t (2.166)

with ¢y being the time when the voltage is switched on, and

(Pka(t/ tO) = (t - tO)eka + f dTVa(T) = (t - tO)eka + wka(t/ tO)- (2167)

fo

Then, similar derivations for the different Keldysh components for the self-energies
and Green’s functions as presented in this thesis may be carried out. In addition, in
Ref. [101] the whole two-time plane for the Kadanoff-Baym equations is considered,
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and they arrive at the following expression for the lesser and greater two-time
Green’s functions

Gi(t,t) = Fi f 3—:f(¢(a)—y))zsa(tl,to,m)rasg(tz,to,m), (2.168)

Salt o, @) = e [GN@) ~ iKu(t, o, )], (2.169)
t

Ky (t, to,w) = f dt’ e @)t ~to) g =ia (' to). (2.170)
t
Ot

Yot to) = deVa(T). (2.171)
fo

This can be checked to reduce to the equal-time lesser Green'’s function in Eq. (2.79)
when the bias voltage is constant: V,(t) = V,. It is important to notice that in the
present thesis (and in Pubs. [I, II] herein) only the equal time lesser Green’s function
is derived as this is sufficient to calculate the densities and currents in the studied
structures. However, the two-time Green’s functions in Eq. (2.168) are required for
the calculation of other physical quantities such as noise spectra [137-139].

2.5 Phononic heat transport in the transient regime

So far, the presented theoretical models have only considered electronic transport.
We have based the description of our system of interest into the nonequilibrium
Green’s function whose time-evolution has provided us with the transient informa-
tion of the transport mechanisms. By introducing two rather strong assumptions —
noninteracting particles and wide-band approximation for the lead environment,
we have managed to solve analytically the time-evolution governing equations of
motion for the Green’s function. In this section, we discuss similar methodology
applied to a harmonic lattice describing the transport of phonons, i.e., it is a model for
heat transport. The discussion follows the structure for the theoretical development
in Pub. [V].

It is worth pointing out that in the electronic case we were consistently employing
the partition-free approach with the systems being initially contacted in a global
thermal equilibrium. Then, the bias was switched on instantaneously and all the
nonequilibrium behaviour followed from that perturbation. Here, in the case of the
phonon transport, instantaneous switch of a temperature difference is problematic
and we consider a partitioned approach with the subsystems being initially un-
contacted at separate temperatures. Admittedly, this is a somewhat artificial initial
configuration of the entire system, which might not be easy to reproduce experi-
mentally, and the transient behaviour is partly induced by the contacting and not
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only by the temperature difference. In steady state, however, this information about
the initial condition is washed away.

2.5.1 Transport setup and assumptions

We model heat transport in a nanomechanical device composed of harmonic lattices
of different temperatures connected as coupled quantum oscillators. The descrip-
tion is for noninteracting phonons only. The Hamiltonian for this sort of a setup
can be written in terms of momentum and displacement field operators (7 = 1) [56,
140] (which obey the canonical commutation relation)

1
+ Y 0Ky (2.172)
- g T o

with indices {j, k} € N running over the basis of the studied system, m; being the
mass of the j-th atom, and Kj; being the elements of the positive definite force
constant matrix. We will define new field operators as mass-normalized ones &’ =

Vi and p = p;/ \/iit; obeying the same commutation relations, and write further

& 1 A A/ / A/ w7
A= Z S () + Z S = Z POy, (2.173)
j jk Jhpv
where also the spring constant matrix was transformed as K;.k = Kj/ /mjmy, and
we composed new field operators as
. (P} (u])
‘ : 2.174
('b] [(PZ p] ( )
The matrix elements of the block matrix Qj are then given by
Qll le K/ 0
Q= ( X ) = ( jk ) (2.175)
oy oz)=\0 o

Matrices in the 2 X 2 up-basis are from now on denoted with boldface symbols. The
motivation behind the “spinor”-like ¢-operator representation is that when we
study the time evolution we will get first order (differential) equations instead of
second order equations in time [56, 141-143]. (Compare also the up-spinor represen-
tation to the Nambu spinor representation in the previous section.) The canonical
commutation relations are encoded in the field operators ¢ as

[qAb;‘,qu]zéjkaw with a:(o. 6) (2.176)
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The matrix a therefore encodes the commutation relations, and it also holds a? = 1.
We will accordingly define the phononic Green’s function for time arguments on
the Keldysh contour ({z,z'} € y) as

DY (z,2') = (T, [ @)D, 2.177)

where 7, is the contour-time ordering operator and -) is an ensemble average [141,
142]. The equations of motion for the Green’s function can be expressed through
the time evolution of the field operators ¢, and they read as (see App. A.2.1)

i0.Dj(z,2') = aéjka(z,z')+Zaajqnqk(z,z'), (2.178)
q

~i0.Du(z,7) = aéjké(z,z’)+Zqu(z,z’)qu0z. (2.179)
q

It is also worth noticing that, as we dropped the indices u, v, Egs. (2.178) and (2.179)
are matrix equations in the 2 X 2 up representation (boldface symbols).

Let us look more specifically at a transport setup shown in Fig. 2.5. Similarly as in
the electronic case, the full Hamiltonian can be expressed as a composition of three
parts: the left reservoir (L), the central system (C), and the right reservoir (R)

Qp Q¢ 0
Qc Qcc Qcr
0 Qrc Qrr

Q= ) (2.180)

i.e., the different subsystems are coupled apart from a direct coupling between the
reservoirs. In Eq. (2.180) each diagonal block is a 2N¢-by-2N¢ or 2N,-by-2N, matrix
for A € {L,R}. (In the electronic case, we denoted the leads by an index a but this
symbol is now reserved for the up-commutator matrix in Eq. (2.176); we denote
the reservoirs in the phononic case with an index A.) The block structures for the
diagonal elements are simply those discussed earlier

K, 0 Ko 0
Q . — jcke ; Q itky — nka : 2.181
(Qcc)jcke ( 0 5jckc) (€212)j1ks ( 0 5]./‘,“) (2.181)

The different regions, however, couple only through the displacement term, so the
block structures for the off-diagonal elements are given by

’

K’ 0 K’ 0
(Qch)jck, :( ]ék" O); (210) ke =( Bkc 0) (2.182)

for A € {L,R}.

We are mainly interested in the transport properties of the central system, so we
extract the component corresponding to the central region, CC, from the equations
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Kch(t) KCRQ(I‘,)

17 Tc Tr

Fig. 2.5: Heat transport setup where a central system of interest is connected to two
reservoirs of different temperatures. The internal structures and couplings (drawn
only as a visualization) are defined by the force constant matrices K. The coupling
refers to partitioned approach where the different systems are uncoupled at times
t < 0 and coupled at times t > 0 when the system is driven out of equilibrium.

of motion (2.178) and (2.179). We lighten the notation here a little by letting C
label the elements in the central region and A the elements in the reservoirs. This
procedure leads to the following set of equations (see App. A.2.1)

(ilccd: — accQcc)Dec(z,2) = acco(z,Z2') + acclcca(z,2), (2.183)
Dcc(z,2')(—ilce 92 —Qcctcc) = accd(z,2') + Icco(z,2))acc, (2.184)
leca(z?) = f dzlTcc(z, Decz, ), (2.185)

)/
leca(s,?) = f dzDec(z, ez, 2), (2.186)

y
Ilec(z,2) = ZQC/\d/\A(ZzZ,)Q/\C/ (2.187)

p
({11102 — an2a)dan(z,2") = aand(z,2). (2.188)

In the derivation, we introduced d,, as the isolated phonon Green’s function in
the reservoir A satisfying the equation of motion (2.188) with the reservoir Hamil-
tonian £2,,. We also wrote acc = a ® 1cc and a,, = a X 1, as 2N¢c X 2N¢ and
2N, X 2N, matrices, respectively. Also, as we consider only noninteracting phonons
(no electron—phonon or phonon—-phonon interactions), the self-energy term Ilcc in
the collision integrals (2.185) and (2.186) is given solely as the embedding self-energy
defined in terms of the coupling Hamiltonians ¢, in Eq. (2.187). From Eq. (2.183)
and its adjoint equation (2.184) we can derive an equation of motion for the lesser
Green’s function DS by using the Langreth rules [73, 116] for the collision inte-
grals. Particularly, we are interested in the time-dependent phonon density matrix
given by the equal-time lesser Green’s function p(t) = iDZ.(t,t), and for this we
simply consider only the time-diagonal elements. The procedure involves subtract-
ing Eq. (2.184) from Eq. (2.183) which, in the equal-time limit, leads to the partial
derivatives adding up to the total derivative, and in total we get

1%D<(t, t)—[(IQD<(t, t) _ D<(t, t)QOt] — _{[DR_H<]+[D<_HA]+[D'| *Hr]}(t, t)oz+h.c.,
(2.189)
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where we defined, similarly as in the electronic case, the time-convolutions on the
contour y as [a - b](t, t) = fooo dta(t, b)b(t, t) and [a x b](t,t) = —ifoﬁ d7a(t, T)b(7, t) for
Keldysh functions a and b, and we also dropped the subscripts CC as there should
be no room for misunderstanding. Strictly speaking the derivation of Eq. (2.189)
requires a single inverse temperature § = 1/T for the whole system because of the
convolution along the imaginary axis. As we will consider partitioned systems,
imaginary-time convolutions vanish and we can assign different temperatures to
different subsystems. The interpretation for Eq. (2.189) is exactly the same as in the
electronic case, see Eq. (2.67): If we did not have the central system embedded into
the environment, the self-energy terms would simply be zero, and we would be left
with a Liouville-type equation for the time-evolution of the one-phonon reduced
density matrix for an isolated central region. The self-energy terms, therefore, ac-
count for the open transport setup where a finite central region is embedded into
the environment.

So far, the discussion has been rather general, and Eq. (2.189) also applies to many
different setups beyond the present study. Similarly as in the electronic case, our
aim is to solve (analytically) this integro-differential equation for D~ and then
extract dynamical quantities such as heat currents from the time-dependent phonon
density matrix. As the equations to solve are almost equivalent to the electronic
transport (the difference being in the matrix & and furthermore the composed up-
representation of the Green’s function components), it is easy to follow a very
similar path in deriving the analytic result for the phonon density matrix.

For solving the equation (2.189) we need to make some approximations, first one
being the partitioned approach, i.e., all regions in the transport setup are initially
(t < 0) uncoupled and in separate thermodynamical equilibrium. At t = 0 we cou-
ple the different regions and drive the systems out of equilibrium via a temperature
difference, see Fig. 2.5. In contrast to the electronic case, this procedure disregards
the initial couplings: £,c = 0 in equilibrium, so the integrations along the vertical
track of the Keldysh contour in Eq. (2.189) are simply left out. The remaining two
terms can be interpreted as a source/drain and a damping/equilibration term. The
drain (source) term is a convolution between the propagator in the central region,
D* (h.c.), and the lesser embedding self-energy IT which is proportional to the
probability of finding a phonon in the reservoirs, i.e., it describes the extraction
(insertion) of phonons out of (into) the central region. The second term is a con-
volution between the propagator in the reservoirs, IT" (h.c.) and the lesser Green’s
function in the central region D~ which is proportional to the probability of finding
a phonon in the central region, i.e., it is responsible for damping (equilibration)
effects.

Next, we need an approximation for the embedding self-energy, IT%, typically ex-
pressed as a wide-band approximation where the energy scale of the central region
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is much more narrow than the energy scale of the reservoirs. This makes the self-
energies in time domain to be proportional to delta functions (and derivatives of
delta functions) which, in turn, closes the equation for D=. Given an approximation
for ITX, we may derive IT* from a fluctuation—dissipation relation and D® from a
Dyson-type of equation.

2.5.2 Embedding self-energy and frequency cut-off

Let us start by considering the coupling of the central region to the reservoirs and
the embedding self-energy. For Eq. (2.187) we need the coupling Hamiltonians and
the reservoir Green’s function. And, as we are considering the retarded component
of the embedding self-energy, we need to find an expression for d*. For the isolated
phonon Green’s function in the reservoir A we have the following expression

di(z,z") = —iaf/\AQ(Z,Z')f;\(QM&AA)e_iQMaM(Z_Z/)

~10)16(2,2) fo( Qe e KA E) (2.190)

which can be checked to satisfy Eq. (2.188) by direct differentiation. In the above
expression f; = 1+ f; and fi(w) = (ef*¥ — 1)7! is the Bose-Einstein distribution
(for reservoir A). This will also give the density matrix for an isolated system when
z’ — z*. By using the above expression for the uncoupled Green’s function we
may derive different Keldysh components and calculate the retarded embedding
self-energy from Eq. (2.187), see App. A.2.2. We find that the real and imaginary
parts of the retarded embedding self-energy

MY (w) = (nﬁéw) 8) = A (w) - %F’A(w) (2.191)

are, respectively, even and odd functions in frequency w. We will accordingly make
approximations so that

M@) ~ Ay@=0)= Ao, (2.192)
ol

r ~ —_— =wl,. 2.1

(@) * 058 =l (2.193)

In contrast to the conventional wide-band approximation in electronic transport,
now the retarded embedding self-energy is not a purely imaginary constant. In-
stead, the imaginary part will be frequency dependent (linearized approximation)
whereas the real part will be constant. Also, as the matrices K are by construc-
tion positive definite, then from Eq. (2.192) we get that Ay, is negative definite
[also see Eq. (A.96)] and from Egs. (2.191) and (2.193) that I , is positive definite.
This approximation for the real and imaginary parts of the embedding self-energy
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Fig.2.6: Frequency dependency of the retarded embedding self-energy for the infinite
coupled spring model: Solid blue line is the real part and dashed red line is the
imaginary part. The axes are scaled with the inter atom spring constant k,.

function does not satisfy the Kramers—Kronig relations [73, 118], and for this rea-
son we momentarily consider a frequency cut-off regulating divergent behaviour.
Compared to Egs. (2.192) and (2.193) similar wide-band-like approximations for
the self-energy have been proposed in Refs. [144, 145] where the embedding self-
energy is approximated as a purely imaginary sign function. However, due to the
structure of the sign function, this approximation also violates the Kramers—Kronig
relations.

This approximation also corresponds to the form calculated explicitly for a uniform
one-dimensional system of N coupled springs [146]. We will take this model for
our reservoirs (N, sites coupled with equal springs) and construct the embedding
self-energy accordingly. In this model, the force constant matrix K,, has diagonal
elements 2k, + k, o and the first off-diagonal elements —k,. For simplicity, we let the
on-site term be zero ko = 0 as it only corresponds to a shift in the phonon band.
In the limit Ny — oo the retarded embedding self-energy is given by IT5(w) = —k;z
where z is the solution to the quadratic equation (see Sec. 7 in Ref. [146])

kaz™h + (w +1in)* — 2ky + kyz = 0. (2.194)

The solutions are plotted in Fig. 2.6 (n — 0) against w. The imaginary part of the
self-energy will be nonzero for |w| < 2 Vi, introducing the phonon bandwidth. The
behaviour of the approximations in Egs. (2.192) and (2.193) around w = 0 is also
visible in Fig. 2.6.

In contrast to Ref. [146] small adjustments are still in order for the values in
Egs. (2.192) and (2.193): In our setup the coupling strength between the reservoirs
and the central region is not the same as the spring constants inside the reservoirs or
inside the central region. In this case, the retarded embedding self-energy is written
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— 2 2(w), (2.195)
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2k, — 0* + Cy(w)w \/(a) — 2k (@ + 2+ky) (2.196)
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with Ci(w) = sgn(w + 2Vk,) and where z still satisfies Eq. (2.194). The phonon
bandwidth in this setup, |w| < 2 vk, is similar to the electron bandwidth in one-
dimensional tight-binding lattice || < 2t [73], where t,op is the hopping integral
between the tight-binding lattice sites, since Vk; can here be understood as a
harmonic oscillator’s characteristic mode w = vk/m. Within our approximation in
Egs. (2.192) and (2.193) we get Ay, = Re[T¥(w = 0) = —k3./k,. Approximating the
imaginary part (when |w| < 2 Vk;) is evaluated as the first order expansion at w = 0
as in Eq. (2.193): Im [T}(w) = 9, Im [T} ()|, _, @ = K2./k}*w giving T, = 2k2./k}>.

It would also be possible to include the terminal site of the reservoirs into the
description of the central region; we have an arbitrary matrix structure for the
central region in Qc¢c, so this would not add any complications. In this way, also the
coupling of the central region to the reservoirs is included in the central region’s
description and the parameter for the coupling strength can be chosen equal to the
coupling parameter within the reservoirs. However, we continue with the form in
Eq. (2.195).

Since the embedding self-energy only has nonzero components in the ‘uu” block,
we express it now in the following form

Aoy — 2T 0 iw
HI;(CU) = ( 0,4 02 0,4 O) = AO,/\ - ?TO,/\ , (2197)

where each element of the 2 X 2 matrix is an N¢ X Nc matrix. Also, summing over
the different reservoirs A gives the total embedding self-energy: II" = Y,_,  IT},
and this also applies to the real and imaginary parts Ay and I';,.

Compared to the conventional wide-band approximation here we might run into
problems with our approximation for the embedding self-energy because of the
unboundedness of the imaginary part wI;/2 when |w| — oo. For this reason, we
introduce a cut-off frequency w. above which the approximation for the embedding
self-energy would simply be zero

iw
2

A natural choice for the cut-off frequency would be the phonon bandwidth; we
could tune the considered frequency range by varying the reservoir parameters,

T} (w) = 0w, — lwl)(Agr — =T ). (2.198)
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see Fig. 2.6. The lesser component of the embedding self-energy is then simply
given by the fluctuation—dissipation relation [73]

IT; () = O(w, — |w)[-ifi(w)wl} ,]. (2.199)

The cut-off frequency w,, on the other hand, also gives an energy scale above which
the central system does not feel the embedding. In our partitioned approach, this
relates to a time scale, after the contact, when the system is embedded. Since in the
equation of motion our Green’s functions D** appear together with the embedding
self-energy, we will regard them as embedded ones, meaning they are calculated for
the coupled system. In principle, there is a contribution from isolated Green’s
functions, d*, but our approximation for the embedding self-energy together with
the cut-off frequency neglects this. There is a more thorough discussion about the
motivation for the cut-off frequency in App. A.2.3.

2.5.3 Solving the equations of motion

Based on our approximations discussed in the previous section we may now derive
expression for the time convolutions in Eq. (2.189). More detailed calculations are
presented in App. A.2.3 and we state here only the results.

For the convolution between the retarded (advanced) Green’s function and lesser
embedding self-energy the cut-off frequency is explicitly present as a step function,
as in Eq. (2.199)

[D*-m<] e, =i ) f : ‘;—: [1 - e@$2] DR(@)0(w. — lwl)w fi (@) ;. (2.200)

A=LRY ™

As the frequency integral is cut off, we evaluate D® in the limit w,, — oo [see
Eq. (A.101)]:
1

0= Qe + 1Ty

DX (w) = (2.201)

By conjugating Eq. (2.200), we also get

21

[ Dt =-i ) f 9 (. — [ fo(@)T , D @) [1 - e—i«v—ﬂeff)t],
A=LR Y=
(2.202)
where D* is found by conjugating Eq. (2.201). Here we defined the effective (non-

hermitian) Hamiltonian as

Qo = (Q + AO). (2203)

iy
0‘+EF0
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It is worth noticing that in Egs. (2.200) and (2.202) the integrands are proportional to
@ f(w) which is unbounded when w — —co. This diverging nature of the frequency
integrals is then regulated by the cut-off frequency.

For the convolution between the lesser Green’s function and the retarded/advanced
embedding self-energy the cut-off frequency is more implicitly taken into account.
As the lesser Green's function gives rise to oscillation frequencies corresponding to
the physical setup, we may compare these frequencies to the ones encoded in the
retarded/advanced embedding self-energy whose oscillation frequencies depend
on the choice for the cut-off frequency. If we choose the cut-off frequency consid-
erably higher than typical energy scales of the studied system we may regard the
retarded/advanced embedding self-energies as in the limit w. — oo, see details in
App. A.2.3. The second convolution is then evaluated as

oD<(t,t')| I
[D=-11*| (1, ) = D*(t, Ao + D) Lo (2.204)
at’ =t 2
and by conjugating we also get
1-'/ < ’
[I1* - D<| (¢, £) = AD*(t, ) + = ID°(E, 1) (2.205)
2 at =t/

If we, on the other hand, fix the cut-off frequency at the phonon bandwidth, and
want this description to be a good approximation, we should tune our system
parameters such that the characteristic frequencies fall well into the cut-off regime,
i.e., the spectrum of the studied system is narrow compared to the bandwidth of
the reservoirs.

An important thing to notice is that the convolutions in Egs. (2.204) and (2.205)
depend not only directly on D= but also on the time-derivative of D™ at equal-
time limit. This means that inserting these expressions back into the equation of
motion does not immediately close the equation for D*. However, we may insert
the explicit time-evolution from Egs. (2.183) and (2.184) for the derivative terms
and then couple the terms accordingly. As Egs. (2.183) and (2.184) include the same
convolutions, we will gain similar terms by this procedure. But, as it turns out, this
procedure still closes the equation for D~.
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Now we are ready to insert Egs. (2.200), (2.202), (2.204), and (2.205) into Eq. (2.189):
dtD<(t t) — [aQD=(t,t) — D*(t,1)Q«]

"4
_1Zfda)6(a)c lw)w fi(w FEMDA(CU)[I e—l(w_.Qeﬁ]

A=LR
t:t’]

I
=t 2

Iy, OD<(t,t)
< Y s
+AoD~(t,t) + T

ID<(t, 1)
ot

- [D<(t, t)AO +

=) f ~20(w. ~ lwhwfi(@) [1 - @] DR@)Ty, o (2.206)
A=L,R

Then, we will insert dD(t,t')/dt and JdD(t,t')/dt’ from Egs. (2.183) and (2.184), and
accordingly insert the consequent convolutions from Egs. (2.200), (2.202), (2.204),
and (2.205). By combining terms and simplifying we end up with (see App. A.2.4)

dD< tt
( ) _ QeD(t, t) + D*(t, H QL

_ _IAZL‘R f S, ~ [whofi(@) {aTy, DA @) [1 - e

~[1- &2 DR(w)r; ). (2.207)

In the above expression, all the terms involving derivatives of the lesser Green’s
function [inserted dD(t,t')/dt and dD(t,t')/dt' from Egs. (2.183) and (2.184)] van-
ished as we noticed, by evaluating simple matrix products, that

r 6,(A)0‘A0 = Apal 6,(/\) =TI (I),m)afr 6,(A) =0. (2.208)

All the higher order derivatives are also truncated based on these matrix struc-
tures. In Eq. (2.207) we now have a linear, first order, nonhomogeneous differential
equation for D= which can be solved uniquely with an initial condition. Solving
the differential equation is done almost identically to the electronic case but the
procedure is still outlined in App. A.2.4; the solution is

iD=(t,t) = iD3(t, ) + Z f — f)\(a)) — L] B, (w) [1 - e-i<w—92ff>f] (2.209)

A=L,R Y ~@e

with the initial condition

. . t
iD5(t, ) = e et g f(Qar)ei Lt (2.210)



64 Theoretical background

stemming from the uncoupled lesser Green’s function in the central region as in
Eq. (A.87) where the Bose-Einstein distribution function f¢ is then defined via
an equilibrium temperature for the central region before coupling. The spectral
function B, (w) = DX(w)wI 0, ADA(a)) can be evaluated as

B,(w) = i 1 I}, : 1 . (2.211)
a)(ae+§1"0)—Q—A0 'w(a—zro)—Q—Ag

Equation (2.209) is our final result for the time-dependent one-particle phonon
density matrix. Remarkably, it is a closed expression, i.e., no time propagation is
needed for evaluating the time-dependent density matrix, as was the case in the
electronic transport as well. The form of the solution in Eq. (2.209) also follows the
general structure of a Landauer-Biittiker type: a frequency integral over spectral
(“transmission”) functions [143, 147]. The transient behaviour is encoded in the
exponentials: we have oscillations with frequencies wjx = |[Rewjesr — Re wyegl as
transitions between the vibrational frequencies of the central region. Here w. are
the complex eigenvalues of the effective Hamiltonian .. Finally, @ fi(w) is well-
behaving at w = 0 (although f,(w) diverges at zero), and the cut-off frequency w,
regulates the unbounded behaviour at w — —oo.

It is instructive to investigate few limiting cases for Eq. (2.209). At t = 0 the square
brackets will simply vanish due to the exponentials being unit matrices, and there-
fore we are left with the uncoupled result, as should be the case due to the initial
condition. This also happens if the systems remain uncoupled, i.e., Ay = 0 = I'j; then
we are left with the free evolution of the initial state as Q. — aQ and B,(w) — 0.
The steady-state result comes from the limit { — co when the exponentials vanish
due to the non-hermitian structure of Q.:

1 1
_f/\( ) —— oI, — . (2212)
AZL:R o w—-Q-(No-217) "aw - Q- (A +2I7)

Within our self-energy approximation, 1 Mw) = O(w, — lw])(Agp F %"F 6 1), we may
write Eq. (2.212) as

Z f —fA(w)DR(w)T (@)D (w), (2.213)
A=L,R

i.e., our time-dependent result reduces in the steady-state limit to the one derived
in Ref. [148].

In addition, we notice that also in this case of phonon transport the integrals in
Eq. (2.209) are possible to carry out analytically in a similar way as in Pub. [II].
This result for the time-dependent one-phonon density matrix can be expanded in
the eigenbasis of the non-hermitian matrix Q.. Further, when the Bose function



2.5 Phononic heat transport in the transient regime 65

is expressed as a Padé series [149, 150], the resulting frequency integrals may be
written in terms of complex logarithms and exponential integral functions.

As the derived result provides information about the one-particle density matrix
in the central region, we are interested in local quantities in this region. The local
energy in the central region may be calculated as a sum over the “uu” and “pp’ blocks
of the product of the Hamiltonian and the density matrix [56, 143]

E(t) = %Tr [QD<(t,1)]. (2.214)

The local heat current between the sites of the central region may be derived by
considering the temporal change in local energy in a given site; this should amount
to the sum of heat currents flowing in and out of that site [151-153]. The local energy
for site j can be written as an expectation value € = (H;) of the local Hamiltonian

=1 )2 + Y WK i 11/2. (This is chosen so that H= L H;.) Then, for H being the
total Hamlltoman for the central region [see Eq. (2.173)], we get from the Heisenberg
equation

de; .
— = (A, A Z > (cppy - @p)), (2.215)

where we used the commutation algebra of the momentum and displacement
operators. This motivates to define the local (net) heat current between sites j and
k as the up component of the density matrix

IHOE EK;k (<rpp) — (@) (b), (2.216)
where the two terms can be regarded as “in-coming” (from k to j) and “out-going”
(from j to k) heat current. This definition in Eq. (2.216) deviates a little from the
conventional definitions for the heat current between a reservoir and the central
region [56, 143] (see also the next subsection) since in our case there may be multiple
(arbitrary) contacts between the sites in the central region contributing to the heat
current through a given site.

2.5.4 Meir-Wingreen and Landauer like formulae

Although we can already evaluate local heat currents in transient regime within
the central region by applying the result for the time-dependent density matrix
in Eq. (2.209) and Eq. (2.216), we could also wonder about the thermal currents
through the interface between the central region and the reservoirs. The following
discussion is very similar to the one in Sec. 2.2.2 for electronic transport.
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Energy or heat current from the A-th reservoir to the central region can be defined
through the rate of change in energy, or in the expectation value of the Hamiltonian,
in reservoir A

dH
Q A
J) = < = > —i (A, Aiat), (2.217)
where the second identity is due to the Heisenberg equation of motion;
A 1 N
Hi=3 Z (p1pros + 2K}t (2.218)
jeA

keA

is the Hamiltonian for reservoir A and
~ 1 R R .
Hiot = > ; (p]'pk(sjk + qu]'kuk) (2.219)

is the full Hamiltonian (the indices j, k belonging to any sub-block L, C,R). The
reservoir Hamiltonian commutes with itself and with the Hamiltonian of the central
region (indices j, k € C). The only nonzero contribution to the commutator therefore
comes from the coupling part (with mixed components):

[I:I/\,I:Itot] = [1 Z (P] pl/}é + MAKM '3 Z AAKACuk + uCKCA )]

1 . ~C v
-3 Z [KiCp (al(t) + K ag (t)p?(t)] , (2.220)
jeA
IieC
where we used [AB, C] = A[B, C] + [A, C]B for the commutator and the canonical
commutation relations [p;, @1;] = —idj, [, ] = 0 = [p;, pr], and expressed the dis-
placement and momentum operators in the Heisenberg picture. As we are dealing
with mass-normalized operators we may use 1 = p and further rewrite this as

t'=t

d
[HA,Htot = ZZ[Kj‘kC = AA(t ,f(t)+Klg4ﬁ,f(t)§ﬁ?(t’)] . (2.221)
keC

Then, by inserting into Eq. (2.217), the thermal current becomes

J3(t) = —iTr [.QCA ; D (t, t)] ) (2.222)

t'=t

where we identified the definition of the Green’s function, and replaced the sum
over the block indices by a matrix product and a trace over the states in the central
region. In App. A.2.1 we derived an expression for the Green’s function D,¢ in
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Eq. (A.82). Similar to the derivation of the Meir-Wingreen formula in the electronic
case in Sec. 2.2.2 we may use the Langreth rules [73, 116] for this Green’s function
to be inserted in Eq. (2.222). This procedure leads to the following expression in the
transient regime

J8() = —-iTr f ) dtl ; 5t DA, t)+ o Hléc(t ADS(EH|  , (2.223)

to t'=t

where we identified the embedding self-energy II from Eq. (2.187). Similar to
Eq. (2.46), this result is very general as it is valid for any time f. In addition, if
the Green’s functions satisfied the full equations of motion, also the interactions
would be taken into account. This derivation, however, was done based on the
partitioned approach, and especially for small ¢ the transient is affected by the
contacting. In any case, at t — oo the information about the initial configuration
is washed away. More specifically, the only difference, compared to the electronic
case, is in the contour and the corresponding Keldysh components coming from
the Langreth rules; here the contour does not have a vertical complex part since the
reservoirs are uncorrelated before the switch is turned on at f,. The vertical contour
would also be problematic to define for a system with two different temperatures.

In the steady-state limit we can extend f; — —oo, and the functions of two time
variables become functions of the time difference only, and we may use the relation
between the time-convolutions and Fourier transforms. The time-derivative will
return a factor of —iw from the exponential in the Fourier transform:

d
Jfes =~ [ . %wTr [Héc(w)D c(w) + 11 C(w)DéC(w)]. (2.224)

The heat current must be real, so we may symmetrize this result by

1 “d
]A ss= 5 []A ss T (](Ag,ss)*] = - j:oo ﬁwrﬁ [Déc(a))HZC(a)) - Déc(a))HéC(a))] , (2.225)

where we used (IT°)" = —IT%, (D%)" = —=D<,i(DX - D*) = i(D” —= D) and i(IT*" - IT*) =
i(II” — IT") [73]. Here, it is also possible to separate the integration from —co to 0
and from 0 to co and using similar symmetry relations as above [73] we may write
the heat current as

]/\ ss ‘[0 (;_wa)Tr [Déc(a))H c(w) — DZC(a))HEC(w)] , (2.226)

cf. Refs. [146, 154]. The above expressions for the steady-state heat current are
equivalent representations of the Meir-Wingreen formula for phonon transport. Yet
another, commonly presented expression is in a two-terminal setting for the dif-
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ference |5 = ]1835 — ]LQSS in terms of the spectral functions and using a fluctuation—
dissipation relation for the lesser self-energy IT~(w) = —if(w)[(w)

g =i I i j—:a}Tr{[fL(a))FL(a)) ~ fr(@)I'r(@)] [ DEc(@) - D&-(@)]
+[I(@) - Tr(@)] DE(@)}, (2.227)

cf. Eq. (2.50). If we further explicitly assume noninteracting central region, we may
write the lesser Green'’s function as D, = DS -IIS-D5.. Using the same fluctuation
relation for the lesser self-energy we get

4T

J /(\Q,SS = f S do Z w [fﬁ(w) - fA(CU)] Tr [T (@)D ﬁ(a))Déc(a))] : (2.228)
- B

Limiting ourselves to a two-terminal setting and evaluating the difference ]st =
]IgSS - ]LQSS gives the Landauer—Biittiker formula for phonon transport

* dw
J& = j; 5 [fo(w) — fr(@)] Tr [FR(w)DgcrL(w)DéC(w)] , (2.229)
cf. Ref. [146]. The thermal conductance could further be defined via limar_, ]SS /AT
where AT is the difference in the temperatures in the reservoirs. This would lead to
otherwise similar formula as Eq. (2.229) but with a derivative of the Bose functions
with respect to temperature.
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In this chapter, a selection the results in Pubs. [I-V] is summarized (Secs. 3.2-3.7).
Before that we have a brief introduction (Sec. 3.1) to the transport simulations in
specific model systems. In this introductory part we assess the validity, accuracy,
and computational cost of the methodology discussed in the previous chapter
when compared to different numerical methods. For the purpose of a self-contained
presentation, figures from the publications will be replicated when necessary.

3.1 Transport simulation comparisons between differ-
ent methods

3.1.1 Transport setup and the comparative methods

We will first look at few numerical examples of transport studies based on the
formalism discussed in Chap. 2. As the developed method of solving the equations
of motion for noninteracting systems in WBA is new, we would like to see how
it compares with other methods. To this end, we will study transport through
simple systems, e.g., molecules consisting of one or two energy levels, simple one-
dimensional atomic chains of moderate lengths (in the order of tens of atoms) and
also a bit larger graphene based nanostructures. The transport setup is generally
of the form in Fig. 3.1 where tc, t, and t,c are the hopping parameters in the
central region, in the leads, and between one and another, respectively (although
not restricted to only one parameter per region). The resonance widths I', depend
on the hopping parameters. The possible parameters for the central region also
include arbitrary potential profile u and superconducting gap A. Environmental
conditions are handled by the parameters for the bias voltage V, (with respect to
the chemical potential ) and inverse temperature .

We will use the developed time-dependent extension to the Landauer—Biittiker for-
malism, here referred to as ‘LB’. As a comparison we will solve the equations of
motion for the Green’s function numerically using an embedding scheme [112].
This involves a time-stepping algorithm in propagating the Kadanoff-Baym equa-
tions [73, 113], here referred to as ‘KB’. More specifically, in the KB solver Eq. (2.38) is

69
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Fig. 3.1: General transport setup for the comparison simulations to be presented in
this section.

decomposed into real-time equations for each Keldysh component and then prop-
agated in the two-time plane. For the single-particle Hamiltonian we may choose
exactly the same description as in LB. As we are benchmarking a noninteracting
model in LB, we put the many-body self-energy to zero in KB and only include the
embedding part. For the embedding self-energy in KB we are, however, not limited
by the WBA but we may include the exact energy band structure for the leads.

We will also, as a comparison, perform a simple calculation of propagating single-
particle Hartree—Fock orbitals of a finite system [155, 156] using the implicit mid-
point rule, i.e., the Crank-Nicholson method [157] (referred to as ‘HF’); the finite
system is composed of two leads and a central system of interest, and the leads
are chosen long enough to avoid reflections and other finite-size effects. More
specifically, in the HF solver a finite system for the leads and the central region
is composed as a single-particle tight-binding Hamiltonian . The Hamiltonian
may vary in time, so we may include the bias voltage for the lead parts as on-site
terms. As we are comparing with a noninteracting model in LB we do not consider
interactions even though they could be included here in the Hartree-Fock level.
The time-evolution of the single-particle orbitals ¢(t) is obtained as a numerical
solution to a linear system [157], A(p(t +At) = b, where A = 1 +iAtH(t+ At/2)/2 and
b = [1-iAtH(t+At/2)/ 2]p(t). Inaddition, in HF we are not limited by the embedding
scheme (or the WBA either) since the full finite system is solved explicitly.

As the LB method presented in Chap. 2 provides computational simplification when
quantities of interest can be expressed in closed form, we would like to compare the
computational cost with KB and HE. The numerical implementation of Egs. (2.79),
(2.85) and (2.126) is straightforward:

1. The Hamiltonian matrix for the central region and the coupling matrices
between the central region and the leads are constructed.
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2. The effective Hamiltonian, Green’s functions and spectral functions are con-
structed. Diagonalization of k. is needed for eigendecomposition.

3. Numerical integration over the frequency w is performed, preferably in an
adaptive grid due to the spiky behaviour of the spectral functions.

(4. Aseachtime step canbe evaluated separately, the computationis considerably
sped up by parallelization.)

When the frequency integrals are evaluated analytically, we end up with the imple-
mentation of Egs. (2.92) and (2.127) which is computationally less demanding but
implementation-wise perhaps more tedious due to the collection of complex special
functions. For the phonon density matrix in Eq. (2.209) the procedure is the same
as above. A computationally inclined reader might be interested in the repositories
in Refs. [158, 159] although these codes are to be taken with a grain of salt.

The difference between numerical time propagation of the Kadanoff-Baym equa-
tions and using the extended Landauer-Biittiker formalism is something to be
considered, at least when the studied systems become larger. We performed the
comparisons using a regular desktop computer with Intel Core i5-2400 CPU @ 3.10
GHz x 4, 4 GB RAM and GCC version 4.7.2. These calculations were done using
only a single core to better benchmark the computational cost between different
methods. In the end of this section, when we benchmark the LB method further, we
also discuss the parallelization for multi-core clusters.

3.1.2 Time-dependent current between the interface of a one-level
system and a lead

The first example is simply a one-level system sandwiched between two leads at
zero temperature. This model was studied in Ref. [96], so the comparison results
between different methods presented here should be compared with the cited paper.
We let, for simplicity the on-site energy of the central level be zero and set the
chemical potential also to this value. We fix the tunneling rate between the central
level and the leads to be I'1, = I'zx = I" and relate the other parameters to this energy
scale. This means the hopping strength t,c between the leads and the central level,
and the hopping strength in the leads ¢, are related by I'y = 2£2./It,| in WBA. We
bias the left lead to V; = 5I' (with respect to the chemical potential = 0) and let the
right lead remain unbiased Vg = 0. In Fig. 3.2a we show the time-dependent current
through the right interface, i.e., between the central level and the right lead. The
calculations involved 500 time steps of length At = 0.006 I'"!. In the HF calculation
the finite leads were of length 60 atoms in a chain. A value of I' = 0.2 was assigned
for the tunneling rate.
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Ir(t)/ T
)/

— KB (2060 s)
—- HF (4824 ) E

(a) Current through the right interface of (b) Current through the left interface of a
a one-level system between two leads. ~ two-level system between two leads.

Fig. 3.2: Comparison of the time-dependent current using three different methods.
Computation wall-times are marked in the legend.

We see how all the methods give qualitatively similar results with varying compu-
tational cost. The model is very simple, and the observed oscillation of the current
is simply due to one relevant energy scale in the setup: the difference between the
biased left lead and the zero energy of the central system. The chosen tunneling
energy scale I' = 0.2 is of moderate strength (compared to other parameters), and
we expect LB to compare moderately with the full embedding in KB. In fact, using
the WBA in LB overestimates the beginning of the transient since the tunneling
rate is assumed too large for the channels close to the band edge. This, however,
is correctly taken into account in KB and HF where the energy dependency of the
tunneling for different channels is handled accordingly. At later times this does not
give considerable differences and LB and KB are essentially on top of each other. HF,
however, starts to behave differently at later times as the finite-size effects start to
play a role; a virtual oscillation around the steady-state current is due to reflections
from the system boundaries.

3.1.3 Time-dependent current through the interface of a molecule
of two energy levels and a lead

The second example is a two-level molecule (say, HOMO and LUMO) attached to
two leads at zero temperature. We let the molecular energy levels be {e — 6, €y + 0}
and couple both levels to the leads with equal strength I'. This model is a textbook
example in [73] where a similar calculation was performed. Also here, the hopping
strength t,c between the leads and the central levels, and the hopping strength in the
leads t, are related by I', = 2t§é o/ltal in WBA. We bias the left lead to Vi, = 2¢q (with
respect to the chemical potential u = 0) and let the right lead remain without a level
shift Vg = 0. In contrast to the previous example, we now look at weak coupling,
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in which we expect WBA to be rather similar to the embedded KB propagation. We
let ey = 500I', 6 = 20I" and I" = 0.001.

In Fig. 3.2b we show the time-dependent current through the left interface, i.e.,
between the central levels and the left lead. Because of the weak coupling, the calcu-
lations involved a bit longer simulation: 1000 time steps of length At = 0.00025 I'"".
In the Hartree—Fock calculation the finite leads were chosen to be of length 250
atoms in a chain, which was tested to be appropriate for the studied time scales.
In this case also, we see how all the methods give roughly similar results. Now the
beginning of the transient is described correctly also by LB as WBA is a fairly good
approximation. The slight discrepancies between LB and KB for later times is due to
numerical integration: weak coupling causes very narrow and intense peaks in the
spectral functions to be integrated in LB. We can, however, go around this problem
by performing more accurate numerical integration which naturally increases the
computational cost (although relatively low) in LB. Also here HF, for later times,
starts to show finite-size effects due to reflections. It is also important to notice that
as we go towards the parameter range of WBA the propagation times and system
sizes in KB and HF increase. This means a nice ‘bonus’: Using LB for this parameter
range gives reliable results in just a fraction of computation time.

3.1.4 Time-dependent bond current through an atomic chain

Next, let us look at a larger system, yet something that can be computed using the
full KB propagation. For larger calculations we are limited by the RAM of the bench-
mark computer because storing the Green’s function elements for larger systems
and longer time propagations needs a rapidly increasing amount of memory [114].
Also in HF propagation, as the size of the central region grows and the transient
saturation takes a longer time, we need to allocate longer leads to avoid finite-size
effects. We take a 10-site tight-binding chain as the central region in between two
metallic, semi-infinite leads; this setup could model transport through a long alkane
molecule, for instance. We fix the hopping in the central region as tc = —1.0, and
relate the other parameters to this energy scale. We choose weak coupling regime
for WBA to work, and choose accordingly the coupling and lead parameters as
t.c = tc/5and t, = 8tc so that the resonances are narrow: ', = Zti o/ta = ltcl/100. We
bias the leads symmetrically to V;, = V = -V = 2|t¢| and keep the system at finite
temperature f = 10/[tc|. Although this is a nonzero temperature (kgT = [tc|/10), it
is still in a very low (sub-Kelvin) range for the thermal excitations compared to the
other energy scales in the setup.

We evaluate the current through the central region as the bond current in the middle
(between the fifth and the sixth site) by using the full KB propagation, finite-size HF
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Fig. 3.3: Comparison of the time-dependent current using three (panel a) and two
(panel b) different methods. Computation wall-times are marked in the legend.

with one-dimensional leads of length 500 sites, and LB with analytical expressions
in terms of digamma and hypergeometric functions in Egs. (2.103), (2.104) and
(2.105). Total of 500 time steps of length 0.005I'! were computed and the results
can be seen in Fig. 3.3a. For larger systems the difference in the computational
cost between the propagation methods (KB and HF) and the closed solution (LB)
becomes immense. Still, the results are very congruent; HF only starts to deviate
from the rest when the finite-size effects start to have an influence (around tI"' = 1.3).
The small discrepancies between KB and LB are mainly numerical errors as the step
length might affect the KB results rather strongly [113, 114].

3.1.5 Time-dependent bond current through a graphene ribbon

The advantages in LB method indeed lie in studying large systems, and therefore we
present yet another comparison which, however, is too large for a full KB calculation,
so we only compare HF and LB. We have an armchair graphene nanoribbon of 120
sites (more specifically, a 6-aGNR of length ~ 4 nm [160]) as the central region
and two-dimensional rectangular tight-binding leads of 3 x 400 = 1200 sites (rows
x columns) for the HF propagation. The graphene nanoribbon is parametrized in
a single m-orbital framework with nearest-neighbour hopping —2.7 eV [89], and
the coupling between the central region and the leads is constructed so that the
tunneling rate becomes I', = 0.1 eV for each lead. The system is in zero temperature
and is driven out of equilibrium by a one-sided bias voltage on the left lead:
Vi =25¢eV,Vr=0.

For the LB calculation we use the analytic expression in Egs. (2.93), (2.94) and (2.95)
in terms of logarithms and exponential integral functions. Due to a rather large
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Fig. 3.4: Comparison of two different methods. Computation wall-times are marked
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system, we perform a calculation of only 60 time steps of length At = 0.07I"~! (even
the HF propagation is rather tedious), and in Fig. 3.3b we show the total current
through the nanoribbon as a sum over individual bond currents through an interface
in the middle of the ribbon. Also in this case, the LB captures, at least qualitatively,
the essential features of the transient oscillation in a fraction of computational cost
compared to the HF. It is worth mentioning, however, that these data points only
represent the very beginning of a considerably longer transient, and already for this
large leads in the HF propagation, the finite-size effects come out during the first
transient oscillation.

3.1.6 Time-dependent current and Cooper pair density in an NSN
junction

As a last benchmark for this section we consider a superconducting central region
together with a potential profile. We have a benzene-like molecule, 6 carbon atoms
on a ring with 2 hydrogen atoms on the edge, as the central region connected to
two-dimensional leads. (This is exactly the setup depicted in Fig. 3.1.) The molecule
is described like a hydrogen-passivated graphene ribbon, a single m-orbital lattice
with nearest-neighbour hopping |tc| = 2.7 eV and modified tight-binding param-
eters €’ = 0.66tc, t. = 2.2tc for hydrogen on-site energies and hydrogen—carbon
hopping, respectively [90]. In this “toy model” for superconductivity we introduce
a pairing field (i.e., the superconducting gap) for the molecule as A = |t|/10. The
molecule in its normal state is already semiconducting, so the full energy gap de-
pends on both the tight-binding parameters and the pairing strength parameter
A. We bias the molecule symmetrically V = V; = -V = |t¢| and put an on-site
gating potential u € {|tc|/2,0,—|tc|/2} so that the potential decreases linearly from
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Fig. 3.5: Comparison of the computational cost for single core jobs (panel a) and
parallel jobs (panel b).

the left to the right lead over the central molecule: the two left-most carbon atoms
have an on-site potential |tc|/2, the two carbon and the two hydrogen atoms in
the middle are non-gated while the two right-most carbon atoms have an on-site
potential —|tc|/2. The molecule is coupled to the leads so that the resonance widths
are I'y, = 0.001 eV for each lead, and the transport is set up at inverse temperature
B = 10/|tc|, hence, for the LB method we will be using the formulae in Egs. (2.136),
(2.137) and (2.138).

We only compare LB to KB because, as have been shown in the previous examples,
the HF method only gives rise to finite-size effects which is seen as a deviation
from the embedded methods (KB and LB). This simulation acts as a check for the
parametrization of the superconducting central region and the overlaps between
the unperturbed and perturbed bases of the central region in Eq. (2.127). In Fig. 3.4
we show the simulation of 500 time steps of length At = 0.00002I'"!, and we plot the
time-dependent current through the molecule (panel a) and the Cooper pair density
within the molecule (panel b). There is minor numerical discrepancy between KB
and LB in the current computation due to the small absolute value (~ 107°) of
the current. However, for the Cooper pair density, which is naturally evaluated
from the same density matrix, the match is perfect. We also notice the increased
computational costin LB compared to earlier simulations as we now have the central
region perturbed by a potential profile, and the overlaps between the unperturbed
and perturbed bases need to be evaluated as in Eq. (2.127).
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3.1.7 Computational cost and parallelization

A general remark for the simulations presented in this section: The time-dependent
Landauer—Biittiker formalism compares well with the existing methods of propa-
gating the Kadanoff-Baym equations for the Green’s function and the single-particle
Hartree-Fock orbitals. When WBA can be assumed, the results are very congru-
ent. Importantly, also, the computational cost is brought down considerably, see
Fig. 3.5a, as the time-stepping in KB scales as N? [113, 114] and in HF as N; [157]
with N; the number of time steps. In LB the cost depends only on numerical inte-
gration or on the evaluation of the special functions in the derived formulae.

Also, as time is only a parameter in LB, the implemented formulae parallelize triv-
ially; separate time steps of the transient can be computed on separate processors
as they operate without exchanging information. Only exceptions are the initializa-
tion of the studied structure and collecting the results in the end. As an example of
the scaling of the parallelization we computed the time-dependent density matrix
for armchair-oriented graphene nanoribbons connected to two-dimensional tight-
binding leads, similar to one of the examples above but for bigger systems. Here we
do not list a detailed description of the transport setup, as these comparisons were
already presented, and for this simulation we only want to compare the computa-
tion times. In Fig. 3.5b we show the computation wall-times (in seconds) for small,
medium and large graphene structures (Nc = {280,384,720} sites in the central
region, respectively). For small systems the overall computation time is small, and
the initialization and collecting the results might take longer time to execute than
the essential part of the calculation. Still, we see how the parallelization is rather
trivial up to one thousand processes, and it gets even better for larger systems.

3.2 Electronic transport through a ring-shaped junc-
tion

Although the main result in Pub. [I] was the derivation of Egs. (2.79) and (2.85),
here we will review the numerical considerations presented in this article for a six-
site tight-binding ring connected to two leads as shown schematically in Fig. 3.6.
This could vaguely be understood as a study of transport through a benzene-like
molecular ring with the wave function perfectly localized around the carbon atoms
—also similar to one of the comparison examples presented in the previous section.
The parameters in the setup were f- = —2.0 for the hopping strength in the ring, u =
0 for the chemical potential and g = 100 for the zero-temperature limit (compared
to other parameters it was as if § — o). The hopping t; = tz in the left/right lead
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Fig. 3.6: Six-site ring coupled symmetrically to one-dimensional TB leads.

was chosen to be much larger than any other energy scale, so that the wide-band
limit with I'y = 2£2./t, was a good approximation; X3 (w ~ p) = it2./t, + O(1/13)
with t,c being the hopping between the ring and the leads. The system was driven
out of equilibrium by the sudden switch-on of a bias voltage, i.e., the energy levels
of the leads were raised by V; = V = —Vk. In order to study the system’s response
to the external bias voltage, we evaluated numerically the frequency integrals in
Eq. (2.85).

In Pub. [I] there is a thorough analysis of the transient features captured by the
derived formulae in Egs. (2.79) and (2.85) with almost a plethora of graphs as
evidence. Here we only review the main findings which include different transitions
occurring during the transient given by the different terms of Eq. (2.85), and an
underlying selection rule for the hexagonal structure. Indeed, the time-dependence
in the second row of Eq. (2.85) (the term linear in the bias voltage) gave rise to
molecule-lead transitions with oscillation frequencies w; = |u + V, — Re[e;]| with
€; the complex eigenvalue of the effective Hamiltonian /¢ On the other hand,
the intramolecular transitions were captured by the third row of Eq. (2.85) (the
term quadratic in the bias voltage) with the oscillation frequencies being wj =
| Re[€;] — Re[ex]|. Interestingly, however, not all the possible transitions within the
transport setup were visible in the transient behaviour; a selection rule was found
for some of the levels which did not participate in the transport process. This was
a special case caused by the symmetries of the molecule and the coupling to the
leads. These inert states only affected the static part of the density matrix and did not
contribute to the dynamics since the states were given by wave functions having
nodal planes exactly at the sites coupled to the leads. If this symmetry was broken
either by asymmetric coupling or by deforming the molecule (modified hopping
parameter between some of the sites), also the remaining transitions became visible.

In Figs. 3.7 and 3.9 we display the transient current through the right interface of
the transport setup, i.e., the bond between the ring and the right lead. In Figs. 3.8
and 3.10 we have the corresponding Fourier transforms of the transient currents.
In Fig. 3.7 we varied the bias voltage and in Fig. 3.9 the coupling strength leading
to different values for the broadening I'. Also, in Fig. 3.7 we scaled the axes due
to equal value for the coupling strength, so the transient scales could be compared
better. In Fig. 3.9, on the other hand, the axes were not scaled due to varying I'.
Clearly, increasing the bias voltage (widening the bias window) opened up more
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levels as transport channels and the steady-state current grows. The oscillation
frequencies corresponding to transitions between the molecular levels in the ring
remained unchanged while the oscillation frequencies corresponding to transitions
between the ring and the leads varied (some of the Fourier peaks moved while
some did not), see Fig. 3.8. By increasing I', and hence by widening the resonances,
electrons could flow even with intermediate bias voltages. Correspondingly, the
steady-state value of the current increased, the relaxation times decreased whereas
the oscillation frequencies remained invariant (peaks did not move), see Fig. 3.10.
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3.3 [Edge-state transitions in graphene nanoribbons

In Pub. [II] we presented an extension to the results in Egs. (2.79) and (2.85). We ex-
pressed the frequency integrals in Eq. (2.79) in the eigenbasis of the effective Hamil-
tonian k¢, and this way we were able to perform the integrations analytically in the
zero-temperature limit. The results were expressed in terms of logarithms and spe-
cial functions called the exponential integral in Eq. (2.92). This procedure allowed
for even larger scale calculations in the time-dependent Landauer-Biittiker formal-
ism since one bottleneck, the numerical integration of spiked spectral functions,
was overcome.

3.3.1 Classification of the ribbons

We used this extended formalism in Pub. [II] to study local bond currents in
graphene nanoribbons (GNR) of different geometries; the transport setup is shown
in Fig. 3.11. The leads were semi-infinite with their terminal sites coupled to the

Fig. 3.11: Transport setup of a (zigzag) graphene nanoribbon connected to metallic
leads: contacts to leads are between doubly-coloured bonds; bridge (explained in
text) is shown by the green cutting line. The structure of the leads is shown for
illustratory purposes. Voltage profile is shown below the structure.

GNR in the center. The GNR was modelled by a single-orbital rt-electron network,
parametrized by nearest neighbour hopping tc = —2.7 eV [89]; second and third
nearest neighbour hoppings [89] were neglected but they could trivially be included
at the same computational cost. The size and the orientation [zigzag (zGNR) or
armchair (aGNR)] of the central region was arbitrary as well as the structure of
the leads. The level-width functions, I',, depended on the couplings between the
central region and the leads, and also on the internal properties of the leads. In
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principle, I', could be any positive semidefinite matrix [161, 162] but here it was
taken simply as Iy un = Vo Aamn Where Ay yy = 0,y when m, n labeled edge atoms
contacted to lead a and A, = 0 otherwise. In the calculations we chose the cou-
pling strengths so thaty, = 0.1 eV for each lead a. Also in this study, the system was
driven out of equilibrium by a sudden symmetric bias voltage between source and
drain electrodes, i.e., V,, = +Vsq/2. The bias voltage, or the level shift in the leads,
was set with respect to the chemical potential u = 0 (i.e., we had a charge neutral
GNR in equilibrium). The potential profile within the central region could be, e.g.,
linear or sinusoidal as illustrated in Fig. 3.11, or of any other shape. The strength
of this potential was given by the parameter V. For the numerical simulations we
considered a virtual interface in the middle of the studied structure by a cutting
line or a bridge and calculated the sum of all bond currents for the bonds cut by
the bridge, see Fig. 3.11. This sum of time-dependent bond currents was denoted
simply by I(t). The energies were evaluated in units of € = 1 eV giving the unit of
time t = fi/e ~ 6.58 - 107'° s and the unit of current I = ee/hi ~ 2.43 - 107 A.

3.3.2 Transient features depend on the length, width and orienta-
tion of the ribbon

First we investigated the dependence of the time-dependent current on the length
of the GNR at fixed width and bias voltage. We show the current I(¢) in Fig. 3.12a-b
and the corresponding Fourier transforms of the current, |F{I(t)}(w)|, in Fig. 3.12c
for aGNRs of width 1.4 nm and a zGNRs of width 1.6 nm. More specifically, the
armchair structure was a 13-aGNR where 13 refers to the number of armchair dimer
rows [160], and the zigzag structure was an 8-zGNR where 8 is the number of zigzag
rows [160]. The Fourier transforms were calculated from the long-time simulations
shown in the inset of Fig. 3.12c where the steady-state value was subtracted from the
sample points. Also, Blackman-window filtering [163] was used and the absolute
value of the result was plotted. In both cases the bias voltage was V4 = 5.6 eV and
the potential profile was set to zero, V; = 0 eV. We saw that elongating the ribbon
made the initial transient start with a delay, since the current was evaluated in the
center (see Fig. 3.11), but the steady-state value remained roughly invariant. By
increasing the length the overall number of states also increased, and hence, more
states close to the Fermi level were available as transport channels. Consequently,
smaller transition energies became possible and the peaks in the Fourier spectra
shifted towards lower energies as they were more favourable. In zGNRs we also
saw an amplified high-energy peak independent of the length of the ribbon; this
frequency corresponded to the fast superimposed oscillations in the time domain
that lasted throughout the transient. As the oscillation lasted for a long time, the
strength of the Fourier peak was also amplified. This oscillation frequency was w =
Vsa/2 = 2.8 eV and therefore corresponded to transitions between the biased Fermi
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level of the leads and the zero-energy states of the ribbon, i.e., the edge states. The
edge states were weakly coupled to the leads and therefore these transitions were
slowly damped. Also, similar high-frequency oscillations were visible in aGNRs
as well, see panel a. Nevertheless, the Fourier transform did not show any high
frequency peak in this case as the oscillation was damped in much faster time scale.
In aGNRs we had zigzag edges at the lead interface, and hence, the edge states
were strongly coupled to the leads, also dissipating faster.

Then, we varied the width of the ribbons while keeping the length and the bias
voltage fixed. We also did not have a potential profile present in the central region,
Ve = 0. In Fig. 3.13 we show the time-dependent currents and the dependency
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on the width for aGNRs and zGNRs of length 4.1 nm. Compared to the previous
study, changing the width of the ribbon might have lead to more involved transient
behaviour because, depending on the width, the ribbons might have been either
metallic or semiconducting [164]. Nevertheless, the semiconducting gap would
have been much smaller than the applied bias window V4 = 5.6 €V, and therefore
the conducting properties should not have been affected by the gap or further by the
width. When increasing the width of the ribbon the length of the bridge, through
which the overall bond current I was evaluated, also increased and so did the steady-
state value of I. However, the transient features were mostly invariant as can be
seen in the Fourier spectrum in panel c. Therefore, widening the ribbon did not shift
the low-energy peaks towards smaller energies [cf. Fig. 3.12c]. This was also the
case for the high-energy peak in zZGNRs, which agreed with the edge-state energy
being independent of the size of the ribbon. Recently, also the width of the graphene
ribbons was considered in detail both computationally and experimentally [165]
verifying “the 3n —1 width-rule” (where 1 is an integer) that the electronic structure
of the ribbon varies between semiconducting and metallic. This has considerable
further implications in the transport studies such as the ones presented here.

As a third study, we investigated the dependence on the bias window but still had
Ve = 0. In Figs. 3.14a and 3.14c we show the results for a 13-aGNR of length 4.1
nm and width 1.4 nm, and in Figs. 3.14b and 3.14c the results for an 8-zGNR of
length 4.1 nm and width 1.6 nm. The ribbons were chosen as comparable in size
for better visualization of the dependence on the voltage. For zZGNR the frequency
of the oscillations associated to the edge-state transitions increased linearly with
the bias, as it should have done. The transition energy between the biased Fermi
level of the leads and the edge state of the ribbon increased with the voltage. It was
also evident that for both ribbon geometries the transient regime lasted longer the
larger was the bias, and that the steady-state was attained after several hundreds of
femtoseconds. Increasing the bias window obviously enabled more states to take
part in the transport dynamics.

We could conclude that the absolute values of the steady-state currents were higher
through zGNRs than through aGNRs (of comparable sizes). An intuitive explana-
tion for this observation was not straightforward to provide since we were consid-
ering rather large bias regime. The large bias regime enabled very many states to
contribute to the absolute value of the steady-state current. We could still vaguely
say that, as the zGNRs contain more states close to the zero energy, then this put
more weight on the possible transport channels, at least for these bias windows. If
we had chosen a bias window covering all the states for ribbons of comparable sizes,
we could have naively expected the steady-state values to be equivalent. However,
there might still have been room for possible selection rules depending on the rib-
bon orientation; whether some of the states would not have been participating to
the dynamics at all due to wave function localization as was seen in Sec. 3.2. We
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Fig. 3.14: Time-dependent bond cur-
rents through fixed-size ribbons with
varying bias voltage a) aGNR: (W =
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Fig. 3.15: Time-dependent bond cur-
rents through a 4-zGNR (length 0.7
nm and width 0.9 nm) with fixed bias
voltage Vq/2 = 3.5 eV and with vary-
ing potentials: a) linear potential pro-
file, b) sinusoidal potential profile,
c) the corresponding Fourier trans-
forms (sinusoidal is offset for clarity).

also observed that the micro-milliampere range for the current with bias in the eV
range agreed with the experimental results of Refs. [166-173].

3.4 Doped graphene flakes and controlling the tran-
sient current

In Pub. [II] we also considered extensions to perturbed central regions. This lead
to illustrations of the formula in Eq. (2.127) where two different Hamiltonians
were set for the central region: the equilibrium one only consisted of the plain
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tight-binding lattice whereas the out-of-equilibrium one included a sudden switch-
on of electric and/or magnetic fields. As the eigenbases of the unperturbed and
perturbed Hamiltonians did not, in general, need to be equivalent, we were left
with evaluating the overlaps between these bases in Eq. (2.127). This also increased
the computational cost which was also discussed in Sec. 3.1.

We looked into the transient behaviour of a 4 hexagons-by-4 hexagons graphene
flake exposed to both external bias voltage from the leads and an on-site potential
profile within the flake. The potential profile could be understood as a self-consistent
field inside the flake due to the modified charge profile, or due to charge injection
or chemical doping. The system was composed of 32 carbon atoms with an on-site
potential u,, being switched on at site m concurrently with the applied bias. We
were interested in how the form of the potential profile within the flake affected the
transient dynamics. We defined the distance of the m-th carbon atom from the left
lead interface to be x,,, and then correspondingly defined the on-site potential as
Uy = u(x,,). For the linear and sinusoidal potential profiles (the function u of x) we
used

oy Vi, X < L/10
ulin.(xm) = _Tg Xm + Vg ’ usin.(xm) = Vg cos (Z_me - %) ’ L/lo <Xy < 9L/1O
v, % > 9L/10,

(3.1)
where L was the length of the flake.

The time-dependent currents through the flake with fixed bias voltage Vq/2 =
3.5 eV are shown in In Fig. 3.15a for linear potential and in Fig. 3.15b for sinusoidal
potential. A numerical check between Egs. (2.92) and (2.127) was provided by look-
ing at the data for non-perturbed (denoted in the figure by “No gate” and “V, = 0.0
eV’) central regions. The equivalence was indeed found as the corresponding curves
were on top of each other. For small voltages (< 1 eV) the transient was roughly
similar to the non-perturbed one but, for stronger voltages, a rather non-trivial
transient behaviour was observed. The Fourier spectrum (in panel c) shows a rich
structure in several high-energy spectral windows. This was due to transitions in-
volving levels of the perturbed central region, and these transitions could be mapped
more thoroughly by looking at the nonequilibrium spectral function

Alw) = —% Im Tr | GX(w) | (3.2)

with the trace over the states of the central region. We show the spectral function in
Fig. 3.16, and, as expected, the spectrum was widened when increasing the on-site
potential strength V. The high energy peaks at w ~ +8 eV (in the non-perturbed
case: Vy = 0 eV) shifted to w ~ £10 eV (when the perturbation was at its maximum:
V, = 3.5 eV). This was consistent with the Fourier peaks occurring at around
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Fig. 3.16: Nonequilibrium spectral functions of the studied flake with varying poten-
tial: a) linear potential profile, and b) sinusoidal potential profile.

w = 10 eV in Fig. 3.15c. Similarly, all other main peaks in the Fourier spectrum
could have been interpreted by inspecting the spectral function.

3.5 Curved graphene nanoribbons and focused tran-
sient currents

In Pub. [III] we further used the formalism developed in Pubs. [I, II] in a more ap-
plied study of transient response in curved graphene nanoribbons. As atomic preci-
sion fabrication and patterning is becoming routinely accessible in graphene based
nanostructures [174, 175], it is interesting, and also important, to study the imme-
diate applications of such tailored structures [174, 176-180]. In many experiments
curved graphene structures have been realized [178, 181] but the more detailed
transport properties have mainly been unexplored, apart from a few stationary
transport studies [182-185]. For instance, in Ref. [186] a transmission electron mi-
croscopy (TEM) was used to probe the edge structure and widths of graphene
structures in Angstrom resolution, see Fig. 3.17. Electron irradiation was further
used to manipulate the edge structures as shown in the snapshots.
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Fig. 3.17: Edge configurations of a GNR in a TEM study by Cheng et al. [186].
Snapshots at different times show the edge structures under electron irradiation.
The scale bar is 2 nm.

3.5.1 Classification of the curved samples

Since TEM, as a procedure, is based on quantum transport, we investigated how
the edge structures affected the transport properties of a GNR, and also how the
mechanisms leading to these properties happened in the transient regime. Our
study was based on four representative curved graphene nanoribbons (CGNR) in
Fig. 3.18. The samples included two 60° arcs of different curvature (samples Vgport

R,
SRR

Fig. 3.18: Curved graphene nanoribbons in transport calculations. From left to right:
schematics of curved ribbons attached to straight ribbons of the same width, form-
ing a typical two-terminal transport device: source (S) and drain (D) electrodes
connected via a central conducting device (C). Atomic structures of the samples
used as a conducting device Vgnort, Viong, U, and L, i.e., these structures take the
place of C in the schematic on the left. Hydrogen atoms are omitted from the figure
for clarity.

and Vjong. They both had 8-AGNR legs but in Vg, the curved parts were shorter
and only the outer edge contained a zigzag section; in Vi, both the inner and
the outer edge contained zigzag sections. The sample U contained a 180° arc and
the sample L a 90° arc. For the transport setup, the arcs were coupled to straight,
semi-infinite graphene nanoribbons. The leads were of armchair type (AGNR) or
zigzag type (ZGNR), depending on the bisection angle [164]. The 60° and 180° arcs
were coupled to two AGNRs and the 90° arcs to AGNR on one side and to ZGNR
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on the other side. The atomic structures in Fig. 3.18 correspond to the central region
in the transport setup, i.e., the curved part is extended by the straight ribbons
(acting as leads) and the terminal of the straight part is then contacted to the biased
electrode. In addition, the three-part systems were saturated by hydrogen to remove
the dangling bonds. The systems had no in-plane stresses, i.e., the samples were
simply cut out from pristine graphene planes without introducing any bending to
the structure. In Pub. [III] we performed a rather systematic and extensive study
on how the transport properties are affected by the curvature, but here we will only
review a couple of the most important findings.

3.5.2 Transient currents through the curved sections

Similarly to the results presented in the previous sections, also here, in the transport
setup, the bias voltage from the source to the drain electrode (over the central region)
Vsp was switched on at t = 0 and the transient dynamics was calculated at zero
temperature [using the formulae in terms of the logarithms and the exponential
integrals in Egs. (2.93), (2.94) and (2.95)] until the current saturated towards a
steady state. The bias windows in this study were from Vsp = 0.2 eV to 2.0 eV.
The coupling strengths between the CGNR and the electrodes were chosen so that
the resonance widths became y = 0.1 eV, for both source and drain electrodes. For
the studied samples these conditions lead to saturation times from few hundred
femtoseconds up to 1 ns. The transient dynamics was analyzed similarly as in the
previous section, as a sum over individual bond currents through virtual interfaces,
bridges, Bl and B2 in the sample, see Fig. 3.19.

At the beginning of the transient, the current at Bl grew fast and then oscillated
over hundreds of femtoseconds and then damped towards a steady state. For the
wavecrest to reach the other bridge B2, it needed to travel roughly 30 A, and,
similarly to the findings in the previous section, this was seen as a short delay in
the bridge current. The observed delay corresponded to a speed or mobility of the
charge carriers of ~ 10 A/fs, which roughly equals the Fermi velocity in graphene,
vg = 3|tcla/(2h) with |tc| = 2.7 eV and a = 2.46 A, as was expected [83]. Both of the
transients (at B1 and at B2) were characterized by slow oscillations superimposed
by fast oscillations which could be associated with transitions happening inside
the CGNR (intra-ribbon transition) or between the CGNR and the leads (ribbon-
lead transition). The low-frequency oscillations came from the slow lead-to-lead
reflections given by the overall charge-density wave after the bias voltage was
switched on. In high-voltage regime we also saw another type of low-frequency
oscillation which originated from multiple scatterings of the charge-density waves
sloshing back-and-forth in the curved section of the CGNR.
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Fig. 3.19: Time-dependent currents in CGNRs. (a) Top figure shows the atomic struc-
ture of sample Vot with bridges B1 and B2. The four panels show time-dependent
currents through B1 (left) and B2 (right) at Vsp = 1.0 eV (middle) and at Vsp = 2.0eV
(bottom). (b) Same as panels a for sample Vj,ng. Dashed lines mark the steady-state
currents.

In straight GNRs (without curvature) the currents were rather regular and flowed in
the same direction, as was studied in Pub. [II], but in the CGNRs the current profiles
were more complex. The curved section of the central region acted as a deflection
center for the electronic current, and it could cause direction reversal, especially
when the bias voltage was low. This lead to backscattering or backward currents
which, in time domain, could be visualized nicely by animations, see the electronic
supplemental information of Pub. [III]. The essential dynamics of the backscattering
in the studied CGNRs boiled down to two variables: the lead-to-lead and the lead-
to-curved part distance. The rich interference patterns upon multiple scatterings
at the interfaces were governed by these length scales. The observed interference
of the charge-density waves resulted in a rather complex Fourier spectrum of the
currents, see Fig. 3.20.

We looked at one of the transitions in more detail. The time-dependent currents of
the sample V|, at bias voltage Vsp = 1.0 eV showed well-defined oscillations of
period P = 30 fs, and this oscillation was seen in the Fourier spectrum as an intense
peak at the corresponding energy w = 21/P = 0.15 eV. As all of the transitions, also
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this one could be further analyzed and identified by looking at the local density of
states (LDOS) at energies given by the frequency of the oscillation. The LDOS at
energies 0 eV and —0.15 eV (i.e., the difference in energy between these states was
exactly the observed oscillation frequency) showed elongated edge states at inner
and outer edges of the curved section, see Fig. 3.21. Therefore, we concluded that the
electronic excitations at w ~ 0.15 eV corresponded to edge-state transitions taking
place inside the CGNR between these two states. This oscillation, however, became
masked when the bias voltage Vsp was increased because additional electronic
transitions started taking place within the wider bias window.

In Pub. [III] we also compared the single rt-orbital model used in the time-dependent
Landauer-Biittiker formalism to a multi-orbital density-functional tight-binding
model; both models yielded frontier orbitals of a similar edge-localized nature and a
similar level structure. Even though we did not perform time-dependent transport
calculations in the full multi-orbital framework, we argued that the qualitative
features of the transients would not have been affected by the choice of the model.

3.5.3 Temporal and spatial focusing of the current

The Fourier transform, as seen by the above analysis, can provide some insight into
identifying transitions occurring during the transients. However, it misses all the
temporal information as it is unable to provide either the times or the durations
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Fig. 3.22: Wavelet amplitudes (colourmaps) as a function of scale (s) and time (7) for
currents through the curved sections in (a) sample U, (b) sample L, and (c) sample
Vihort With an impurity site, all at Vgp = 1.0 eV.

when certain transitions are active. This is due to the averaging nature of the integral
transformation; if certain oscillation in the time-dependent signal is present for a
long time, it integrates to a large Fourier peak amplitude, although this oscillation
does not need to be present all the time [187]. The peak intensities in the Fourier
spectrum only give an averaged-out information about how long durations certain
frequencies are present. For a more accurate temporal analysis, in Pub. [III], we
consulted an alternative analysis tool — the wavelet decomposition. In this method,
the signal is convolved with a set of basis functions called wavelets [187, 188]. The
continuous wavelet transformation (CWT) for a signal I(¢) is defined as
I@ﬂ)Z—ll[ uﬂ¢%5—1yﬂ, (3.3)
\/E o S
where 1" is the complex conjugate of the wavelet shifted (in time) by 7 and scaled
by the dimensionless parameter s. This transformation maps the data into an (s, 7)-
plane, where 7 is related to time and s can be related to frequencies via f; = f./(sA),
where A is the sampling period and f, is the center frequency of the wavelet. With

1 femtosecond as our unit of time, we used the Ricker wavelets (or the Mexican hat
wavelet)

[1- e (3.4)

2
P(t) = Ny
with a center frequency of f. = 0.25 fs™! and sampling of A = 0.16 fs. The advantage
of wavelet analysis is that it allows for distinguishing between rapid and slow
current fluctuations by choosing the scale s. This means that the transients can be
analyzed simultaneously at different frequencies and at different times, although
this increases the computational cost.

By looking carefully at the wavelet amplitudes in the (s, 7)-plane we could identify
instants and frequencies for possibly interesting events. We calculated CWT on the
currents by using the Wavelet Toolbox in Matlab [189] and scales large enough to
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scan all the frequencies relevant to our transport setup. We present here the wavelet
analysis for the transient signal in samples U and L (see Pub. [III] for more details).
The transport setup was otherwise the same as in samples Vot and Viong above and
we set the bias voltage to Vsp = 1.0 eV. In Fig. 3.22 we have the wavelet amplitudes
as a colourmap in terms of time and scale for the sample U in panel (a) and for the
sample L in panel (b). According to the colourmap we picked two instants for each
structure: one when the wavelet amplitude showed rich fluctuation and another
when it remained small. At these instants we plotted, from the full density matrix
for the structure, the charge and current distributions along the whole sample,
and we expected to see many transitions active in the first instant whereas for the
second instant we expected to see a more uniform distribution. In Fig. 3.23 we
show these selected snapshots of the two instants, and indeed, the behaviour was
as expected: At the first instant the current distribution showed more fluctuations
and backscattering compared to the second instant when the distribution was fairly
uniform. The wavelet amplitudes and snapshots also showed spatial and temporal
focusing of the current: At certain instants the current was spatially focused in certain
bonds within the structure. (This was also particularly evident in the animations,
see the supplementary information of Pub. [III].) Sample U captured strong currents
along the armchair leads and along the inner edges of curved section. In sample L
one of the leads was zigzag while the other lead was armchair, and this asymmetry
became clearly visible in the charge and current distributions. The charge variations
occurred along the sample irregularly, which happened because the zigzag lead
supported more current paths than the armchair lead, at least for this type of CGNR.
The difference in the wave propagation speeds in the different leads quickly created
a non-uniform and irregular charge distributions across the sample.

We also used the wavelet analysis to investigate how impurities might have affected
the transient behaviour and especially the time-dependent current distributions
along the curved section. For this study, we took the sample Vgt and placed
an impurity atom adsorbed on top of a carbon atom located at the bridge B2
(through which the transient current was calculated, see Fig. 3.19). The impurity was
modelled by an on-site energy of 0.2 eV and a modified hopping parameter to the
nearest carbon atom —2.16 eV. This model for an impurity caused weaker bonding to
its neighboring atoms [90]. We have the wavelet analysis for this system in Fig. 3.22c.
(This can also be compared with the one of the pristine sample Vg, see Pub. [1II].)
By inspecting the timescales in the wavelet analysis we could again pinpoint certain
instants when most oscillating modes were simultaneously present, and then view
the corresponding charge and current distributions along the sample. We observed
how the impurity atom within the curved section could affect the current paths. In
Fig. 3.24 (and also in animations, see the supplementary information in Pub. [III])
we could direct (or control) the paths of the charge carriers to the outer edge of
the curved section. It was evident that in CGNRs the electric currents were highly
sensitive to even single impurities since entire current patterns could be rearranged
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by them.

We also analyzed how strong the focusing effect of the bond currents can be, i.e.,
how much of the total current is dictated by individual bonds. When we looked
at the time-dependent currents through samples Vo, U, and L at instants of the
first peaks in the wavelet amplitudes, we could create a simple list of bond currents
along the whole sample at those instants. For instance, in Vg the number of
atoms is 216 and the number of individual bonds is 568. At a specific instant the
currents through each of these bonds have certain values. By plotting these values
with respect to the bond index we could compare how the bond current profile was
distributed along the sample, see Fig. 3.25. We observed rather extreme focusing,
depending on the structure, because already only few of the bonds could carry
instantaneous currents exceeding even the overall steady-state current through the
whole sample. This was our central result as such focusing is absent in straight
GNRs, which showed temporally and spatially far more homogeneous currents,
see Pub. [II]. This focusing effect could be used in graphene-based edge-detecting
devices [190], but the extreme focusing might also lead to detrimental Joule heating
and eventually burning the sample. However, this could be avoided by using low
biases and ultra-fast time scales for the heat to dissipate. The operation of the device
when heated could then be probed by resistive heating maps [191].
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Fig. 3.25: Instantaneous bond currents for samples (a) Vghort at t = 12.6 fs, (b) U at
t =19.7 fs and (c) L at t = 16.5 fs with bias voltage Vsp = 1.0 eV as a function of
bond index (red circles). Panels also include the corresponding bond currents at
the steady-state (blue diamonds) and the overall steady-state current through the
sample (dashed line). Bonds are indexed wrt. increasing current.

3.6 Superconducting junctions

In Pub. [IV] we investigated transport in NSN junctions where a superconducting
central region is coupled to two (normal) metallic leads. Here, an outline of the key
results is presented.

The transport setup is exactly the same as in Fig. 3.1; the central region is a super-
conducting benzene-like molecule. In these type of samples the superconductivity
could be induced, e.g., by charge injection, chemical doping or using the proximity
effectleading to critical temperatures ranging from 1 to 10 K [192-195]. The benzene
molecule is modelled in a single m-orbital tight-binding framework with the hop-
ping parameter tc = —2.7 eV [89], and then other energies are related to this scale.
Also, the molecule’s edges (longitudinally, in the transport direction) are saturated
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by hydrogen with modified tight-binding parameters for hydrogen on-site energies
and hydrogen—carbon hopping [90], respectively, so that there is no band gap in
equilibrium. We set this condition because we want to isolate the effects from the
superconducting gap A without complicating the spectrum with the semiconduct-
ing gap. We further choose the coupling strength between the molecule and the
leads and the lead hopping so that we are in weak coupling regime I' = 0.2 eV.

In this setup, it is possible to observe different transition mechanisms depending
on the chosen parameters. When the bias voltage V, is larger than the supercon-
ducting gap A, all the levels inside the bias window are available for transport, and
transitions through the superconducting states are disrupted since the energy for
the incoming electrons is high enough to break possible Cooper pairs (CP) in the
central region; this is referred to as normal tunneling (NT). On the other hand, if
the bias voltage is smaller than the superconducting gap, it is possible to form a
CP in the central region. Then, it is further possible to observe Andreev reflection
(AR) between an electron and a hole in the source (or drain) lead forming the CP
in the center, or to observe a crossed Andreev reflection (CAR) where an electron
from the source (drain) lead is coupled to a hole in the drain (source) lead through
the CP in the center. In addition, direct tunneling of an electron via the CP, referred
to as co-tunneling (CT), is a possible transmission channel.

We first simulate the NT. The temperature is fixed well below the critical temper-
ature, f = 100/[tc|, so that the gap can be approximated as the (constant) value at
zero temperature A(T = 0) according to the self-consistent gap equation [196]. The
bias window is symmetric around the chemical potential, V| = -V = 3|t¢|/2, and
the gap A is varied but kept smaller than the bias. The transient currents through
the sample are calculated by Eq. (2.162); we sum the individual bond currents
transversally in the middle of the molecule. The pair densities are calculated by
summing the pair densities within the molecule: P(t) = }.,, P,(t) from Eq. (2.163).
These results are plotted in Fig. 3.26 with a Fourier transform of the current. When
the gap A is increased, the overall current is decreased since the conducting states
are moved away from the bias window. This can also be seen as shifts in the tran-
sient frequencies in the Fourier spectrum. The spectral function, plotted in Fig. 3.29,
may be used to further identify the transitions. When A = 0, we observe two in-
tramolecular transitions (frequencies w = [tc| and w = 2|tc|) which shift when the
gap is varied corresponding to the shifted energy levels. We also notice two lead-
molecule transitions (frequencies w = |tc|/2 and w = 5|t¢c|/2) when A = 0. Also these
transitions shift with the peaks in the spectral function corresponding to the fixed
bias V' = 3|tc|/2. In addition, we observe the pair density going to zero from its
equilibrium value when A < V. Therefore, we do not see AR or CAR processes due
to no out-of-equilibrium CPs forming in the central region. When the gap is set
equal to the bias window, we notice that the steady-state current goes to zero since
there are no transport channels within the bias window. However, some transient
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Fig.3.26: Transient currents (top panel) Fig. 3.27: Same as Fig. 3.26 but with
and pair densities (bottom panel) in varying V.

the molecule when varying A. The in-

set shows the absolute value of the

Fourier-transformed current.

oscillations are still present due to the states in the vicinity of the resonant window,
which is seen as an intramolecular transition at w ~ 7|t¢c|/2.

Then we simulate the AR and CAR processes. We choose the gap in Fig. 3.27
as A = |tc|/2, and in Fig. 3.28 as A = 3|tc|/2. In both cases, when V < A, the
transient current oscillates towards a zero steady-state current with frequencies
mainly corresponding to intramolecular transitions (around w = |tc| and w = 2|tc|).
When the gap is larger in Fig. 3.28 and for V < A, we observe CP formation within
the molecule. When the voltages are small, we mainly find the first intramolecular
transition at around w = 7|tc|/2. For larger voltages we also see the lead—-molecule
transitions at lower frequencies recovering again the NT regime.

3.7 Heat transport in atomic chains

Here the key results of Pub. [V] are reviewed. We studied the transient behaviour
of the heat current in simple lattice models when coupled to reservoirs of different
temperatures. We benchmarked the validity of the approximations made in the
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and pair densities (bottom panel) in
the molecule when varying V. The
inset shows the absolute value of the
Fourier-transformed current.

derivation of Eq. (2.209) by comparing to full numerical solution to the equation
of motion (2.183) with the embedding self-energy in Eq. (2.194). The full numerical
solution was obtained self-consistently in the full two-time plane [141, 142], and
then the time-diagonal components were extracted for comparison with Eq. (2.209).
In both full and approximate solutions we employ the partitioned approach with
the subsystems being initially uncontacted at separate temperatures.

3.7.1 Validity of the analytical formula (2.209)

The derived result provided information about the one-particle density matrix in
the central region, so we were interested in local quantities in this region. The local
heat current between sites j and k in the central region could be calculated by
Eq. (2.216). In our transport setup we had uniform one-dimensional (semi-infinite)
systems of coupled springs as reservoirs, and we fixed the spring constant in the
reservoirs as k) = 1 and then related the remaining parameters to this energy scale.
Also, the central region, through which we studied the heat current transients,
was similarly a uniform one-dimensional (but finite) system of coupled springs.
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We could tune the embedding by choosing the coupling strength k,c. Also, for the
levels of the central region to be inside the bandwidth (given by +2 vk,) we chose
the spring constant in the central region kc small enough. We also set the Boltzmann
constant kg = 1 so that the temperature differences between the reservoirs and the
central region could be related to the order of the eigenmode energies in the central
region for the heat transport to occur in the quantum regime. We considered this
temperature scale as a difference AT = T, — Tr and set the temperature for the
central region as Tc = (T + Tr)/2. We fixed the temperature in the right reservoir
Tk = 1 and related the remaining ones to this.

Compared to the full numerical solution of Eq. (2.183), we made many approxi-
mations when deriving the analytic solution in Eq. (2.209). We studied how much
error each approximation caused when compared to the full numerical solution.
First, we made the wide-band approximation for the self-energy in Eq. (2.194) but
otherwise we still solved the equation of motion numerically, i.e., without approx-
imating the time-convolutions. We denoted this level of approximation as ‘WB’.
Second, in addition to the wide-band approximation for the self-energy, we em-
ployed the approximation for the time-convolution [DR - IT"]in Eq. (2.200) (and its
conjugate) with the cut-off frequency being set to the phonon bandwidth, but we
still evaluated numerically the other time-convolution [D<-IT*] (and its conjugate).
This level of approximation was denoted as “WB-1". Third approximation was the
same as WB-1 but the other way around, i.e., approximating the time-convolution
[D= - IT*] as in Eq. (2.204) (and its conjugate) but evaluating numerically the other
time-convolution [D® - IT] (and its conjugate). This we denoted as ‘WB-2’. Ulti-
mately, both time-convolutions were approximated as in Egs. (2.200) and (2.204)
with the cut-off frequency being set to the phonon bandwidth, and this procedure
resulted in the analytic solution in Eq. (2.209).

We benchmarked the validity of these approximations by studying heat current
through a dimer molecule as the central region. The parameters were chosen so
that: (a) the energy levels of the dimer molecule were comparable with the reservoir
bandwidth, i.e., the wide-band approximation was expected to fail; and (b) the
energy levels of the dimer were in a narrow range compared to the reservoir
bandwidth, i.e., the wide-band approximation should not have neglected the detail
of the spectrum. In case (a) we took k;c = 1/2 and k¢ = 1, and in case (b) we took
kxc = 1/4 and kc = 1/3. In both cases we had the temperature profile as T, = 5,
AT = 4.

The heat current between the dimer atoms evaluated from Eq. (2.216) for the two
above-mentioned cases is shown in Fig. 3.30. In case (a) we saw more deviation from
the full solution (red, thick solid line) compared to case (b) as was expected from
the parameter choice. By neglecting the frequency dependency of the phonon band
we saw in both cases (green, long-dashed curve, WB) that the transient behaviour
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was overestimated due to too crude an approximation for the band edges. This also
affected the long-time behaviour as the current saturated faster than the full solu-
tion because the coupling strength (dissipation) was overestimated in WB. Also, the
steady-state value for the heat current was overestimated. When we also added the
approximation for the time-convolution [DR - IT7] (blue, dash-dotted curve, WB-1)
we did not, at least in this case, see any considerable difference to WB. This meant
that approximating the retarded Green’s function in Egs. (A.100) and (A.101) as
the embedded one only slightly modified the initial transient. When we considered
the approximation only for the time-convolution [D~ - IT A (magenta, short-dashed
curve, WB-2) we saw a relatively good match with the full solution. However,
individual density matrix elements could still differ considerably between the ap-
proximated and full solutions, see the details in Pub. [V]. When deriving [DR - IT"]
in Eq. (A.107) and [D~ II*]in Eq. (A.118) we implicitly assumed the limit w, — oo.
When the cut-off frequency was set to the phonon bandwidth, in Fig. 3.30(a) the
approximations did not fully take into account the broader spectrum of the central
region. In Fig. 3.30(b) the spectrum of the central region was more narrow, and all
approximations gave a reasonable agreement. Even if the general trend of the tran-
sient was qualitatively captured in both cases, quantitative differences could still
be considerable, see the insets in Fig. 3.30. When combining all the approximations,
we got the derived result in Eq. (2.209) (cyan, thin solid line). This fully analytic
result, which did not need any numerical evaluation of the Green’s function, could
still give a comparatively good description. For the validity of the approximations
we concluded that the wide-band-like approximation overestimates the results ob-
tained by integrating the spectral function, see also Fig. 2.6.

3.7.2 Relaxation times from low to high temperature gradients

We also used the time-dependent formalism to estimate relaxation time scales using
ameasure k = (JOt = 7) - ]Ss) / ]SS and define the relaxation time t (time from t = 0 to
reach the steady state) as k = 10% [53]. We considered similar atomic chains as in
the previous example but we varied the length of the chain and the strength of the
coupling between the chain and the reservoirs. We chose the model parameters in
physical units as k, = 1.0 eV/(A%u), kc = 0.625 eV/(A%u) where u is the atomic mass
unit. (These are the mass-normalized spring constants, i.e., in SI units [k] = 1/s%.)
In Fig. 3.31 we have the relaxation times (colourmap) for chains of varying length
(horizontal axis) and with varying coupling strength (vertical axis) with a 10%
temperature difference between the reservoirs. In panel a the baseline temperature
is 10K (leading to T, = 11 Kand Tk = 9 K), and in panel b the baseline temperature
is 300 K (leading to T;, = 330 K and T = 270 K).

We observed that, for both low and high temperature regimes, the relaxation was
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fastest in the shortest chain (N¢ = 2) when the coupling strength between the central
region and the reservoirs was the highest (kcy, = 0.9k¢). It simply took longer time for
the phonons to populate longer systems, and when the coupling strength between
the central region and the reservoirs was increased the relaxation times decreased
due to the stronger dissipation. Expectedly, the slowest relaxation, which could take
up to picosecond scale, occurred in the longest chain (N¢ = 16) when the coupling
was the weakest (kcy = 0.2kc). The overall dependency on the studied parameters
was roughly similar in both low and high temperature regimes. However, we saw
in high temperature and small coupling that even the mid-range chains could have
a comparatively long relaxation time. On the other hand, increasing the coupling
strength in the high-temperature regime resulted in comparatively faster relaxation.
This was also partly due to the larger absolute difference in temperature in the high-
temperature case.
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In this thesis quantum transport in the transient regime was studied. In both elec-
tronic and phononic transport setups, a time-dependent extension to the traditional
Landauer-Biittiker approach was derived from the point of view of nonequilib-
rium Green’s functions. The derived results follow directly as analytical solutions
to the equations of motion for the Green’s function. The studied transport setups
considered only noninteracting particles within wide-band approximation for the
surrounding reservoirs. Lifting these assumptions would have required solving
the equations of motion for the Green’s function numerically using self-consistent
and time-stepping algorithms as there is no closed solution for the general case.
The Green’s function method offered a natural framework for the description of
quantum transport, and previously derived known results, e.g., Meir-Wingreen
and Landauer—Biittiker formulae, were obtained as limiting cases of the present
study.

More explicitly, the Kadanoff-Baym equations for the Green’s function of an open
noninteracting system were solved by properly taking into account the initial con-
tacts between the system and the reservoirs. The results of the present study are
closed integral expressions for the time-dependence of the electronic density matrix
of a molecular junction after switch-on of a bias voltage in the leads or an electro-
magnetic perturbation in the junction. The molecular junction could further be
described as superconducting. Also, similar closed integral expression for the cur-
rent flowing into the leads was obtained. As these results were closed expressions
they could be evaluated without the necessity of propagating individual single-
particle orbitals or Green’s functions. In addition, the integral expressions were
written in terms of known functions (logarithms, exponential integrals, digamma
and hypergeometric functions) to further speed up the computation of the transport
properties of interest. Similar to the electronic case, also for the phonon transport
equivalent closed integral expressions were derived for the time-dependent phonon
density matrix.

Using the derived formulae for time-dependent density matrix and current tran-
sient dynamics in charge and thermal transport through molecular junctions was
analyzed. Benchmark tests in various structures were performed for the valid-
ity of the obtained formulae where also the computational cost between existing
methods was discussed. As applications tight-binding lattices such as ring-shaped
junctions, zigzag and armchair graphene nanoribbons of different geometries and
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atomic chains were considered by calculating the time-dependent charge and heat
currents flowing through the structures. In all the simulations rich transient dy-
namics was found: After the switch-on long time oscillatory motion, related to
multiple reflections of the charge and heat currents within the studied structures,
was observed. This indicated the need for a fully time-dependent description of
the quantum transport processes as the saturation times were not negligible or
insignificant, to say the least.

When studying graphene nanoribbons pronounced quasi-steady states, which were
explained by reflections of the density wave passing through the ribbon with the
edge states located at the ribbon-lead interfaces, were found. Further, in the case
of zigzag nanoribbons, there was a predominant oscillation frequency associated
with virtual transitions between the edge states and the Fermi levels of the elec-
trode. The observed transient dynamics provided detailed spectral information on
the structure of the studied nanoribbons. Also stationary and time-dependent elec-
tronic transport properties of graphene nanoribbons with intrinsic curvature were
studied. The curved parts greatly influenced the transport features of graphene
nanoribbons. Conductance gaps were governed both by the electronic character
of the leads and by the presence and the amount of curvature. The curvature also
induced temporally and spatially focused electric currents that mostly flowed at
the ribbons edges. This focusing enhanced the sensitivity to perturbations since the
presence of a localized impurity could cause a complete rearrangement of the cur-
rent profile. These findings could benefit the development of sensing devices that
employ materials” edges for probing ultrafast modifications in the environment.

When analyzing transient heat currents in atomic chains it was possible to bench-
mark the derived result for the time-dependent phonon density matrix against a
full numerical solution to the equations of motion for the Green’s function, and
furthermore test the validity of the approximations put forward when deriving the
result. The approximations were found to be reasonable and the benchmark results
congruent when the cut-off frequency was chosen large enough compared to the
relevant energy scales of the studied systems, and when the coupling strength be-
tween the central region and the reservoirs was small enough for the wide-band-like
approximation to hold.

When simulating transport in a superconducting benzene-like molecule attached
to two-dimensional normal metal leads the formation of Cooper pairs within the
central molecule was observed leading to Andreev reflection processes. As the
transport setup for the derivation was very general, the same methodology may
be used for more involved systems. For instance, adding a third normal metal
lead or a gate potential would allow for controlling the transients [131, 197, 198].
Understanding the transient properties of such systems, possibly used as transistors
or switches, is of great importance when designing prospective effective nanoscale
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electronics.

The advantages of the derived results for transient dynamics are that the numerical
effort in computing the transport properties of interest is drastically reduced and
that the transient behavior can easily be interpreted in terms of virtual transitions
and decay rates. Recently, measuring the ultrafast dynamics has been made possible
due to the technical advances in laser sources [199, 200]. Experiments in individual
atomic and molecular scale systems [201-204] and carbon nanotubes [205, 206]
have been carried out reaching temporal resolutions corresponding to nuclear and
even electronic motion. There are therefore important experimental developments
that can, in the future, give access to the direct study of transient dynamics. Such
transient spectroscopy can give important detailed information on the structure of
molecular junctions out of equilibrium.

It remains to be investigated how the formalism for time-dependent perturbations,
developed by Ridley et al. [101, 139] could be incorporated in further computa-
tional studies similar to the ones presented in this thesis for, e.g., carbon nanotube
or graphene based junctions. Also, since the formulation is valid in the whole two-
time plane for both lesser and greater Green'’s functions, Eq. (2.168), many phys-
ical quantities such as noise spectra could readily be computed. For the phonon
transport methodology it could be studied if and how a partition-free approach,
conventionally used in electronic transport [96], could be incorporated also in this
context. A related issue, in the case of heat transport due to electrons, has recently
been discussed in Refs. [207, 208]. Further computational advances could also be
obtained by performing the frequency integrals in Eq. (2.209) analytically using a
Padé expansion for the Bose function, making it possible to study transient phonon
dynamics in systems of even larger spatial scale.
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Appendix A:
Technical details of the derivations

A.1 Details of the derivations in electronic transport

Here the details of the derivations presented in Sec. 2.3 are provided for com-
pleteness. We first discuss the form of the self-energy approximation and the cor-
responding Keldysh components for it. Then we use these expressions to obtain,
accordingly, the Green’s functions, and then we evaluate the time-convolutions be-
tween the self-energies and the Green’s functions in Eq. (2.67). Finally, we insert the
time-convolutions in the equation of motion and derive an analytic solution for the
remaining differential equation.

A.1.1 Deriving the Keldysh components of the self-energies and
Green’s functions

Since the retarded/advanced component of the self-energy in WBA can be written in
frequency domain as Zgﬁn(a)) = $%F amn, We may perform an analytic continuation
to complex frequencies to obtain the Matsubara component as I, (w;) = F1Io
where the minus sign is taken when the Matsubara frequency is located on the
upper-half plane (UHP): Im w, > 0 and the plus sign when the Matsubara frequency
is located on the lower-half plane (LHP): Im w,; < 0. Then, in time-domain (on the
vertical track of the Keldysh contour) we have the self-energy as a Fourier-type
transformation [73]

’ 1 wg (1T
Elnl67) = 5 ) LTI @) (A1)
q

The advanced Green’s function for isolated a-th lead satisfies the equation of motion
in Eq. (2.6) with the lead Hamiltonian given simply as €, + V. The solution for the
Green’s function is then readily written as

gh (to, 1) = 10(t — ty)e!GratVali=to), (A2)
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Then, we can express the ‘left’ component of the isolated a-th lead’s Green’s function
by separating the corresponding Green’s functions on the horizontal and vertical
branch of the Keldysh contour as

g (1,1) = —igh(1,0)gp, (0, 1) = etV g (7 ), (A.3)

where, without loss of generality, we could choose f; = 0 for simplicity (as the time
when the bias voltage is switched on). The Matsubara Green’s functions in time-
domain can also be expressed from the corresponding Green’s function in terms of
the Matsubara frequency as a Fourier-type series

e—wq(’c—’r’)

1 , 1
M N — —wy(1-1") ;M —
S (T, T) _—iﬂ Eq e g (wy) _—iﬁ Eq Pr— M’ (A.4)

where we inserted a general form for the Green’s function in frequency domain from
Eq. (2.11) and using an analytic continuation. By using Eq. (A.3) we can calculate
the corresponding component for the self-energy in Eq. (2.63)

l(eka +Va )t

Zcrx,mn(T/ t) = —_1‘3 Z —vt Z Tm ka — € + ‘uTka n
a
1(a)+V[Y

= _1ﬁ Z —ent Z Tm ko [f dwé(w - €kaz) Tka,n
1(m+Va)t

= —1ﬁZ _mﬂf—2ﬂZkaa5(w Gka)Tkan — , (A5)

where we notice the definition of the level-width functions in Eq. (2.62) as 'y, =
210 ) g T jaO(@ — €xa) Tha - Inserting this gives

dow el(ﬂJ+Va)t

(T, t) = T, ﬁz e (A.6)

2ﬂwq—w+y

Similarly, the ‘right” component becomes

do e —i(w+ V)t
Z] t et _ A7
Lo (t7) = ﬁzj prpT—— (A7)
The remaining calculation for the self-energy is for the ‘lesser’ component which
we can get by using the lesser Green’s function g5 (£, ') = if(ex, — p)e @a*Valt=) jn
Eq. (2.63) as

Mww—menmmeWWn (A8)
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We may convert the sum over k to an integral over w by introducing a delta function

dw ) o »
amn(t t ) = Z Tm,ka f Ezﬂé(a) - ekoz)lf(a) - ;,t)e @Vt t)Tka,n

d ’
f a)2T( Z Tm kaé(a) €ka Tka nlf(a) [J)e i(w+Va)(t-t")

— ‘Fa - _ —i(w+Vy)(t-t) A.
te f 27 flw=pe ’ (A.9)
where we also used Eq. (2.62) on the last line.

With the self-energies calculated above, we can now derive expressions for the
Green’s functions (on the central molecule). Using the general form for the Green’s
function in frequency domain in Eq. (2.17) the Matsubara component is readily
written as

—1 —1 __ Im[w,] >0
GMw,) = 1 :{wrhwfw :{wq—’;effw i (A.10)

wg —h = XM(wy) + 1 Im[w,] <0,

wg=h=3T+ e

where we inserted the definition for the effective Hamiltonian from Eq. (2.68). The
‘right’ component of the Green’s function can be obtained directly from its equation
of motion

0 p
[1— - h|Glt, 1) = f disR(t, HG\(F 1) — i f dzX\t, 7)GM(%, 1), (A.11)
0 0
where the integration on the Keldysh contour was split in two contributions. Then
we may insert the self-energy in WBA, ZR(t, 1) = —%F o(f — t), into Eq. (A.11) to find

[1— ~h|Gl(t, 1) = - f df%FcS(f —H)GI(F 1) — i f dzXl¢t, 1)GM(z, 1),  (A.12)
0 0
where the first integral on the right-hand side gives simply iI'G!(, ), and we can
combine the terms with I" and / to form a non-homogeneous differential equation
d i '| . ﬁ — '| = M/=

[1— —(h- —r)]c t,1)=-i | dzZ\(t, 7)GM(z, 1), (A.13)

where on the left-hand side we find the definition for h.s For this differential

equation we can write the solution, by noticing the boundary condition G'(0, 7) =
GM(0, 1), as

. oo f
GT(t,T):e-lhefff[GM(o,T)— f dt’ellert f dTZ](t’,T)GM(T,T)]. (A.14)
0 0
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For the retarded Green'’s function, for which we have GX(t, ') = GX(t — '), we may
write a Fourier transformation

GRt-t) = f ‘;—:eiw“-f’)GR(w), (A.15)

and then use the expression on frequency domain from Eq. (2.17) as

1

GRw) = e (A.16)
This way we get by integrating
dw e—iw(t—t’) ) )
Rt —¢ = — = — _ o ihes(t—t ) A.17
G (t-t) T i0(t —t')e ( )

Here, in Eq. (A.17), for the Fourier integral to be defined correctly, the analytic
structure of (w — heg) ™! is such that the complex eigenvalues of heg lie on the LHP.
Correspondingly, for the advanced Green’s function, GA, the complex eigenvalues
of 1!, are located on the UHP. This leads to G*(t — ') = iO(t' - e =D Tt is,
however, also possible to have such a transport setup that /¢ has zero eigenvalues;
in this case it becomes important to take into account the infinitesimal +i7 in the
retarded/advanced Green’s functions, i.e., the Green’s function operator acting on
the corresponding states has the effective form G¥A(w) = (w —h +in)~!, see Pub. [II].

A.1.2 Calculatingthe time-convolutions of different Keldysh com-
ponents of the self-energies and Green’s functions

In this subsection, we only insert the derived forms for the different Keldysh com-
ponents of the Green'’s functions and self-energies (from the previous subsection)
into the definitions of time-convolutions along the Keldysh contour, and derive
accordingly expressions for the time-convolutions to be inserted into the equation
of motion (2.67).

Inserting from Egs. (A.17) and (A.9) we may calculate straightforwardly (it is still
important to keep in mind that [heg, '] # 0, in general)

R y< Y <(F
[G*-=<]t,p fo dFGR(t, HZ=(F, 1)

< , dw - .
. _ —iheg(t—F) : e _ —i(w+Vy)(f-1t)
j; dt[ 10(t — Feer ] ZX 1Faf 2ﬂf(a) Ke .
(A.18)
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We may couple the f-independent terms outside the time integral as

Zf—f(w [Ll)( l)e—lhefft i(w+Va)t fdtelhefft _l(w+V)Fa
D3 f %(_i)ei(mvrheﬁ)tf dfe” Vel f(w = )T (A19)
0
@

where on the right-hand side we may perform the integration over f to give

fo dfei@+Vahent = m e i@Ve=he) — 11 This can be written in terms of the
retarded Green’s function in Eq. (A.16) and combining with the exponential factor

in front of the whole expression to give

: dw i(w - —i(w+Va—
IZ fﬁﬂw _ y)e( +Va heff)tGR(w +V,) [e (@+Va—hei)t _ 1] T,

[G*- =]t 0

[G*- <]t 1)

. d i(w+Va—
iy f S fw-w[1- e R+ VL, (A20)

The second time-convolution includes G<, i.e., the function we are solving from the
equation of motion. Thus, inserting from Eq. (2.64) this is readily calculated

|G= = t,n = f wdfG<(t,f)2A(f,t): f ) G<(t,f)%F6(E —t):%G<(t,t)F. (A.21)
0

0

The third time-convolution involves somewhat more trickery as it cannot be in-
tegrated right away into known expressions due to a more complicated form for
the ‘right” Green’s function. However, inserting the expressions from Egs. (A.12)
and (A.5) gives as an intermediate result

|G =7 ¢, )

B
= —if dzGl(t, )X/ (1, 1)

0

B B
—i f dre et [GM(O, T) — f dt ethei’ f dzX\(t', 7)GM(, T)] Iz, b)
0 0 0

B
= e‘ihefft{—if dTGM(0,7)Z! (1, 1)

0

B t p
+if d’cf dt’eihef‘t,f d"[ZW(t’,T)GM(T,T)ZF(T,t)}
0 0

_ lhefft {[GM * 2[] (0 t) _ lf dte ihegst’ [21 * GM % Zf] (t’, t)} . (A.ZZ)

0
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Before going further, let us obtain a useful result regarding Matsubara frequencies
w, = f—iT;;(Zq +1):

‘B ﬁ ‘B 21 ’ 5 s ’
f dTe(w’?_wq’)T = f dTe 113 (q+1 q 1)T = f dTeT(q_q )T = < I:eZT(I(q—q ) - 1]
0 0 0 2mi(q — g')

p wheng=¢
= = 6 ’ . A.23
{0 whengq # g Pom ( )

Then, let us calculate Eq. (A.22) further. Inserting from Egs. (A.5), (A.7) and (A.10)
we obtain for the double convolution

[T % GMx X (¢,

f
= fd’(( 1)f dzZl(t', 71)GM(z, 1) X' (7, 1)

(w+ V)t
_ _Zdef 4T, Z o [ 99 G,
21 a)q—a)+y

1((0 +Vy

Xra/—q%z on Wy — @+l

1(a)+Va)
Z dedeF(l) —a)+y
a, B Wq ~

--Jw]E

o g4
el(a) +V )t
x e 7 Te®r"GM(T, 1) e T —— (A.24)
Wy —@ + U
where we wrote a simple product of exponentials e™7e“’™ = 1, and we may
manipulate the expression further
[ﬁ*GM*ﬂhfﬂ
1(w+V(,,)t B B
= — f f Z Zf de d’Cr q;)'[ewq/(’[—"()
ﬁ a,of q, q Tw+ H
el(a) +V )t
x GMT, 1) [y ———. (A.25)

Wy —@ + U
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Now, Eq. (A.23) can be used

|21 % GM % zf] ()

) =

—i(w+ V)t

ZZﬁéqﬂ y

a,a’

(W' + V)t

X (—1) f drer TIGM(T, 1)I
0 w

g~ +u

1((u +V )t

[ [ r iy S a2

where on the last line we noticed the Fourier transformation of the Matsubara
Green'’s function as GM(«w,) = —i foﬁ dte®r@9GM(%, 7). Looking at Eq. (A.26) more
closely reveals that the integration with respect to w must be done via LHP whereas
the integration with respect to @’ must be done via UHP, because of the exponentials
e @tV and el@+Vo), However, the corresponding poles are on the opposite half
planes, and this makes the double integral to vanish for every w,. Hence,

|1 GMx =M (¢, ) =0 (A.27)

Then in Eq. (A.22) we are left with

B
[GM * zf] 0,t) = —i f dtGM(0, 1) X' (7, 1)
0
B do el@Vat
- _j M I" -,
1f0 dzG (O,T)Z Z at 27Ia)q—a)+y
1 i(w+ V)t
= Zf f dTequ T)GM(O T)F : e
—iBw;—w+u
dw 1 GM (wq)ean i(w+V, )t
_ fg_iﬁ;wq_wWZre (A.28)

where on the last line we added a convergence factor e to account for correct
limiting behaviour when t — 0; it must be [GM * Zr] (0,0%) = [GM * ZM] (0,0%).
This also defines the correct analytic structure for the Fourier transformation for
complex time variable 7 on the last but one line GM(w,) = —i foﬁ dre®©-9GM(0, 7).
In Eq. (A.28) we have a sum of Matsubara frequencies. This can be calculated
with some complex-analytic methods [209]. First, we notice that for a piecewise
smooth and closed contour y, encircling counter-clockwise all the poles in the UHP,
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Fig. A.1: Contour deformation for evaluating the sum over Matsubara frequencies
in Eq. (A.28).

corresponding to the Matsubara frequencies,
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wg—w+

due to Cauchy’s integral formula. Second, we may also deform the contour y as in
Fig. A.1, and then calculate

GM((Uq)e do’ AYRI04 GM((U,)
z (@)e™ ——"
—1[)’ a)q—a)+y y 2T W —w+ U

da)’ o GM(@' —10) do’ GM(w’ +16)
= flw')e" - + ;
s 2T W —0-—w+p  J, 21 @ +id—w+ U
GM(w’ + 1)

“do ., ,. ., GM —id) foo dw
_T( w )e +

- N alle'
O —d-wt+p ). o J(@)e

Il
—
N
™
2

W +i0—w + U

(A.30)
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By inserting Eq. (A.30) into Eq. (A.28) we get
[GM % ] (0, 1)

dw [ do’ | GM(w’ - i0) GM(w’ + 1) :
- _ AN ) i(w+V)t
f = f(@)e L‘) Ea I.e :

2 ’—w+y—ié_w’—w+y+i6
(A.31)

Now, the integral over w can be closed in the UHP because of the exponential
el @Vl gince t > 0. Then, the first term in the square brackets integrates to zero
because of the pole in the LHP. The pole of the second term occurs at w = v’ + p +106,
and then we have

do’ , o
M [ _ ’ W' ~My 7 : (W +u+id+Vy)t
[G *Z](O,t) = 1f 271f(a))e'7 G (w +16);Fae k
_ . [dw M (=t Vo)t
= 1f%f(a)—y)G (w— 1) Ea [e" 7k
_ . [dw R i(w+Va)t
= 1f = flw - w)GX(w) Za: I.e , (A.32)

where we also noticed a boundary condition GR(w) = GM(w — p) on the last but one
line. Also, the limits 7 — 0" and 6 — 0%, and a change of variables @’ = @ —u should
be understood. The expression in Eq. (A.32) we may finally insert into Eq. (A.22) to
obtain

[G1 * ZF] (t,1) jo et f Czl—:()f(w _ y)GR(w) Z Faei(w+Va)t

dw ,
: - _ 1(&)+Va—heff)t R
1f > fw-w Za e GMw)T,. (A.33)

Now, we have derived all the needed expressions for the equation of motion (2.67),
and we may start solving the remaining differential equation.

A.1.3 Details on solving the equation of motion for the Green’s
function

Before inserting Eqgs. (A.19), (A.21) and (A.33) into Eq. (2.67) we notice a useful
‘Dyson’-like identity for the retarded Green’s function which can be manipulated
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as follows

1 _
GR(CU) = W — Noge =(w+ Vo= het = Va) !
-1

( 1 )‘1 . _1—{[GR( =
1y a] — [} + V)] —Va} (A34)

w + Va — heff

Here, we may multiply (from right) by the inverse of the expression on the right-
hand side to obtain

1 = GR(w) {[GR(a) +vo - va} - )[R+ V)] - VuGR(@)  (A35)

which we may again multiply (from right) by the inverted term on the right-
hand side. This way we obtain a ‘Dyson’-type relation between equilibrium and
nonequilibrium retarded Green’s functions

GXw + V,) = GR(w) = V,.GR(w)GR(w + V). (A.36)

Similar consideration may also be extended to second order in the external pertur-
bation (bias voltage) by including also the advanced Green’s functions

V2GR (w)GMw)GR(w + V)G (w + V) = [GR(w) — GR(w + V)][GH(w) — G w + V)]
(A.37)

Then, let us look at Eq. (2.67); by inserting the expressions derived in the previous
section we have

.d < <
IEG (t/ t) - [h/ G (t/ t)]
dw : i
—  _); - _ _ A+ Va—heg)t R - <
= {1;f2nf(a) wli-e L[ @+ Voo + 5TG(4,1)

dw .
: - _ 1(a)+Va—heff)f R
+ 1[ = flw—p) Ea e G (a))Fa} + h.c, (A.38)

where we also assume the explicit time-independence in the Hamiltonian for the
central molecule on the left-hand side. In Eq. (A.38) we have a nonhomogeneous,
tirst order, linear differential equation for G=(¢, t), and this may be solved explicitly.
By simply organizing terms we get

. . ,
i%G<(t, £) — hG=(t, t) + G=(t, ) + %FG<(t, ;) + [%FG<(t, t)]

. dw Vo
= —{1Zf% (w— 1) [1—e( Vo hef“)t]GR(a)+Va)Fa

dw -
. _ i(w+Vy—heg)t R
+i f > flw=w Z e 0l G (a))Fa}+h.c., (A.39)
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. o
where we may use the property in Eq (2.42) to get [%F G=(t, t)] = ‘7‘[ - G=(t, t)]F . By
coupling the terms with Hamiltonians & and level-width functions I' we find the
definitions of the effective Hamiltonian /¢, and we may write

i%G<(t, 1) — hessG=(t, ) + G=(t, )}

= i f ‘;—: Flw—p) Z felVahat | GR(w) = GR(w + V)| + GR(@ + Vo) |Ta + hic..
' (A.40)

Here we can employ the identity from Eq. (A.36) for the difference inside the square
brackets to write the final expanded form

i%cr(t, 1) — hessG=(t, ) + G=(t, )’

dw .
— 3 _ i(w+V y—he)t R R R
= 1f—2ﬂ Flw—p) Z fe VoG (@)GR(@ + Vi) + GR(@ + V)| T

o (dw A A —i(w+ Vo=t )t A
+ 1fgf(a)—y) Ea Fa{G (w + V,)GH )V, e e et + G (a)+Va)}.
(A41)

Now, the equation is split such that the function G=(t,t) is on the left-hand side

and the nonhomogeneous part is on the right-hand side. Because there appears

. i it o . . .
terms like e e and e, it is convenient to transform the Green’s function as

G=(t,t) = e G=(t, t)e"'. This way the left-hand side of Eq. (A.38) becomes

.d g ot T ot 0T ot
15 [e—lhefftG<(t, t)elhefft] _ heffe—lhefftG<(t, t)elhefft + e—lhefftG< (t, t)elheffthsz
. . . _— .1t . d o .1t . _— . .1t
= i [—lheffe heitt GS(t, tyeer’ + e 1h‘*ff"LaG<(t, tyeltet + e et G=(t, t)ih e e’
- _— .1t . o .1t
—heffe lhefftG<(t’ t)elhefft +e lhefftG<(t, t)elheffthsz

. d — .
= e—lhefffiacﬂt, felei . (A.42)

Then, we can multiply the right-hand side of Eq. (A.38) from left by el and from
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right by e” Tt to obtain

.d =,
i-G (1)
_ [ dw iheget [ Li(@+Va—Tto)t R R
= —1f§f(a)—‘u)za:e “fe D, GR(w)GR(w + V)
+ GR(@ + Vo) Tt
[ dw hegit A A —i(w+ Vo=t )t
+1f§f(a) — ‘u); eI, {G (w+ V)G w)V,e off
+ GMw + Va)} et (A.43)

where also the dependency on the bias voltage V, may be separated to a “zeroth’
and ‘first’ order terms

1—G<(t t)
= -i f —f(a) - ‘U) Z RUNE: [GR(C() + Va)ly — FaGA(a) + Va)] eihfot
21 -

. d(i) R R i(w Vo—ht )
_lfﬁf(w — 1) ; V. [G (0)GR(w + V)T e@* .
e T A @ + V)G ). (Add)

Now we are ready to integrate both sides over ¢ to obtain (note that ‘i’ cancels from
both sides)

G<(t,t) — G*(0,0")
_ Z dr elleit’ [ GR _ A —int ¢
= f (@ — p) f telst’ [GR(w + Vo)ly = LG (@ + Va) | e s

f (w—p) ZV fdt GR (0)GR(w + V)T el @tVe~ Tt

—p i@+ Va—heg)t’ [‘aGA(a) + Va)GA(CU)] ’ (A.45)

where the initial condition on the left-hand side can also be written as G=(0,0%) =
G=(0,0%) = GM(0,0%). The integration over #' for the second term in Eq (A.45) can be
done easily since the only dependence on ' is inside the single exponentials. For the
tirst term we need to do something different because of the product of exponentials.
The following calculation explains the idea for the first line in Eq. (A.45): For
arbitrary matrices A and B, and for a matrix x proportional to a unit matrix, we
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have
8 iAY 1 1 _iA+ ’
—_ B——— t ]
or’ [e x—A x—-Af ©
a i 4 1 ]- 3 YN
— | a-i—-A) B i(x—A")t ]
or’ [e x—A x—A’fe
= —i(x — A)e—i(x—A)t’L B;ei(x—AJr)t’ + e—i(x—A)t’L B 1 i(x _ A*)ei("‘ Aty
x—A x—-Af x—A x-Af
: ’ 1 1 s Y% A 1 1 Aty
— —i(x—A)t B-B ] i(x—A")t — iAf [ B-B ] —iA"t . A.46
€ [x—A x—Ar)¢ D Py ot (A-46)

Therefore, in the other way around, we may write

! 1 1 ; 1 1 ;
dt/ iAt [ B _ B ] —iATY — _; At B —iATY
j(: © x-a Py YT AT At

t

(A.47)

0
Applying the result in Eq. (A.47) to Eq. (A.45) we find
G=(t,t) — GM(0,0%)

t

da) - ih fft/ 1 1 _-h+ v
= - —_— — —je' Fa Ve
f 27 flo =) ; l e w+Vy—hyg w0+V,— h;fffe !

dw R R —i i(w+Va—ht
- ﬁf(w - ‘Ll) ; Va {G (w)G ((U + Va)ra [—e €

0
t

w+V,—h'

eff 0

. t
S —i(w+va—heff>t'] [ CMew + VG Ad
+[a)+va—heffe T,GMa + VGH@)|. (A.48)

For the zero-time Matsubara Green’s function we may use its Fourier decomposition
similar to Eq. (A.30)

GM(0,0") = _Llﬁ Zq" e™1GM(w,) = — f Czl—: f(w) [GM(a) —i0) - GM(w + 15)]

- [ - w[6r@ - )] =i [ $2fw- WG @IeA )
(A.49)
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By expanding the other terms on the right-hand side as well we find

G(t1) = {f%%ﬂw—mcﬁwwcﬁw

+

. [ dw it (R A it t
1f§f(a)—‘u)za:[e TGN w + Vo )I[,GHw + V,)e et
—GR(@ + Va)[oGH @ + V)|

. dw R R A i(w+Va—iit )t
lfﬁf(“) - “)Za: Va {G (0)GMw + V)T .G (@ + V, )+ e e

+

—GR(@)GR(w + V)G (w + V)
+GR(w + V,)e i@tValedT GA(w + V,)GMw)
—GR(@ + Va)[2G N + Vo) G ()] (A.50)

The integrals and sums can also be coupled together to give
~ dw
< _ _ R A
G(t,t) = 1f S fl@w = Ea {GX (@) GA(w)

+el e GR(w + V) [,GMw + Vy)e Tt

~G¥w + V)I,GMw + V,)

+V,GR(w0)GR(w + Vo )T.Gw + V,)el@tValigt
~V,GR()GR(w + Vo)[L,Gw + V,)

+VoGM(w + V,)e Vel [ GMw + V)G (w)

~VaGR (@ + V)[GH(@ + V)G (@)} (A.51)

Then, let us insert the definition for G into the left-hand side, and multiply accord-

ingly by e from left and by el from right. This way we obtain
gly by y g y

—-iG(t,t) = f(;—:f(a) ) Z {e_ihe‘ftGR(a))FaGA(a))eihfot

+GR(w + V)I,GMw + V)

—e T GR(w + Vo )T2GMw + Vel
+Vae M GR@)GR(@ + Va)[2GA(@ + Vi) @Vt
_Vae_ihefftGR(w)GR(a) + Va)TaGA(a) " Va)eih;rfft

+V,GR(w + V,)e @Vl GAw + Va)GA(a))ifot
_Vae_ihefftGR(a) + Va)FaGA(a) + Va)GA(a))eihfot}, (A52)

where the underlined parts refer to coupling the corresponding exponentials, and
we also define the partial spectral functions

An(@) = GR@)[,GA(w). (A.53)
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The full spectral function is obtained by summing over all the leads A(w) =
Yo Ao(w). By combining terms and simplifying further we find

LGSt )
= fczi_:()f(a) - ‘Ll) Z {Aa(a) + VO() + Va I:ei((U+Va—heff)tGR(a))Aa(a) + Va) 4 hc]

+e [ GR(@)T,GA(@) = GX(@ + V)TuGH @ + Va)

—VaGR(@)GM(@ + Vo)TuGM@ + Vo) = VaGR(@ + Vo)ToGA (@ + Vi) G (@) |6},
(A.54)
Here the underlined parts may be combined by using Eq. (A.36) which leads to

—iG*(t,1) = fczl—;)f(w — 1) Z {Aa(w + Vo)

+V [V GR (@) Ay (@ + V) + hic |

e it | GR(@)I G (@) = GR(w + Vo)[.G (@ + Va)
—GY),GMw + Vo) + GR(w + V) [L,GHw + Vy)

—GR(w + V)IGAw) + GR(@ + V)TL.GMw + Va)]eihlfff}, (A.55)

where we may further combine terms so that Eq. (A.37) may be used (marked again
with underlining)

—iG*(t,t) = f(zi—: (w— u)Z{Aa(w +Va)

[24

+V, [ei(“”V“_heff)tGR(a))Aa(w +V,) + h.c.]
+e et [(GR(w) = GR(w + Vo)) T (G () = G w + V)| e}

- [ w0 Y {Adw+ V)

a

+V, [ei(“’+V“_heff)tGR(a))Aa(a) +V,)+ h.c.]
+V2e M GR(w)GR(w + Vo)[GH@ + V) G (w)ess' |. (A.56)

The result in Eq. (A.56) is now the solved Green’s function at equal time limit,
giving the time-dependent density matrix.

A.14 Time-dependent Landauer-Biittiker formula

Here we go through the main steps in obtaining the time-dependent extension to
the Landauer—Biittiker formula in Eq. (2.85). Now, we can put the expressions for
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the time-convolutions into Eq. (2.81) and calculate further (also expand the trace as
Re{Tr[A]} = Tr{A + A™}/2 and put the electron charge to —1)

L) = —2Tr {i f Czl—: flw = WF.GXw + V,) [1 —~ e'“w*Va-hfo)*]
dw -
s et _ _ S+ Va—heg)t R
1f2nf(a) ‘u)[l e i ]G (w + V),
i - i
—ETaG (t,t) — EG (t, I,
+i f do flw—=wI aGA(w)e_i(“”V”_hfo)t
21
—i f i—: flw — p)el@rVehed GR(e)T a} , (A.57)
where we may use the cyclic property of the trace Tr(AB) = Tr(BA) and write

LGt = =2 f ‘21—: flw — w)Tr {iFaGA(a) +V,) —iGR(w + V)T,
+ [GA(a)) - GMw + Va)] e Vol

il e i@t Va~her)t [GR(a)) — GR(w + Va)] —iF,GE(t, 1)} (A.58)

Here, again, the underlined parts refer to the identity in Eq. (A.36), and we may
also insert the final result for the lesser Green’s function from Eq. (2.79) to find

Lo = -2 [ $2f@-w )
p

TWGR@ + Va)[3GM@ + Vo) = Tai [GR(@ + V) = G + V)]

+Vp {[ae@ i GR (@) [ -i60s G™(@ + V) + Aglw + V)| + h.c.}
+VAe ! GR(w) Ag(w + V5)GA(w)e™a'}, (A.59)

where we use the relation for the difference of the retarded and advanced Green’s
functions (the underlined part) in Eq. (2.21) to find our final result for the current
through the interface between the central region and the a-th lead

T P
B

T,GR(w + V)G w + Vi) = TGN w + Vo)[;GMNw + Vy)
+Vp {Tae @510 GR (@) | -i60sGM(@ + V) + Aglw + V)| + h.c}
+VAe "' GR(w) Ag(w + V5)GA(w)ee' | (A.60)
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A.1.5 Solving the equation of motion with perturbed central re-
gion

When trying to solve Eq. (2.125) we notice that also a relation between the un-
perturbed and perturbed Green’s functions is needed; this can be obtained as a
Dyson-like equation [similar to Eq. (A.36)]

GR(C‘)) = (a) - heff)_l = (a) - heff —u+ Va +Uu-— Va)_l

1 L B 1 .
[( IR S M
a)—heff—u+Va a)—heff+Va

{[ER(w v - Va}_l, (A.61)

where we defined Va = V,1 — u which is now to be understood as an arbitrary
matrix (before it was proportional to a unit matrix). Inverting the above equation
gives

-1 -1

1= @[+ V)] =T = @[+ V)] -GV (A62)
which can further be written in the following form
GR(w) = GR(w + V,) = GR(w)V,GR(w + V). (A.63)
Similarly, a second order relation reads

[GR(w) = GR(w+ V)I[GA (@) = GH (@ + V)] = GR(w)VoGR(w + V) GH @ + Vo) VIGA (w).

(A.64)
Compared to the earlier derivation, special care must now be taken for the order of
multiplication of the matrices. Now, we may go on with Eq. (2.125)

i—jt G=(t, 1) — heG=(t, ) + G=(t, )’
dw . ~ _ = —
— 3 _ (w+Vy—heg)t R R R
= 1f—2n flw - ) 2 fel@Vehad GR(@)V,GR(w + Va) + GR(w + V)| T

. dw ~A A —i(w Vot ¥ A
+ 1fﬁf(a) — 1) Z I {GMw + Vo) VIGH @) Vel + Gra + V).
(A.65)

Then, we introduce a similar transformation for the Green’s function as in Eq. (A.42)

G=(t,t) = e et G=(t, p)elist (A.66)
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but now we denote the transformed Green'’s function by a calligraphic symbol since
the tildes already denote the functions evaluated with the perturbed Hamiltonian.
Evaluating the derivative on the left-hand side and then multiplying both sides
with the corresponding exponentials leads to

d . _ dw ot [ ~R =A —int t
ag (t/t) - _fﬁf(a)_‘u);e ff [G (a)+va)ra_FaG (C‘)+Va)]e off

h f c;_: (0 — ) Z [GR(w)?aER(w + Va)raei(wva—ﬁgff)t

—e Ve k) T GA (@ + Vo) VEGA (@) (A.67)
Here, we may integrate both sides over t using the result in Eq. (A.47)

g<(t, t) - g<(0, 0+)
_ . [ dw ihetit (R A —ikf ¢
= 1f%f(a)—‘u)za:{e TGN (w + V)G w + V,)e et

—GR(w + V)[2G N + Vo)

. dw R/ N\T7 ~R =A i(w+Va—ht )t
+ 1f§f(w — 1) Z [GR@)VaGR (@ + Va)ToGA(@ + V) [Vt — 1]

+GR(@ + Vo) [e Vot — 1] 1,GA(w + Vo) VEGA (@) (A.68)

The initial condition on the left-hand side G=(0,0%) = G=(0,0") is then (naturally)
evaluated from the unperturbed Hamiltonian, and for this we may use the same
Matsubara Green’s function as in Eq. (A.49). Inserting this and combining the terms
on the right-hand side gives

Gt
_ . [ dw R A {hesst R =A it
= 1fﬁf(a)— ‘u)za:{G ()G (w) + " G (w + V)I[,G*(w + V,)e™ett
— GR(w + V)TWGA (w + V) + GR@)V.GR(@ + V)TWGA(w + Vp)ell@+Va iyt
— GR)VaGR(w + Vo)TG M + Vi) = GR(w + VTG w + Vo) VIGMw)
+ GR@+ Ve @ Vel GAw + Vo) VIGH ()] (A.69)

Then, we are left with transforming back from G= to G* by multiplying with the
corresponding exponentials. We may combine the terms on the right-hand side
according to Egs. (A.63) and (A.64) and have as the final result

—iGS(t 1) = f ‘21—: flw—p) Z [GR@ + V)TuG @ + V)

+ [ei(w_'—v"_ﬁeff)tGR(C())VQER(CU + Va)FaEA(a) + Va) + hC]
+e it GR(w)V,GR(w + Va)[1GMw + Vo) VIGH w)e'| (A.70)
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which applies in the case of perturbed central regions.

By careful bookkeeping of labels and indices we end up with the following expan-
sion of Eq. (2.126) (the density matrix is now expanded in the perturbed ‘left-left’

eigenbasis of the effective Hamiltonian Fg)
pit) = (WHp(®)I¥p)
- [ Sefe-p 2 NPIG @+ Var G @ + VIry)
+ Z [(‘I/L i(w+Va he“)t—l <wL>|$/I;>| GMw)
1[/R WL
|<‘1’L>|il’R>| <

x V, (@ + V)[.GMw + V)W) + h.c.]
i TR [WRY(WL| ~
L lhefft R
+ ,;pf e gy O @ )% a(wL|wR>
| L>< R| NADICA
~A + A
G Ve )<117R|WL> Clw )<WRIWL>

il GR(w + V)

lhlfff|tP].L>} . (A71)

Looking at how the non-hermitian matrices operate on the corresponding eigen-
states (see Eq. (2.69)) we may write

L L flw—u)
Z(WH“N/)‘[ZT( (W+Vy—€)(w+V,— )
(WL WRY WLV I‘I’RX‘I’LIQIW,(L)

LR WLV [ WR) (WL
L [Z‘ (WHIWRYWHWR)

[24 mn

X f o flw — p)el@rVeept

21 (@ — €)@ + Vo — €)@ + Vo =€)

pi(t)

+

+ h.c.

‘I’L PRIV o PR WHT o WEY(WR VW) (WR WL

Yy

o mupg (WEIWRYWHWRY(WRIWL N (WRIWL)
x e 1G5 f do flomw ,(A72)
2 (w —€n)(w + Vo — €)@ + Vo — €))(w — €7)

where € and € are the complex eigenvalues of h; and Eeff, respectively.
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A.2 Details of the derivations in phononic transport

Here the details of the derivations presented in Sec. 2.5 are provided for complete-
ness. We start with deriving the equations of motion for the Green’s function in the
combined “u, p’-operator representation in terms of the spinor operators ¢. After we
know what the equations of motions consist of, we discuss an approximation for
the self-energy, similar to the wide-band approximation in the electronic case. With
the stated approximation, we may derive expressions for the time-convolutions in
the equation of motion; this also involves introducing to the concept of a cut-off
frequency. Finally, we insert all the expressions into the equation of motion, sim-
plify the equation by noticing some reductions in the matrix forms, and solve the
remaining differential equation analytically. The solution is almost equivalent to
the case of electronic transport.

A.2.1 Deriving the equations of motion for the phonon Green'’s
functions

Since the phonon Green’s function is defined on the contour y as in Eq. (2.177), we
may simply evaluate the derivative with respect to the first contour-time coordinate
z as

i&zD;‘kV (z,2)

206, 2 ) (DB + 0, D Pi)P 2]
0(2, 2 NP @BUE) - U @) - KT [0 @)D
6(2,2)[¢(2), B2 - KT [i0:0" @)D, (A73)

where the commutator gives a*'6j, see Eq. (2.176), and the time-evolution of the
tield operator in the second term on the right-hand side may be derived from its
equation of motion. By inserting the Hamiltonian from Eq. (2.173) we get

iaz(;f\);l = (PH H] 2}%((1)#(% (PI(ZQ (PZ(PH :2“2opﬂ [(Pp (Pk(Pl
1 o ~ 2o1 2 2012 N
= 3 QU (690 4516 + 0 01, (a7
,0p

where we used a relation for the commutator [A, BC] = [A, B]C + B[A, C]. Now, the
commutators between the field operators ¢ give, according to Eq. (2.176), matrix
elements of @ and Kronecker deltas. These can be simplified to the following form

i0:0! = 3 Z a QY G + a0 (@], (A.75)

Lop
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and inserting this, further, back into Eq. (A.73) gives

i0.DY(2,2) = 6 8(z,7') — (T, [% IZ (a7 (@) + () 7(2))dr@)]),
o (A.76)

where the superscript “T” refers to a matrix transpose. This can be simplified by
relabeling dummy indices and using the definition for the Green’s function in
Eq. (2.177), and the final equation is

, 1
0.DY(z,2') = 8a5(z,2) + )| a2 (Q + Q7 DY(z,2). (A.77)
9,6

The Hamiltonian matrix Q is symmetric, so the term inside the sum (Q+Q")/2 = Q,
and this equation can be written in the a-matrix representation as in Eq. (2.178).
The adjoint equation is derived similarly and it reads

. v ’ v ’ ’ 1 v
~ 10D (2,2) = a"5d(z, 2') + Zg D/(z,2)5(Q + Q™. (A.78)
qa,y

Then we may perform a similar projection procedure as in Sec. 2.2. We extract the
‘CC" and “AC’” components from the equation of motion (2.178), and they read

0.Dcc(z,2) = ad(z,2) + aQccDec(z2) + ), aQeDic(z2),  (A79)
A

i0;Dac(z,2") = a€23cQcc + Z a82,,D,c(z,2") (A.80)
)

with & being a matrix 1 ® a of appropriate dimension. For the isolated reservoir A
we have a Green’s function d,, satisfying the equation of motion

(id; — a2y )di(z,2') = @b (z,2) (A.81)

which we may use to derive an expression for D¢ from Eq. (A.80) by multiplying
both sides of the equation from left by d,, and then integrating over the contour y.
This gives

Dic(z,2) = f dzd (2,22 cDec, 7) (A82)
4

which we may insert into the right-hand side of Eq. (A.79). By introducing the
phononic embedding self-energy as

Icc(z,2') = Z Qcrdaa(z,2')Q2)c (A.83)
)
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we may write the equation of motion for the ‘CC’ component as

(id; — @Qcc)Dec(z,2') = ad(z,2') + f dzllcc(z,2)Dec(z, 2°). (A.84)
Y
Exactly in the same way, we could derive the adjoint equation

_mwmm4i~n@M=M@ZHLfﬁmwﬂm¢@mp. (A.85)
Y

A.2.2 Deriving the self-energy approximation

From Eq. (2.190) we may deduce the greater and lesser components for the uncou-
pled Green’s function to be

di(tt) = —iOff_A(QMOt)e_iQMa(t_tl), (A.86)
dL ) = —iafy(Qua)e Lnat-) (A.87)

and further, the retarded component to read as
a3, () = Ot — t') [d;,(t, V') — d5,(t, )] = —iaO(t — t)e i 2ua=) (A.88)

Since the retarded Green’s function is a function of ¢ — #, we find by Fourier trans-
forming
1 1

R _ _
A (@) = aa) - Qua+in  alw+in) - Q'

(A.89)

where, for the second equality, we used the idempotency of a. The parameter 1 is
a positive infinitesimal accounting for correct causal structure. We can then insert
Eq. (A.89) into Eq. (2.187) and derive an expression for the retarded self-energy for
the central region embedded in the environment. We may evaluate the retarded
Green’s function by performing a matrix inversion for a block matrix

(@ +in2-Kp,)" Kw+mN@+hﬁ—Khyl.

X (w) = -1 B
@) —iw i) (@+in? = K,) K (@ +in)? - K

(A.90)

If we know the eigen decomposition of K/, as K|, X = Xw3}, we can then also
diagonalize the full reservoir Hamiltonian with X := diag(X, X) as

—_ 2
s%:ﬁmm:ﬁkJ:@. (A.91)
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Further, we may write the retarded embedding self-energy in terms of the eigen-
modes when inserting Eq. (A.90) into Eq. (2.187)

~ 1 1 i(w +in)\ =

R —

I} (w) = Z -QC% (@ + in)? — wz (—l(a) +in) wé\ )Q%C (A.92)
2 ’

where we wrote explicitly a sum over g, labeling the g-th basis element of reser-

voir A. Also, Q¢,, = Q¢,;, X. Since the coupling Hamiltonians only have nonzero
elements in the uu block, this gives

Z Koy Ky
(w +in)? - wf,
K. 1 1
L ke ( - . ) (A.93)
20 \w—w; +in o+ w, +in

where IchA = Kcg, X. The advanced embedding self-energy I13 is simply given by
complex conjugating Eq. (A.93). Then, we may evaluate the level-width function
I'y defined as

M) = '[HR—HA]( )

ZKCIM q/\C 1 _ 1
20 \w—wy +in w0+ wg, +1

(IT)" () = [T (w)

B 1 N 1
Ww—wy, —in 0+ w, —1in

Z EC‘?AEIMC n n
wq (a) C‘)%)Z + 17 (a) + w’%\)2 + 772

A

= Z an,“ 6(a) wy,) — O(w + a),h)] IZMC , (A.94)

where we used the lorentzian representation for the delta function no(x —a) =
lim, 0 1/[(x — a)* + 1*]. Since IT* = (ITX)", we have that

(@) = A(@) - %ma}), (A.95)

where /A and I' are real functions related by the Hilbert transform

o0 : Ke, K,
AA(a)):%P f dw'M:Z c ‘“C( 1 L} (A9

— 4 —
- — Wy, w—w;, @+ wy,

From Egs. (A.94) and (A.96) we notice that /1, is an even function and I, is an odd
function, see Fig. A.2.



128 Appendix A
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Fig. A.2: Schematic of the frequency dependency of the embedding self-energy in
Egs. (A.94) and (A.96).

A.23 Calculatingthe time-convolutions of different Keldysh com-
ponents of the self-energies and Green’s functions

Here we calculate the convolutions [IT~ - D*], [DX - IT"], [IT} - D<] and [D* - IT*] in
Eq. (2.189).

We keep DX so far unspecified and we calculate the time convolution

f dfDR(t, DIT(F, t) _f dFDR(t - f)f —H<(a)) —iw(F—t)
= f f de'DR(F)e " T (w)O(t — '), (A.97)

where we inserted the Fourier transform of IT~, changed the integration variable
as t —f = t’ and inserted a step function for extending the time interval to minus
infinity. For the step function we may use the expression

[D®- 1| ¢, 1)

00 do’ eiw’(t—t’)
O(t— ') = lim v
-0+ J_o 2T @’ —in

1a1 (t-t")
f f dar f 49" R (11)e wf’ﬂ<(w)
2n
f _wf 1wt f dt/DR(t )el(w ") H<(a))
21 21 W’ _

B dw do el ”)tDR(a)) .
_ f v f T D D) e, (A.99)

2 w - @ — in

(A.98)

and evaluate further

[D®-117] (8, )
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where we used the Fourier transform of DX(t) and changed the integration variable
to w — v’ = @. The exponential involving both frequencies can be split up, and we
may also insert the approximation for the embedding self-energy

“dw . * dw’ e DX (")
R, 1< — E VW iwt _ . ,
[D 1 ](t’ ) A:LR‘LX, o |f:w 21 w -’ —1in ] Ol lwl)[ lfA(w)wFOfﬂ]'
(A.100)

The cut-off frequency w, is now explicitly in this expression without specifying
DR. As we argued earlier, the expression for the retarded Green’s function should
then only be valid in the cut-off regime and we simply use the embedded retarded
Green’s function for all frequencies «’ (in the inner integral)

_ 1 11
a0 - Q-I¥w) ©-Qea+ily

D¥(w) (A.101)

where we inserted the approximation for the embedding self-energy and defined
an effective (non-hermitian) Hamiltonian

Q. =

— (L2 + Ay). (A.102)
a+ 5T

Now the retarded Green'’s function is specified, and D¥ and IT® satisfy the Dyson
equation in the limits of |w| < w.. In Eq. (A.100), also the analytical structure is
correct: D¥(w’) has poles in the lower-half plane, and also the denominator goes
to zero when @’ = w — in (in LHP). The key for evaluating the time-convolution
was the approximation for D® in Eq. (A.100). As we approximate the retarded
Green’s function for all frequencies w as in Eq. (A.101), this implicitly means the
limit w. — 0. On the other hand, when we specify the cut-off frequency directly to
the self-energy approximation in Eq. (2.198), this would amount to

1 1
aw—-Q-M(w) aw-Q-0(w.—|wl)(Ag+ 2T}

As we discuss only the region |w| < w. when evaluating the time-convolution
in Eq. (A.100), we may compare how much the approximated Green’s function
deviates from that in Eq. (A.103) (outside the cut-off window)

D}(w) _ aw- Q - 0w, — |w|)(Ag + %“Té)
D} (w) aw— Q- Ny + 2T
w2 aw — £ w>Re[we] « (A104)
aw - Q — Ao+ 2T a+iry '

where ws are the eigenvalues of the effective Hamiltonian 2. This limit means:
(1) we choose the cut-off frequency high enough so that the physical frequencies of
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the central region fall well inside this window; (2) if the frequency in the retarded
Green’s function still was higher than w., we would have, in the limit I'; — 0 (weak
coupling), that the difference in the retarded Green’s functions approaches unity.

By using the eigenbasis of the effective Hamiltonian . we can evaluate the integral
in Eq. (A.100) over o’ by closing the contour in the lower-half plane (¢ is a positive
number):

f‘x’ do’ e—iw’t 1 1 e—iQefft e—i(m—in)t 1
_w2ﬂiw—w’—iﬂw'—ﬂeffa+%1"6_ W= Qe —1in  w —1in — Qe a+%1"6'
(A.105)

where the overall minus sign, when applying the Cauchy formula, comes from the
clock-wise orientation of the contour. Then we can take the limit 7 — 0 and write

foo da’ e—iw’tDR(a)/) e—imt _ e—iQefft 1

= (e7! — g7i2t) pR A106
0 2T w— @' —1in @ — Qe a+%1~6 (e e ) (w). (A.106)

Inserting this into Eq. (A.100) we get

[DR -H<] (t,1) A:ZL;R ]:: 2—:@“” (e_i“’t - e_i“Qefft) DX (w)8(w. — |w)) [—ifA(w)wFE),A]

Z f ‘;—: 1- e1<w—9eff>f] D*(@)0(w. — |w)) [-ifi(@)al}, | .
A=LR Y~

(A.107)
It is worth noticing that this result could also be derived by Fourier transform-
ing D¥(w) from Eq. (A.101) and then inserting the resulting DX(t,#') directly into
Eq. (A.97). [IT* - D*] is found by conjugating Eq. (A.107).

Let us briefly investigate what would happen if we did not take the cut-off frequency
into account. As said above, we could simply calculate the retarded Green’s function
by Fourier transforming

d o
DR(tzt') = DR(t—t’):f%DR(w)e—lm(t—t)

_ f dw 1 a-iw(t-=t)
2T g +in) - Q2 — I} (w)

_ f dw 1 ittt (A.108)
21 a(w +in) — Q2 — Ao + $T

where we inserted the approximatiaon for the retarded self-energy. Now, the w-
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dependent terms may be coupled to give (the infinitesimal 77 is not needed anymore)

DX, t) = f do 1 e W=t
21 w(a + 3I)) — Q2 — Ay
— d_C() 1 e—iw(t—t’)
27-( i 7
(a+ iIy) [a) - ip@e AO)]
_ [ do 1 ieen|_1
21 W — Qoff a + 1T
; , 1
= [0t - #)e Rt —— (A.109)
o+ ETO
Evaluating a simple matrix inverse gives
0 -1
1. = 1 r, (A.110)
a+sIp i\l 2

and further

1 10 -1\[(k 0\ (A, 0\] 1{ 0 -1
Qe = ———(Q+Ag) = - / == |, (A111
w20 (0 8- ) e

Inserting Egs. (A.110) and (A.111) into Eq. (A.109) finally gives for the phonon
propagator

DR(EF) = —i0(t—t)exp |—is o 1)L 0!
)= Pl \k+a, 2 il &

, 0 -1 A0 -1
_6(13—1f)exp[—(1<+/1O T—é)(t_t)](l &). (A112)

2 2

On the other hand, we know the limiting behaviour for the propagator

lim DX(t,t") = —i[¢, p] = —ia = — ((1) _01), (A.113)
but now, based on our derivation, we get
) Ros v 0 -1
lim D*(t, t') = — I (A114)
tot* 1 3

which would agree only with Iy = 0. This problem originates from the approx-
imation stated for the self-energy: the linear imaginary part does not satisfy the
Kramers—Kronig relation as integrating this gives divergent behaviour. And, on the



132 Appendix A

other hand, constant real part should lead to zero imaginary part if the Kramers—
Kronig relation was obeyed. For this reason, it is important to regulate the diverging
behaviour in the self-energy approximation by a cut-off frequency. In the electronic
case we did not have this problem because there our wide-band approximation
(that the imaginary part is simply a constant) lead to zero real part according to
the Kramers—Kronig relations. This issue is discussed more in detail with further
visualizations in Pub. [V].

Then we will calculate the other time convolution in Eq. (2.189), [D~ - I1"]. From
.].
Eq. (2.198) we get I (w) = [HR(w)] and further in time domain

d o d
HA(t, t/) — _a)HA(w)e—m)(t—t) = f%@(a}c - |a)|) [AO +

iw

: r; ] eiw(t=t)

21

= A f o iwer) . o f dw )
—w, 2T 2 J_, 21
1 : ’ 3 ’
= A —iw(t=t") _ Liwc(t—t")
2 (=i(t — 1)) [¢ ]

Iy 9 1 Siwe(t—t) _ iwe(t=t)
- 25 {m [ — )
1 1 in(t—t')_F_{)i 1
- """\ 1w ) 2 ot

. (t=V
S Sm(l/wc )] . (A.115)

In the limit w. — oo the sinc functions become delta functions, i.e., lim._, % sin (f) =
0(x) and we obtain
A ’ ’ F6 dJ ’

This is naturally the same result as if we put the limits of the integration in the
derivation of Eq. (A.115) to +o0. Based on the above expression for the advanced
embedding self-energy we aim to calculate the time convolution in the equation of
motion -

[D=- %] (t,t) = f dED<(t, HIT"(F, t) (A.117)

0

and the corresponding hermitian-conjugated one. The higher cut-off frequency w.
we choose for the advanced embedding self-energy, the faster will the oscillations
(in time) be in IT*(f, ). On the other hand, the fastest oscillations for D*(t, f) corre-
spond to transitions of highest energy differences in our central region of interest.
If we choose the cut-off frequency w, to be considerably higher than the typical
energy scales in the central region, then in time-domain, HA(f, t) appears almost as
Eq. (A.116) compared to D*(t, f). Following this line of thought would allow us to
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calculate

[D< : HA] t, b f ) dfD<(t, %) ZA" [Ao,m(f —f) - %%5@ - t)]

0

Z [D<(t, 20,1 - fo dID*(t, o 5(t—t)—]

A=L,R
oD<(t,t")| I
_ [D<(t, Ao + a(t' ) ;Al
A=L,R b=t
oD<(t,t' I
_ D na,+ 22280 L (A.118)
at, =t 2

where we integrated by parts and noticed that the boundary term vanishes. By
conjugating Eq. (A.118) we also find

(A.119)

[1*-D<| (¢, t) = - [D= - HA] (t,t) = AGD<(t, t) + Lo M’

The result in Eq. (A.118), however, implicitly assumes the limit w. — oo as we
motivated its derivation by comparison of energy scales in IT* and D~ exactly this
way: @, > w for frequencies w in the central region. Let us try to validate this by
evaluating the time convolution of IT* and D= also by using the explicit expression
in Eq. (A.115) and performing an asymptotic expansion in w. in

D<-II*| (1) = Oode<(t, DITA(E, 1)
om0 = |

> 1 . (f=t\ I'd[ 1 F—t
fodtD (t’D{AOn(E—t)sm(l/ ) 28tlﬂ(t—t)sm( )]}Q(t—f)

g < 1 t—t < rJ 1 o il
j(; dfD<(t, DA, " )sm(l/ ) f dtD=(t, 5)2 o ey sm(l/wc)],
(A.120)

where the upper limit of the integration follows from the advanced nature of
ITA(E, t) ~ O(t — f). Using Leibniz’ rule we may write the second term as

< I o 1 C[F—t
fodtD tf)28t [—(f—t)sm(l/wc)]

3 _8D<(tf)1"’ 1 L [E-t - F—t
= fod o 27_(( )sm(l/wc) [fdtD (tf)— (1/ )]

(A.121)

which tells us we only need to consider “the first line”-like terms in Eq. (A.120)

F(t) = f dff(t, f) sm(lf/ t) (A.122)
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and then we get the second line by inserting d;D~(t, )" /2 and D~(t, )I" /2 as f(t,t)
and using Eq. (A.121). Assuming we are allowed to differentiate under the integral
sign (the functions are well-behaving in our case) we get

dF(t)
dw.

=n! f dff(t, t) cos[w (f — 1)] (A.123)
0

for which we may perform a sequential integration by parts (we know all the
anti-derivatives of a cosine function)

o .
cijpa()i) = T(_l {f(i', f)wic sin[a)c(t — t)] + fg; E)wi% COS[a)c(t — t)]
3 t
_ ‘921; (;'5 % sinfw.(F— ] 2 Qfé Dwi?cos[wc(f -Hl+.. -}0, (A124)

where the remainder will only be higher order in 1/w,, and since we are interested
in the large w. limit, we may simply drop them. Integrating once over w, we obtain

Fit)=m! { f(t, DSilw.(f— )] + 0(%)} , (A.125)

¢ 0

where Si(x) is the sine integral function. By using an asymptotic expansion for the
sine integral [210] and using Eq. (A.121) we may conclude that the terms neglected
by approximating Eq. (A.120) by Eq. (A.118) are of the order O[(w,t)™']. Therefore,
for long times the approximation is reasonable but even if we choose a large cut-
off frequency w,, for short times t < 1/w, the approximation fails. However, as
argumented earlier, the cut-off frequency, is still explicitly included in the other
term involving IT< and D~.

Let us also investigate a concrete example, and assume that the central region
of interest would have a characteristic frequency w,, and let us for simplification
assume an oscillatory behaviour for Dj(t,f) = e+, (We are not after anything
rigorous but simply want to see how the sinc functions turn out for large w,.) The
integral we wish to evaluate

: 1 Pt t 1 t—t
_ Dt DA i} . _ dr —iwo(t+f)A _ i
I fodtDo(t’j ‘n(F-1) sm(l/cuc) fo © "n(E-t) sm(l/wc)
(A.126)

can be written in terms of the exponential integral function as

I= %e‘Zi("OtAO {El[—i(a)o + W)t = Eal=i(wo — wo)f] - Log (”Z i )} . (A127)

Wy + W,
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We know the asymptotic expansion of the exponential integral as E; (z) ~ e7%/z[119],
so we get as an asymptotic behaviour (the Logarithm can also be expanded)

i ) ei(a)0+a)c)t ei(a)o—wc)t ) 2w
I ~ —edwip,|— - — — i+ =2
T —i(wg + w )t —i(wg — w)t W
— e Al A, when w, — oo. (A.128)

This means that the result, in the limit w, — oo, is the same as if D= was integrated
with a delta function.

We could also have done the asymptotic expansion directly to the integral using
Mathematica by

Dlss[t_, tb_] := Exp[-I*w0*(t + tb)];
Series[Integratel[
Dlss[t, tb]*LO*(1/(Pi*(tb - t)))*Sin[(tb - t)/(1/ww)], {tb, O, t},
Assumptions -> {Im[w0@] == 0 & Re[w0®] > 0 && Im[t] == 0 &&
Re[t] > 0 & & Im[LO®] == O && Re[LO] > 0}], {ww, Infinity, 2}]

which will expand to second order in w. at w. — oo. This will give (after some
simplification)

! . 1 ) 1
fo dtDO“'f)Aomsm(uwc)
Ay {e—ZimOt (ﬂ 4 TL) _ oot |cos(a)ct) n sm(wct)]}_ (A.129)

TC We a)ct (wc t)z

However, we can also evaluate
f dfD;(t, HAS(E — t) = D (t, Ay = e 2 A (A.130)
0

and then plot the difference between the asymptotic expansion and the above
expression with different values of w.. This is shown in Fig. A.3. Looking at the
expressions, also the limit w. — oo goes correctly. We see that if w, is the same as the
oscillation frequencies in the central region, the approximation with delta function
is poor. However, already when w, = 10wy the difference is only few percent. In all
cases the limit ¢t — 0 is problematic because the expressions blow up but finally this
will not be a problem because in the limit t — 0 the final expressions give zero.



136 Appendix A

' . f__.) ————————— 04 |||
1.OF - b
208 -|.| g \ /\/\/\f\ -
= ! = i
= _’ll'll / = ‘ \ ."II
g 06FH) 2 02f
B |/ g
§04r|\h ) 1 £
Y\ ~_ ] &
g \/_/ .} Em
ENFIY (10 e e i — Mo N
s S e e f e R A S e e i i
0.0k . . . J 0oL . . . .
0 5 10 15 20 0 5 10 15 20

3 t

Fig. A.3: Asymptotic expansions of the integral in Eq. (A.126) with different values
of w.; the rainbow colours go from w. = wy = purple to w, = 10wy = red. Left
panel is the difference between Egs. (A.127) and (A.130), and the right panel is the
difference between Egs. (A.129) and (A.130).

A.24 Details on solving the equation of motion for the Green’s
function

Looking at Eq. (2.206) we need to insert the expressions for dD(t, ') /dt and dD(t, t') | ot
from Egs. (2.183) and (2.184). Also, since we now have the step functions involv-

——

ing the cut-off frequency, let us denote the integrals as [ 9¢ where the range is

21
suppressed to [-w, , w.]

i%D<(t, t) — [aQD=(t, t) — D(t, )Qa]

. F‘&w ’ —i w—Q* <
= a[—le: f Ea)fA(a))FADA(a)) [1—e ( eff)t]+A0D (t, )

I, . < . = < gy T R “(tt
+? {—me.QD (t,t) — i [‘[0 dHI"(t, HDA(E, ') + L dHTE DD £ )]t’:t}]
_ [D<(t, Ao

+ {iD<(t, HQa + i

00 00 _ 1—v/
f dID<(t, DITA(F, ') + f dfDR(t, DIT*(E, V') a} 70
0 t'=t

0

—1Zf—a)fA(a)) —ei(“’_Qeff)t]DR(a))F;\]a. (A.131)
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And then, insert the remaining convolutions

i%D<(t, t) — [@QD<(t, t) — D*(t, ) Qa]

. F‘&w ’ —i w—.Q+ <
= a[—le: f Ea)fA(a))FADA(a)) [1—e ( eff)t]+A0D (t, 1)
+T—6 —-iaQD"(t,t) — ia —iZ f@wf (), D*(w) [1 - e—i(w—ﬂsz)t]
2 ’ — ) 2m A

o

ID<(t, ')
o

F' oD<(t,t")

+AOD<(t t) of

- [Det, A
I,

p=t 2
: dCl) i(w— / T/
—1; fﬁwa(a)) [1 — el 'Qeff)t] DXw)T; a} 70

—iZ f d—:a)fA(a)) [1—ei<w—9eff)f] DX ()T o (A.132)
A

As there are a lot of terms, the equations start to get longer and longer, but let us
still expand the parentheses so that we can more easily see the terms that can be
coupled together

dD(t, 1)
ST

+ {iD<(t, HQa +1i|D=(t, H)Ag +

— aQD(t,t) + D*(t,1)Qa

/4

~ | + -
= —ia Z S fi(w)[, D (w) [1 - e'l(“"‘Qeff)t] + aAoD<(t, 1) — ia=aQD<(t, t)
~ 2T 2

T, ACTC‘) / —i(w— ' : F,
- 0470&; f Ea)fA(cu)FADA(w) [1_e ( Qefot]-m?‘)mom(t,t)

. Iy Ty oD<(t,t')
s T

4 /

D<(t, ))Aya — iD* Lo, i )
, DA — 1 (t,t)Qazoz iD (t,t)Aoaza

t=t’

. 8D<(t, t,) / / i(a}—Q )t R / FE)
TV T 8t’ V=t 2 2 Zf_a)fA(w ~ € ]D (G))FAllf?a
. Cdw (Lt | PR /
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A

Then, let us think about the matrix forms more carefully, and see if we can get rid
of some of the terms. Recall, that the important matrix structures appearing in the
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expressions are

(0 i) _ [N 0} ;T O
L P L P L e
By evaluating simple matrix products we can conclude that
I I, I I r,, I
) (O . W )
azaAoO azaz =0; Aoazan 2“2“ 0. (A.135)
Then, using these reductions in Eq. (A.133) gives
dD<(t )

g ~ QD (t,1) + D(t, )Qa — aMoD(t, 1)

T, T
+ia?a.QD<(t t) + D<(t, ) Agax + iD<(t, t).QaEOa

= —12 f—a)fA(a)) aeF' DA(a))[ eil@—L2 ) ] [1 — ei(w_ﬂeff)t] DR(a))I"Aae}.
(A.136)

We may couple the terms on the left-hand side involving a lesser Green’s function
in a little far-fetched form as

dD(t, 1) _

1 o0 Q Ao | D=(t, t
—ar —1a?a + a (t,1)

l-v/
+D<(1, 1) | Qa (1 + 17%) +Aoa]

- Y f S wfi@){ar;pA@) [1 - et Bar] - [1 - el L] DRI o,

(A.137)
The reason for this is that
. I 1
1-ia—|aQ + aAy = — (2 + Ap) = Qe
2 o+ %1"0
T 1 R
Qa(l+i—a|+Aja = (Q+ Ay) — = Q. (A.138)

which can be checked by calculating the matrix products and inverses. Then, the
remaining differential equation takes the final form

.dD=(t, t
( ) - QeffD<(t t) + D<(t t)ﬂeff

= —12 f —a)f)\(a)) ar DA(a))[ _i(“’_“Q:ff)t]—[1—ei(“’_Qeff)t]DR(a))F’Aae}.
(A.139)
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This takes exactly the same form as in the derivation of the electronic case, see
Eq. (A.41).

Now, for solving the remaining differential equation, it is convenient to start by
making a transformation

. — . t
D<(t 1) = e $2t D" (¢, p)eif2ert, (A.140)

When evaluating the derivative of this product and canceling terms, the left-hand
side of Eq. (2.207) simply becomes e‘iQeffti%eiQfot. We can then, accordingly,
multiply both sides of the equation from left and right with the exponentials to get

dD"(t,1)
dt
. .
= Z f czi—;)@(wc— le)wa(w)elﬂefft [DR(a))T(’ma— aTEMDA( w)] o0t
A=L,R

dw ’ i(w— ' —i(w— 4
_ Z fge(a)c — lw)w fr(w) lDR(a))FO,Aae( Qupt _ il 'Qeff)taFO,ADA(a))] )
A=LR

(A.141)
Before we start integrating over ¢, recall the matrix structures
1 1 1
D}(w) = — ; D%w)= — —. (A.142)
In Eq. (A.141) we have terms such as
1 1 1 1
D¥w)Iy 0 = —TI,a; aly,D%w) = alj : ,
(@0 w = Qe a + 1T o oAD7(®) O’Aa—éf(’)a)—ﬂsz
(A.143)
where, conveniently,
, 1 I .
al’ , = I« (A.144)

a— il a+il)
which can be checked by simply evaluating the matrix products and inverses.
Then, looking at the first row of Eq. (A.141), we can perform the integration over

t by using the formula in Eq. (A.47). The second row of Eq. (A.141) is simple to
integrate over t since there is only one exponential depending on time in each term.
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After integration we arrive at

D (t,t)-D(0,0%) = —12 f L o(w, - @l fi(w)
A=L,R

eiQefft 1 1 1" 1 1 —iQ:ﬂ:t
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w=Qefrax+ i) " a— 1T w0 - .Qeff
i Qupr 1 L o 1 1 |
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(A.145)

+

On the left-hand side we have the initial-state Green’s function (at ¢t = 0). We are
working in the partitioned scheme, i.e., the systems of different temperatures are
coupled at t = 0, so the initial condition should be equal to the uncoupled Green’s
function as in Eq. (A.87) but for the indices in the central region:

D(0,0%) = D(0,0%) = —iafc(Qa). (A.146)

Here fc gives the thermal distribution according to which the central system is
prepared before it is connected to the reservoirs, and Qa« is correspondingly the

uncoupled Hamiltonian. Now, in Eq. (A.145) we may transform back from 5<(t, f)
to D*(t, t) by multiplying with the exponentials from left and right and obtain our
final result

. Ot
iD(t 1) = el af(Qa)eiat

/\:ZL,R f Czl_:e(wc — |lw))w fi(w) [1 - ei(w—ﬂeﬁ)t]

1 1
w=Qea+il) "a-ifo-Q

+

X

[1 —l(w—Qeff)t] (A.147)

which can be written as Eq. (2.209) in main text by introducing the spectral function
B,(w) in Eq. (2.211).
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