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Abstract

The equation-of-motion technique for Green’s functions has been used widely and suc-
cessfully in quantum-mechanical systems in equilibrium. With the ever decreasing size of
electronic devices, though, the importance of non-equilibrium properties, such as current-
voltage characteristics, of strongly correlated molecular electronic devices increases.

The aim of this thesis is to examine the method in its non-equilibrium formulation in order
to gain a better understanding for future research on this topic.

Therefore, the equation of motion for non-equilibrium Green’s functions is derived in detail
in the framework of path-ordering for both the two-time domain and, for steady-state
solutions, the frequency domain. In addition to the usual form, an alternative expression is
presented.

The steady-state equations are then applied to a benchmark model out of equilibrium,
namely the interacting resonant level model (IRLM), where first self-consistent analytical
solutions are obtained within a mean-field approximation. Numerical results for different
parameter sets are achieved in good agreement with the literature.

Eventually, the examination is extended to include higher correlations of distinct orders and
alternative approximation schemes. Special attention is paid to the intricacies of arising
symmetry violations as well as to their restoration. Numerical results are shown for each
approach.






Kurzfassung

Der Bewegungsgleichungsformalismus fiir Green-Funktionen hat bisher bei quantenme-
chanischen Systemen im Gleichgewicht erfolgreich Anwendung gefunden. Durch immer
kleiner werdende elektronische Gerédte werden allerdings Nichtgleichgewichtseigenschaften
wie Strom-Spannungskurven stark korrelierter molekularer Systeme immer wichtiger.

Ziel dieser Arbeit ist es daher, die Methode in der entsprechenden Nichtgleichgewichtsfor-
mulierung zu untersuchen, um fiir zukiinftige Forschung zu diesem Thema ein besseres
Verstdndnis zu erlangen.

Dazu wird erst im Rahmen der Pfadordnung die Bewegungsgleichung fiir Green-Funktionen
im Nichtgleichgewicht sowohl im Zweizeitbereich als auch fiir Steady-State-Losungen im
Frequenzbereich detailliert hergeleitet. Zusitzlich zu der tiblichen Form wird ein alternativer
Ausdruck préasentiert.

Die Steady-State-Gleichungen werden dann auf das Interacting-Resonant-Level-Modell
(IRLM) als Benchmark-Modell im Nichtgleichgewicht angewandt, wobei erste selbstkonsis-
tente analytische Losungen durch eine Mean-Field-Nédherung erhalten werden. Fiir verschie-
dene Parametersitze werden in guter Ubereinstimmung mit Literaturwerten numerische
Ergebnisse erzielt.

Schliefslich wird die Analyse um hohere Korrelationen verschiedener Ordnungen und alter-
native Ndherungsschemata erweitert. Besonderes Augenmerk wird auf die Komplikationen
auftretender Symmetrieverletzungen sowie deren Wiederherstellung gelegt. Ausgewihlte
numerische Ergebnisse werden fiir jeden Ansatz prasentiert.
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Preliminary Remarks

Units

Throughout this thesis, the reduced Planck constant 7 and the Boltzmann constant kg
equal
h=kg=1.

As a consequence, the dimension! of the angular frequency w used in the Fourier transform
and the dimension of temperature become both equal to energy, i.e.

[T] < [kgT] = E = [hw]| — [w],
the dimension of time becomes equal to an inverse energy
e = =1,
and so especially the dimension of electric current becomes equal to charge times energy

1 =Q[f] ' — QE.

Nomenclature

((A; B)) without a superscript refers always to a retarded or advanced Green’s function,
where the argumentation or equation is valid for both. Operator hats for A and B are only
used in the opening sections to familiarize the reader with the symbols.

((A; B)” with any superscript s but no direct variable dependence in the operators, which
would be shown in brackets like in A(t), refers to the Fourier-transform with respect to w.

G is used for Green’s functions in general, superscripts and variable dependence is indicated
if needed.

Some technical terms are shown in italics (mostly) on first appearance.

Abbreviations

NEGF:  Non-equilibrium Green’s function
(N)EQ:  (Non)-equilibrium

TB: Tight-binding

WBL(*): Wide-band limit (in higher truncation levels)
HEF: Hartree-Fock

IRLM:  Interacting Resonant Level Model

EoM: Equation of motion

IDimension denotes here the dimension of the physical quantity and is represented by sans-serif letters.
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1. Introduction

In many-body physics, Green’s functions are a very general and powerful tool for the
calculation of observables in a quantum mechanical system. More precisely, different types
of two-point' Green’s functions G are used throughout this thesis, which are proportional to
quantum mechanical correlation functions of two general operators A and B at times t; and
tr, SO

GAB(tlz tz) e’ <A(t1)l§(t2)> ,

and thus grant access to measurable quantities of the system under investigation, such as a
density of states or general expectation values.

The calculation of such Green’s functions is often performed with the help of the self-energy
in the Dyson-equation framework (cf. section 4.3 in [1]), but another approach shall be
considered here, which has brought success in equilibrium situations: The equation-of-
motion method, which can easily provide exact solutions to quadratic Hamiltonians (cf.
section 3.2 in [2]) and which has been successful especially in the treatment of the Kondo

effect (e.g. [3], [4], [5]).

Inspired by the equilibrium results, the aim of this thesis is to investigate the equation-of-
motion method in its non-equilibrium formulation in order to investigate dynamic quantities
of a quantum mechanical system, such as the current, and to gain a better understanding
for future research on this topic. This formulation allows for a direct calculation of the type
of Green’s functions that determines steady-state expectation values, namely the so-called
lesser Green’s function:

(BA) « Gjp(t — 1) = Gi5(0)

An essential steady-state observable in non-equilibrium physics is the current flowing in
a system, i.e. the transport of charge carriers from one region of the system to another.
Quantitatively, this can be described by the change in total electron number in a region x,

I, = —e <de> , (1.0.1)

dt

where an electron carries the charge of —e, resulting in an outgoing current (negative change
in total electron number) to be positive.

After this brief motivation, the interested reader should bring a basic understanding for
the second-quantization formalism!' from here on, but will further be guided through this
thesis step-by-step with the following structure and will hopefully be motivated to try it out
for themsellf.

Tn-point generalizations are especially used in relativistic quantum field theory.

I In many-body physics, Green’s functions may also be used to describe spin systems, where themselves
are described by spin operators, (see e.g. [6]), however, this thesis is completely restricted to the formalism of
second quantization. Hence, all occurring operators are products of creation- and annihilation operators.



1. Introduction

In the beginning, a short overview of the equation-of-motion technique and its limitations
to the equilibrium case are given. Starting from a very general definition for expectation
values, an expression for a time-ordered Green’s function is found which is the basis for
the derivation of the equation of motion. The resulting equation is represented as a set
of integral equations that are further transformed to algebraic equations for steady-state
solutions.

The application of these equations is shown throughout the thesis using the interacting
resonant level model which is introduced including its symmetries, possible current definitions,
coupling to different environments, and the basic equations resulting from the equation of
motion.

The interaction — which is the hard part in first place — is treated in a first mean-field
approximation, leading to closed solutions that are evaluated analytically and numerically
for two different environments in order to obtain quantitative results.

Finally, the equations are extended to include higher Green’s functions, where special
attention is paid to arising symmetry violations that lead to unphysical results. A symmetry
restoration is discussed and applied, which ultimately leads to reasonable numerical results
for different orders.



2. Equation of Motion for
Non-Equilibrium Green’s Functions

In this chapter, the framework of non-equilibrium Green’s functions is set up in the detailed
derivation of their equation of motion. Its Fourier transform as well as more convenient
forms are presented.

However, before plunging into the non-equilibrium formalism it seems reasonable to recap
the equation-of-motion technique for equilibrium systems. The central objects are the
fermionic! two-time retarded (R) and advanced (A) Green’s functions

GRp(ta ty) = (A(ta); B(ty))" = —i® (ta — ty) ({Alta), B(ty)})
Gitp(ta,ty) = (A(ta); B(ty))™ := +i® (ty — ta) ({Alta), B(t)}),
where A(t,) and B(t,) are some general operators in second quantization, ©(t) is the

Heaviside step function, (...) denotes the expectation value with respect to some general
ensemble, and the curly braces denote the anticommutator

(2.0.1)

[A,B) = AB 1 BA.
The functional dependence of a Green’s function G(t,, t;) is in general of two independent

time variables t, and t;, but in equilibrium this simplifies to a single-variable function in
time difference t, — t;, so

E
Gt ty) =3 Glta — 1)

As shown later (cf. equation (2.0.5)), it is convenient to work in Fourier space!’ with respect
to time difference, which is obtained by

o) .

G(w) == / d(ta — ty) et G (1, — 1),
—o0

Note the convention on normalization and frequency sign. In the full notation Fourier space

is indicated by a subscript, as in

(A(ta); B(ty)) = (A; By, ,

or simply by the loss of explicit variable dependence in the operators. In order to obtain
quantitative results from this theory, the Green’s functions defined above need to be linked to
measurable physical quantities (observables), which can be done via the spectral function

1

Asp(w) = 53— (Ghg(w) — Clp(w))

For bosonic systems it is more convenient to choose the commutator.
' Which is here equivalent to energy space as /i = 1.
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that acts like a generalized density of states. As the distribution function for fermionic
systems in equilibrium at temperature T and chemical potential y is known, namely the
Fermi function f(w; u, T), expectation values can be obtained by the integral

(Ba) = [ dw flwin, T)Ans(w), (2.02)
where 1
flw;u,T) = m

and B = T~! is the inverse temperature as kg = 1.

The well-known equation of motion for retarded and advanced Green’s functions is now
easily obtained from the Heisenberg equation for operators (see, e.g., chapter 3.2 in [7]). It is
formally the same for both functions and reads

d

ia—ta«A(ta);B(tb)»R/A = 5(ta— ty) ({A(ta), B(tp)}) + ([A H](ta); B(ty) )V, (2.03)

where 6(t) is the Dirac delta distribution that comes from the derivative of the step function
and the square-bracket term denotes the equal-time commutator

(A, H(ta) = [A(ta), H(to)] := A(ta) H(ta) — H(ta) A(to)

with the system Hamiltonian H. The retarded and advanced functions are explicitly obtained
for the boundary conditions

(A(t); B(t)) =0  for t, <ty

(AR):B(E)) =0 for to >t (2.0.4)

In general, the commutator produces a linear combination of new operators, that may be
higher products of creation- and annihilation operators. Thus, the second term in equation
(2.0.3) produces a linear combination of new Green’s functions, for which the same equation
of motion can be applied. Transforming the differential equation into Fourier space reduces
the problem to the algebraic equation

w w

w(A;B)™ = ({4, BY) + ([A H); B)G* (205)
with boundary conditions

w—wip  for  (A(t); B(ty) )2,

w

where the limit 7 — 07 is intended. This algebraic form gives rise to a linear set of equations
that is in principle easy to solve.

As seen later, it turns out that the equation of motion for retarded (or advanced) Green’s
functions are the same in a non-equilibrium situation, however, the relation to expectation
values is lost as there is no general simple distribution function describing non-equilibria.
Expectation values (= equal-time correlations) have to be calculated directly from correlation
functions instead. They are usually defined as lesser (<) and greater (>>) Green’s functions:

(2.0.6)
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A naive application of the Heisenberg equation in order to obtain a direct equation of motion
for the correlation functions, namely

i (A(); B))T = (4, H] ()i B(1)), 207)

must obviously be incomplete!™!, as the equation above should ultimately determine expec-

tation values, but it lacks statistical information. As an example, this is illustrated for a free
fermion model with

Hreo = Zskcj{ck and  [cx, Hiree| = €xCr,

(1)

where ¢, annihilates (creates) a particle with energy ¢;. According to (2.0.7), the equation
of motion for a single-particle lesser Green’s function reads

i (e (el ()) = eylee (el (), (208)

which is solved by functions o i exp{ —igxt}. The dependence on ' and constant prefactors
remain undetermined compared to the correct solution (cf. section 12.3 in [1])

(ep(8); b)) = if (e 1, T) exp{ —iex(t — ') }.

A fully consistent equation of motion for lesser and greater Green’s functions can be derived
in the framework of path-ordering, which is introduced on general expectation values in the
following section.

2.1. (Non-Equilibrium) Expectation Values

A non-equilibrium situation!V for a general quantum mechanical system can be described
by the Hamiltonian
H(t) = Hy + @(t — to)Hl(t), (2.1.1)

where the time-independent operator Hy alone describes the complete system for times
t < tg, where at t = tp a possibly time-dependent change is introduced to the system by
A (t), e.g. an applied voltage or hopping terms that connect subsystems. The state of the
initial system, i.e. for times t < to, is given through the density operator

po = p(Ho), (2.1.2)

which may describe either one system in equilibrium or a set of disconnected subsystems
each in its own equilibrium, and so observables in the initial system can be expressed as

(0}, = tr{u0}.

A mathematical argumentation using Dirac delta calculus can be found in [8].
VSee, e.g., chapter 4 in [9].



2. Equation of Motion for Non-Equilibrium Green’s Functions

The time evolution of the whole system can be done in different pictures — Schrodinger (S),
Dirac (D) and Heisenberg (H) — for which the governing equations of motion and subsequently
the transformations are the von Neumann equation for the density operator

A

—H% = [H, ps] = ps(t) = U(t, to)pos (£ to) (2.1.3)

and the Heisenberg equation for any other operator"

40y
dt

A

= [H,Oy] —  Oyl(t) :==U(t,t))OsU(t, ty), (2.1.4)

where

t
Ut ty) := Texp {—i t dt’H(t’)]
. N f (2.1.5)
U'(t,tg) := Texp [—i/ dt’H(t’)]
t

defines the unitary time evolution operator¥! and ()T is the (anti-)time-ordering operator.
As the equations above suggest, in the Heisenberg picture the operator Oy (t) carries the
complete time evolution of H(t) and the states (density operator) remain constant, where in
the Schrodinger picture the states evolve in time with ps(t).

The different pictures must not change physical quantities, which can be shown in fact using
the cyclic invariance property of the trace, thus, an observable at time f can be written as

(O(t)) = tr{ps(t)Os}
= {2 (t, to)pold! (1, 10) 05}
_ tr{poz)ﬁ(t, to)Osl (¢, to)}
= tr{poOu(t)}.

The Dirac picture takes an intermediate position, where states and operator both carry part
of the time evolution. The Hamiltonian is split like in (2.1.1) and all operators carry the
time evolution governed by Hy, which can be integrated exactly. The operators in the Dirac
picture then read

(2.1.6)

Op(t) :== S(t, to)Oslo (1, to) = e'(t=10)Hohge—i(t—t)Ho
f (2.1.7)
0

(t to) H1 (o (t, to) = et 1) oy, ()e~i(=to)Ho

where in principle Ho is transformed as well, but as it commutes with itself, the exponentials
cancel out and the operator is the same in both pictures, i.e. Hyp = Hps. Another unitary
transformation V can be found, relating operators in the Heisenberg and Dirac picture via

Ou(t) = Vit tg)Op(t)V(t, o), (2.1.8)

VWith 20 = 0.
VISee section A.1.1 in the appendix for the derivation.
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where
A t A
V(t, to) := Texp [—i/ dt’ HLD(t’)}
to

A, ~ to N (2'1'9)
Vi(t, tg) := Texp [—i/ dt HLD(t’)].
t

Equation (2.1.8) implies the special time-ordering t Ll to, i.e. regular time-ordering
from tp to t and anti-time ordering from t back to tj, that can be combined to a new
time-ordering for a variable T along a contour C;V!I. With the help of the corresponding
time-ordering operator 7¢, the operator in the Heisenberg picture can finally be written as

= i <—nl|)n - dtl .. /C dtn %t [OD(t)Hl,D(tl) ce Hl,D(tn)} (2_1_10)
n=0 : t t
(=1)"

n!

= ﬂOD(t) + ngl /Ct d_tl ce /Ct dtn ’TCt [OD(t)Hl,D(tl) ce Hl,D(tn)] ’

where the last two lines define the explicit form of the ordered operator exponentials occurring
in this section. Note that the integration variables ¢; in (2.1.10) are derived from the contour
variable T and already appear in the correct order, i.e. the time-ordering only affects the
position of Op(t). This can be seen in the derivation of the time evolution operator in section
A.1.1 in the appendix, with the only difference that the integration variables are related to '
in the regular time-ordering.

The expressions from the last two lines in (2.1.10) will be the starting point for the derivation
of the desired equation of motion. For that purpose, a similar representation"!!! for a
Green’s function is needed, and can be achieved with the additional time-ordered two-times
Green'’s function that is later used to construct the retarded, advanced, lesser and greater
functions:

(A (ta); B(tp))) := (T [A(ta) B(tp)])
= tr{poT [An(ta)Bu(tp)]} (2.1.11)
= tr{po [O(ts — tp) An(ta) Bu(ty) — O(ty — ta) Bu(ty) An(ta)]}

Using the propagator property of the time-evolution operator, V(t,ty) = V(t,t')V(¥, o),
and relation (2.1.8) the product for t;, > t; can be written as

Ap(ta)Br(ty) = Vi(ta, to) Ap(ta)V(ta, to) VI (t, t0) Bo(tp) V(ts, to)

= V(ta, t0) Ap(ta) V(ta, ty) V(tp, to) V1 (1, to) Bo(tp)V (ty, to) (2.1.12)

-~

=1
= V1(ta, to) Ap(ta)V(ta, tp) Bo(tp) V(ts, to)

VIIn literature, this is referred to as either the Schwinger-Keldysh closed time path or real-time closed contour.
It coincides with the contour C if t = t; = t;, (cf. (2.1.14)), which is depicted in figure 2.1.

VIIErom here on, it is assumed that the reader is familiar with the defined symbols, and hats are dropped on
most operators for the sake of simplicity. They may still occur in some places for traditional reasons or to
prevent misunderstandings




2. Equation of Motion for Non-Equilibrium Green’s Functions

and analogously for t, < t,

Bu(ty) An(ta) = VI (ty, t0)Bp(tp) V(ty, to) V1 (ta, to) Ap(ta) V(ta, to)

(2.1.13)
= V(ty, t0)Bo(tp)V(ty, ta) Ap(ta)V(ta, to)

is obtained. So the new time-ordering can be identified as tg 1, tap 7 tha T tp and in
analogy to equation (2.1.10) the contour C can be defined as

<
c_ {C for t, < t (2.1.12)

C~ fort, >t

and is shown in figure 2.1.

N N ty \"/ N ta
—00 t, ot —00 t A

(a) C= (b) C>

Figure 2.1.: Schematics for the two cases of contour C for tyg — —oco.

And finally the time-ordered Green’s functions can be written in the Dirac picture as
i({A(ta); B(t)) = tr{poTc [Ap(ta) Bo(ty)e " fedtHin()] |
= tr{poTc [Ap(ta) Bo(ty)]}

n i (=0)" /Cdtl.../cdtntr{ﬁo’fc [Ap(ta)Bp(tp) Hi,p(t1) - .. Hyp ()]}
(2.1.15)

|
=1 n.

In the following, a derivation for the equation of motion for the above non-equilibrium
Green’s function is presented according to [8].

2.2. Derivation of the Equation of Motion for
Non-Equilibrium Green’s Functions

The equation of motion is derived for an initial state in the grand-canonical ensemble that
consists of disconnected subsystems, which correspond to sites, orbitals or isolated clusters
in many-body models. The Hamiltonian

H=Hy+H

is therefore split in a way that Hy contains only free fermions, so

Ho=) e, = Zegagag, (2.2.1)
4 4



2. Equation of Motion for Non-Equilibrium Green’s Functions

where 7; = azag denotes the number operator for subsystem (, respectively creation-
and annihilation operator, ¢; is the corresponding (on-site) energy, and ¢ runs over each
subsystem. All other terms like hoppings, that eventually connect the subsystems, and
interactions are contained in H;. The subsystems in the initial state are all in their own
equilibrium characterized by chemical potentials j/; and inverse temperatures f; = T, 1,
and so, using the formal definition in (2.1.2), the grand-canonical density operator reads

_exp[— X By (eg — mg) ]
triexp|— Y By (g — me) Ay
With the choice of Hy the Dirac representation for the operators A and B in the Green’s

function can be worked out explicitly. Focussing on arbitrary odd'X products of creation-
and annihilation operators «; in the Schrodinger picture, i.e.

(2.2.2)

=

0

2m—+1
Ap(0) = Ag = [
i=1

and Hj containing only number operators, the commutators reproduce just the operator
with some constant 7. The equation of motion for the operator in the Dirac picture reads

dAp(t , . .
d—Dt() = —i[Ap(t),Ho] = —iAp(t) ) Aig; =1 —iAp(t)va, (2.2.3)
i
whereX
1 ifai Thilati
A= + 1 o ?s an ann.1 1lation operator (2.2.4)
—1 if w; is a creation operator.
The differential equation is solved by
Ap(t) = Ap(0)e™ " =: Ap(0)fa(t),
which has the property
Ap(B)fa(t' — 1) = Ap(0)e "1e~ 1= = Ap(0)fo(t') = Ap(t'). (2.2.5)

The result for B is obviously obtained analogously.

The sum in the equation defining -, (cf. equation (2.2.3)) runs formally over all operator
indices in Ag, but practically it is enough to count the signed factors A;e; only for operators
that are not paired with their Hermitian conjugate, as pairs cancel out. Consider, e.g., the

(t)

following operator, composed by annihilation (creation) operators x; ",

_ Tor ol
Xg = X X5X,X3%,

XWith A and B being odd, the total Green’s function describes correlations of an even number of operators,
which is needed in total particle-number conserving fermionic systems. Even products of operators for A
and B are excluded, as with the chosen Hy the Dirac form of, e.g., number operators 7 coincides with their
Schrodinger form and therefore the later defined v, = 0 and f; = F; = 1, which does not allow a closed

;ra i work out using commutator instead of anticommutator relations in a
g
or a;a; allow a closed solution using commutator relation that lead eventually to Bose distribution functions

instead of Fermi functions, and are not treated for simplicity.
XNote that this definition differs from [8].

solution in turn. Products of terms a

first step, but produce number operator terms in further steps. Pair creation- or annihilation terms like a



2. Equation of Motion for Non-Equilibrium Green’s Functions

for which <y, reads
Yx = €1 — €+ € —€3+ €4 =€ — &3+ €4

For the sake of readability and as operators only appear explicitly in the Dirac representation
in the derivation, the subscript D is dropped from here on, the Hamiltonian denotes always
Hj, and the time argument is indicated by a subscript, so that

Hz' = Hl,D(ti)
Ai = AD(ti) (2.2.6)
B; := Bp(t).

With these definitions equation (2.1.15) reads

n!

i(A(t,); B(ty)) = io(‘i)” /C dt ... /C dtn tr{PoTc [AaByHi . .. Hul}. (2.2.7)

The time variables t,; and t, are now posi’cionedxI on the contour C so that t, > t;, allowing
to evaluate the time-ordering of the product in the trace explicitly. No additional sign needs
to be introduced as fermionic Hamiltonians are always paired, and so the ordering for the
nth term and n > 1 yields

W, = 7?: [AaBle .. Hn] = H1 .. (AaHi) .. BbH]' ... Hy. (2.2.8)

Note that eventually the same equation of motion can be obtained by following the procedure
for t, < t;, which yields

Wy = —Hy...ByH;... A.H; ... Hy

in the beginning, as interchanging two odd products of fermionic operators gives a minus
sign. The aim is now to move the operator A, from its position (A,H;) once through the
whole contour to get back to the original expression and algebraically solve for it. Moving
the operator A, one step to the right gives

Wy = Hi...(HiAs)...ByH;...Hy + Hy ... [Aq, Hi] ... ByH; ... Hy, (2.2.9)

as
A.H; = H;A, + [Ay, Hj).

With (2.2.5), the time argument can be changed according to A; = f,(t, —t;)A; and the
commutator in W,, can then be written as

[As, Hi] = fa(ta —t;)[Ai, Hi
= fa(ta - ti)ci/

where C; is the equal-time commutator of A; and H;, that itself is again an odd product of
operators, and so

(2.2.10)

Wn — fa(tu - tl)Hl . e Hl_1C1H1+1 . e BbH] . e Hn

(2.2.11)
+H;...H;_4 (Hl'Aa) Hiiq... BbH] ... Hy.

Xl Inequalities in the path-ordering are denoted by the symbols > and <.

10



2. Equation of Motion for Non-Equilibrium Green’s Functions

Each additional commutation to the right gives another summand with a factor f,(t, — t)
and one additional term comes from the commutation with B, which is expressed via their

anticommutatorX!!
AaBb — {Aa, Bb} — BbAg

and introduces a minus sign for the succeeding summands. Similar to (2.2.10), the anticom-
mutator from above can be written as

{Aa, By} = fa(ta —tp){Ap, By}
=: fa(ta —t,) D}/,

where D; is the equal-time anticommutator of A; and B,. Commuting A to the end of the
original operator string and taking the whole trace term gives

tr{ﬁOWn} — fg(ta - tb) tr{pOHl P D;H] PP Hn}
+ Y falta—ti)te{poH1...Hi_1...C...ByH;... H,}

tittk>_tj
- Z fa(tg—tk)tr{ﬁoHl...Hj_le...Ck...Hn}

tjttkitn

- tl‘{ﬁoHl o Bb e (HnAa)}.

(2.2.12)

(2.2.13)

Notice the change in sign before the second sum due to the anticommutator. Due to cyclic
invariance in the trace, the last term can be written as

tr{pAOHl [T Bb . e HnAa} — tr{AapOHl o e Bb e Hn}.

Using the series expansion of 9o and moving A, to the right, the following result can be
found X!
AapO = PapOAaz

where
F,:=exp [— Z/\iﬁz' (ei — P‘z’)] =e? (22.14)

is similar to -y, defined in the commutation with the initial-state Hamiltonian Hj (see (2.2.3)),
but includes now statistical information. The commutations can then be continued up to the
original position of A:
tr{pOWn} — fa(tu - tb) tr{pAOHl e D;H] [N Hn}
+ Z fa(ta_tk)tr{pOHl---Ck---BbH]'---Hn}

tim -t
— Z fa(ta — tx) tr{poH1...By...Cx...Hy}

tizteztn (2.2.15)
— Y Efa(ta—te)tr{poH1...Cx... H;...ByH;... H, }

tlttk>'ti
- Fa tr{ﬁoHl ce Hi—l (AaHi) ce H]'_leH]' “e Hn}

J/

Itr{ﬁown }

XIThis thesis treats only fermionic operators. For bosonic operators it is more convenient to choose the
commutator. The result can be found in [8]
XllISee section A.1.2 in the appendix.

11



2. Equation of Motion for Non-Equilibrium Green’s Functions

Solving for the left-hand side gives a global factor (1 + F,)~!. All operator strings containing
C in the traces can be rewritten as formally the same contour-ordered term, where the
commutator takes the position of A, in the starting definition. In the second sum an
additional minus sign appears as B, and Cy need to be interchanged, i.e.

_fﬂ(tﬂ - tk) tr{ﬁohﬁ .. Bp... Ck oo Hn} = ‘|'fu(tu - tk) tr{ﬁOITC [CkaHl oo Hn]}/

and so all sum terms with factor f, occur with positive sign and the terms with factor F, f,
with negative sign. The sum indices turn out to be characterized only by t,, namely

Yo fata—t) ..o+ Y. falta—ti)...= Y. falta—ti)...= ) falta—ti) ...

tiztic—t b=ty =ty tim b=ty tati
and
— Y. FRfalta—ti)...=— Y Ffalta—tr) ...,
b= te-t ty=ta

where the for t, - t; only factors o f, and for t, < t; only factors  F,f, appear, which can
further be related to single-particle non-interacting Green'’s functions*!V, i.e. correlations
o« (cf(t1)c(t2)) in a system described by Hy:

. th —t
ig7 (la— 1) = Jl2 = 1)
1+ F,
(2.2.16)
igy (b — 1) == fafalt— 1)
a 1+F,
Combining the above functions to
. ig;(tQ — tl) if th = 1
th — 1) := 2.
Salt2 = 1) {ig;(tz —t) ifth<H (2.2.17)
equation (2.2.15) can be written with the single sum
tr{pOWn} = iga(ta — tb) tr{ﬁoTC [D;Hl N Hn} }
+iY " galta — ty) tr{poTc [CeByHi . .. Hul }. (2:2.18)
k

As noted before, the above result is valid for n > 1 and with equation (2.1.15) the result for
n = 0 is readily obtained as

tr{poWo} := tr{poTcAsBy}
=fa(ta — tp) tr{poD} } — Fatr{poWo} (2.2.19)
:iga(ta — tb) ’[I'{p()D;_}.
Inserting the results for n = 0 and n > 1 back in the definition for the Green’s function
(2.2.7) yields

i{(A(ta); B(ty))) = iga(ta — tp) tr{poD; }
+iga(ta — tp) ; (_nl!)

n
+ Z (_Z') /Cdtl .. -/Cdtni Z ga(ta - tk) tr{pA07'C [CkaHl e Hn]}/
) k=1

n=1 n

/Cdtl.../cdtntr{poTC [Di Hy...H,]}

(2.2.20)

XIVNote that in equilibrium, i.e. #; = y = 0 and B; = B, the fermionic Kubo-Martin-Schwinger boundary
condition holds: g=(t +iB) = ie F7 (1 + e’lg"Y)_1 e V(B — _o>(t), cf. [10].

12



2. Equation of Motion for Non-Equilibrium Green’s Functions

where the expectation value for the anticommutator D, can be identified with the help of
equation (2.1.10) and so

i{(A(ta); B(ty))) = iga(ta — tp) (Dy )
+r;@/cdt /dtnz Zga — ti) tr{poTc [CkBpH; ... Hy}.
(2.2.21)

At first glance, the new expression looks even more complicated, but analysing the nth term
in the sum gives

/ dtnl Z ga tr{po% [CkaHl .H ]}

= n /C dtl e /C dtn iga(ta - tl) tr{ﬁo% [CleHZ .. Hn]}

n!
_ (_n') -n /C dtiga(ts —t) /Cdtl e /C dt, 1 tr{po7Tc [C:tByHy ... Hy—1]}

as the sum over k gives just n times the same integral over different dummy variables and ¢;
is renamed to t;_; in the last step, where ty is just t. The prefactor can then be rewritten in

the following way
(=" _ (=) _1(=)"!

n

nl  (n—=1)! i(n—-1)!
and so the whole sum yields
) © 1( n 1
/ dtigalta ~1) Y 77 1) / dt .. / dty_1 tr{poTe [CiByHy . .. Hy 1]}
n=1
_ : 1o ()" X
= /Cdt Zga(tg t); m;o ol /Cdtl - /C dt,, tr{po% [CtBle - Hm]} (2.2.22)
cim)
—z/ dt ga(ts — t)(Cs; By)),

where n — 1 = m is renamed and the sum over m is just the initial definition for a Green’s
function. So in total, the equation of motion for the Green’s function results in

(At);B(t)) = golta = 1) (D)) + [ dbgalta =O(CiBy).| (2223

The single-particle Green’s function g can be written in the following way

ga (b2 = h) = iPZ(@a) falt2 — 1),
where with equation (2.2.14) a relation to the Fermi function f(x) is found:
e %a 1
P< = —_— = =
(q)ﬂ) 1 ‘f‘e_q)ﬂ 1 +e(Pﬂ f((Pa)
1 efa

P7ga) = g = ~Tem = S (90) -1

(2.2.24)

13



2. Equation of Motion for Non-Equilibrium Green’s Functions

And so the factors can be related to each other via

> _ 1 _ <
P<(—¢q) = :Fm = —P>(¢,). (2.2.25)

Notice the different superscripts =2 and <.

2.2.1. Real-Time Integrals: Langreth Path-Splitting

The derived equation of motion still involves the full Green’s function containing all time
information on the contour, whose direct evaluation is not straightforward. Especially for a
numerical evaluation the need for regular real-axis integration is given. This is achieved by
tixing the times t, and t;, and evaluating the contour for four different Green’s functions
separately. In first place the two correlation functions, lesser and greater Green’s functions
(cf. (2.0.6)), arise, namely

(A(ta); B(ty))~ for t, <t

(A(ta); B(ty))~ for t, = ty,

as the definition from equation (2.1.11) yields
(A(ta); B(ty)) ™ = +itr{PoBu(ty) An(ta)} = +i (B(ty) A(ta))
(A(ta); B(ty))~ = —itr{PoAn(ta)Bu(ty)} = —i (A(ta) B(ty)) -

These functions can further be used to describe the retarded and advanced Green’s functions,
cf. (2.0.1):

(A(ta); B(t) )" = +0© (ta — 1) ((A(ta); B(ty))” — (Alta); B(t)) )
= —i0 (ta — 1) ({A(ta), B(ty)})

(A(ta);B(tp))™ = =0 (b — ta) ((A(ta); B(t))” — (A(ta); B(8)) ")
= +i0 (ty — ta) ({A(ta), B(ty)})

The main trick for the contour evaluation as introduced by Langreth in [11] consists of
splitting the contour into two subcontours

C2 =CE+C5,

depicted in figure 2.2, on which the following relations hold for t on the explicit four
sub-contours and functions G(ty, t):

t <ty for Vi € C5 < G(t,ty) = G=(t 1)
t <ty forVt € C{ & G(tg,t) = G (tg,t)
t = t, for Vt € C5 < G(tg,t) = G=(tg, 1) (2.2.26)
t =ty forVt € C5 < G(t,t,) = G (t 1)

As shown in figure 2.2, the initial time ¢y is now assumed to be in the far past, i.e. typ = —oo,
which is a preparation for the steady-solutions presented in the next section. With the above

14



2. Equation of Motion for Non-Equilibrium Green’s Functions

Cr: e Ci: Dtb

(a) C= (b) C>

Figure 2.2.: Contour replacements C= for C

relations and the definition of the single-particle functions (2.2.16) and (2.2.17) the splitting
results in

[ dtgalta = £)(CiiBy) = /c; At ga(ta — D){(C By) ™ + /c; At g (ta — £)((Ci; By)

o dtgalte = D(CoB) = [ drg (ta—D(CiBu) + [ dtgalta = (CiBy)”
(2.2.27)

Using the same argumentation, the sub-contours C? can then be further split into regular
real-time integrals over the sub-regions. For C; this reads explicitly

/c; e galta — (CB) < = [ dtgi (ta—D(CiB) + [ atsi (= (i)

— /too dt [g7 (ta—1t) — go (ta — t)] {(Ci Bp) ™
(2.2.28)

and for C{’

[ drgr (=GB = [ dtar (ta—0(CuBa) + [ degi (= 1)(CB)”

1
tp

=~ | _dtgg (ta—1) [(CrBy)” — (Cui By) ]

(2.2.29)

is obtained. The integrals can be rewritten as integrals over the whole real axis with the help
of a shifted step function, namely

tq, 00
hdt...:/ dtO(tyy—1)...,

—00

where the definition of a retarded (advanced) function can be identified for C;* (C;) and so
the integration reduces to

/ At galta —D(CiBy) = = [ dtg(ta—1)(CiBy)

[ dtgz (- 1)(CuBy) = [ degz (ta—D(CiBa)™

1

(2.2.30)

15



2. Equation of Motion for Non-Equilibrium Green’s Functions

An analogous splitting for C5 leads to

[ drsi (- 00CiB) = [ atgi (o= 0GB+ [ degi(ta - 0GB

ty

=~ | _digi(ta—) ((CuBy)” — (CoBu)™)
= / dtga a <<Ct/ Bb>>
(2.2.31)

and for C5 to

[ drsetta—00CiB)” = [ ate o= 0B + [ desi (ta— 0GBy
= [ (g5 (e )~ g5 (10— 1)) (CiBy)”
= [ degRits — 0)(CiBu).

(2.2.32)

The whole integrals over C< and C~ are formally the same and differ only in the superscript
defining the lesser and greater part, so the combined results read

. dt8alta = 1)(Ce; By)) = /_ O:O dt [gff(ta — ){(Ci By)= + 87 (ta — ) (Cr; Bb»A} - (2233)

The explicit form of the single-particle retarded Green’s function used above is obtained
analogously to the full Green’s function, cf. (2.0.1), and leads to the explicit form

8alta—1t) = O(ts — ) g7 (ta — 1) — gi(ta —1)]
= iO(t, — t) (— L )fa( t)
1+F 1 + F, (2.2.34)
= —iO(t, —t)fats — t)
= —iO(t, — t)e Malta=t)

and for the advanced function

gf(ta —t) = —0O(t —t,) [8;(% —t) —ga (ta — t)]

) 2.2.35)
— iQ(t — t;)e alta=t), (2235

The equation of motion for greater and lesser Green’s functions is thus given by
(A(t); (1)) = 87 (s — 1) (D) + [ dbgalta—D){(Cii By) (2.236)

and the corresponding definitions (2.2.33)-(2.2.35).

The equation of motion for retarded and advanced Green’s functions can be obtained by
inserting the above equation of motion in the definition (2.0.1). The single-particle terms are

16



2. Equation of Motion for Non-Equilibrium Green’s Functions

straightforward, but the integral term needs a closer look. The retarded terms yield

O(ts 1) ([ dtulta = (il = [_dtgalta— (i)
=0t —t) [ de{gh(ta— 1) [(CoB)” — (CiB) ]
+ (g7 (ta— 1) = 8 (ta— D] (Cii B)  },

where ¢R and ((C; Bb>>A are now rewritten in terms of lesser and greater functions and the
step function is incorporated in the limits, and so

= O(t, — tp) {/_ta dt [g7 (ta—t) — &x (ta — )] [{Ce; Bp))” — (Cr; Bp) ™|
— " at g (= 1) g5 (= 0] ()" — (CBe) ]}
= O(ts — tb)/ dt (g7 (ta —t) — g (ta — 1)] [{Cii By) ™ — (Cr; Bp)~] -

tp

By rewriting®V the expression

t, 0
olt:—t,) | dt...:/ dt@(t, — HO(t—ty) ...,
b —00

the result for the retarded part of the integral becomes finally

= [t — 1) g7 (ts — 1) — g5 (ta — 1)
x ©(t —ty) [(Cr; Bp) ™ — (Cr; By)~]
= [ dtgRit —n(CuB)®

The procedure for the advanced part leads to an analogous expression. The results of this
derivation are known as analytic continuation or Langreth rules (see sec. 4.3 in [1]).

So finally, the regular time integration of the equation of motion on the contour (2.2.23) can
be summarized as

(A(ta); B(ty))= = g5 (ta — ty) ({A(t), B(ty)})
N /_w dt gR(ta — ) ([A(H), Hy (D)]; B(t,) )
+ [ " dt g (b — 1) ([A(), Hy (1)]; B(ty))™ (2:2:37)

(At B))™™ = g8/t — 1) ({A (), B(t) D)
+ [ drgt/ At — (AW, (0] B() N

XVSee section A.1.3 in the appendix for details.
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2. Equation of Motion for Non-Equilibrium Green’s Functions

2.2.2. Steady State

A system can reach a steady-state if its describing Hamiltonian is or eventually becomes
time-invariant*V!. In this case the Green’s function depends only on the time difference
t'i=t, —ty,i.e. G(ts, tp) — G(t, — t;) and a Fourier transform from time #' to energy*V! w
can be performed. The following sign convention is used and only the inverse transform
carries a factor (27r)~!

:/ dt’ G(t')e'! (2.2.38)

With the integral representation of 6(¢'), a steady-state expectation value (equal-time corre-
lation) is then obtained via integration:

(B()A(t)) = / dt' G (t / dw %/_O; dw Gip(w)

(2.2.39)
The steady state for contour-ordered Green’s functions is in fact technically appealing as

the occurring integrals can be transformed into convolution terms (denoted by an asterisk
*) that reduce to simple multiplication according to the Fourier convolution theorem. The
substitution T =t — t; and dt = dt gives

| atgtta—0G(t—t) = [ drglta—t,—1)G(r)
=:(¢g*xG)(ta — tp) (2.2.40)
= (g% G)()

and its Fourier transform is simply the product of the individual transforms:

/OO dt’ (g G)()e! = ¢g(w)G(w) (2.2.41)

The first term in the equation of motion gives

/ at’ e zwt (') ({A(ty), B(tp)}) = <{A(0),B(0)}>/o; dt’eiwt’g (t') = ({A,B}) ga(w),
(2.2.42)

as the time difference in the anticommutator is zero. And so the equations of motion in w
become just algebraic equations:

(A;B)S = 87 (w) ({A,BY)  +gn(w){([A Hi;B)S +g& (w)([4, Hi]; B)y,

(A;BYS A = gf/™w) ({A, B}) + g8/ A (w) ([A, Hi]; BY i ® (2:2.43)

Using the equation for GR/A to express the higher advanced function in the equation for
G=, the expectation value can be eliminated and the following form is obtained:

LA B + ) (14, L) (2240

oqQ

(A;B)E =

oqQ

XVig[dtH _, oHE . (A(t,)B(ty)) — (A(ts — t;)B(0))
XVIAs 71 = 1.
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2. Equation of Motion for Non-Equilibrium Green’s Functions

The Fourier transform of the retarded single-particle non-interacting Green'’s function gX(#')
leads to an integration over positive time differences #/

it (w—"4)
—1/ dr et — & 7 (2.2.45)
C(J—’)/u 0

which has no well-defined solution due to the « exp(icc) term. However, this can be
overcome by introducing an infinitesimally small imaginary part to the energy w, i.e.

w — lim w41y,
n—0+

which leads to the solution ,

g (w) = 1711>0+m (2.2.46)

The advanced function leads to the similar problem, but with integration over negative time
differences #'

it (w—",)
) =i df eit'(@w=—m) = & 7 , 2.2.
/ o7 (2.2.47)

where the opposite sign for the imaginary part is needed, i.e.

w— lim w -1y,
n—0+

and the solution is obtained as

1

A .

w) = lim ——. 2.2.48

8a (W) B a—— (2.2.48)
Summarizing, a positive (negative) imaginary part iy needs to be added to the transformation
variable w for positive (negative) time difference t', so the replacement

w — lim w + iy sgn(t')
n—0+

can be introduced for the entire real axis, which is needed for the lesser and greater
functions:

ga (w) = ¢a/ dt’ it (@)
= iP%(g0) tim [~ i ot
n—0+
= iPZ( (¢q) lim {/ dt’ et (w= 7“)+’7t/+/oodt'eit/(“’7”)”tl}
n—0T 0
eit' (W—"7a) o’ 0 it (W—7a) o1t © (2.2.49)
= iP<(¢@,) lim | - + -
g0t | (@ =a) +1| (W =7a) =7
1 1
= {P= lim [ — = }
N H e A A =
— 2iPZ(¢,) lim 1
) R ot
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2. Equation of Motion for Non-Equilibrium Green’s Functions

The limit can be interpreted asXV!!!

27riP2((pa)(5(w —Ya),

which can also be obtained by transforming ¢<(#') directly with a purely real w and
exploiting the definition of how the Dirac delta distribution acts on a function f(x), namely

) = [ defite—y).

This formal result can be understood as a placeholder that fulfils the invertibility property
of the Fourier transform, namely that the inverse transform of a Fourier transform returns
to the original function:

% /_0:0 dw g2 (w)e ™! = P2 (g /OO dw 6 (w — ) e !
((P) it (2.2.50)
g (¥

Keeping this in mind, another placeholder function can be found for the case p; = B, i.e. no
temperature gradient between the particle types the operator is acting on*X. In that case, ¢
can be expressed as a function of y

= ZAi.Bi(gi — Wi) =4 ,32/\1'(81' —wi) =P (7 — Z/\ilii) = ¢(7)

v

and
g% (w) = 27iP= (¢(w))d (w —7), (2.2.51)

where P< is now a function of ¢(w). This returns the same function in time:
L /oo dw g2 (w)e ! = i/00 dw P2 (@(w))d (w — ) e
Pl . 4 i
= iPZ(@(7))e " (2.2.52)
PSP ip2(g)e " = g2 (1)

As shown later on, this change in argument can be useful where integrals of type

[ are(ngwin)

are needed, as P(w) does not need to be integrated. This choice seems even more justified
as it does not violate a certain form of the fluctuation-dissipation theorem in equilibrium, as
shown as an example in section 4.1.1.

XVIlIgee section A.2.1 in the appendix for the normalizing constant of 7.
XIX The result from (2.2.49) is valid for different values of B; though.
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2. Equation of Motion for Non-Equilibrium Green’s Functions
2.3. Alternative Expression for the Equation of Motion

The equations of motion discussed above are mostly governed by the dynamics of the
first operator A(t,). However, for some Green’s functions it may be convenient to have
an expression in the second operator B(t;,), especially when treating correlations with
non-interacting particles, as their time evolution relates only to other basic correlations and
does not produce an infinite or non-trivial hierarchy of new Green'’s functions.

In equilibrium this can be achieved for retarded and advanced Green’s functions by differ-
entiation with respect to the second time and its Fourier transformed version reads

<A B R/A _ <{A B}> ]>>R/A.

This form has been used before (e.g. in [12], [13] and [14]), but, to the author’s knowledge,
not yet in non-equilibrium situations for greater and lesser functions.

In order to find a non-equilibrium analogy to the above equation the following symmetry
relation is found:

—i)" Jder [ bt {p0Te LA Bt i (1) . Hi (1))}

n=0 n!
_ _g 1!)” /Cdtl.../cdtntr{poTC [B(ty) A(ta)Hy (1) . .. Hy (t)]}
= —i((B(tp); A(ta)))

(2.3.1)

So the contour-ordered Green’s function is antisymmetric under exchange of operator and
time argument.

As used in Langreth’s path-splitting, fixing the times ¢, and t; relative to each other makes
it clear which Green'’s function describes correctly the physical situation. Choosing t; < t;,

gives
(Alt);B(t))™  but  (B(ty); A(ta))”

and vice versa. So the following relations hold using equation (2.3.1)

(A(ta); B(ty))™ = —(B(t); Alta) )~

(At B(#))” = (Bt )i Alta)), 223
and can be used to determine relations for retarded and advanced functions:
(A(ta); B(tn))™ = O(ta — 1) [(A(ta); B(t))™ — (A(ta); B(t)) "]
= O(to —tp) [(B(tp); Ata) )™ — (B(ty); A(ta) )]
= —(B(t); Ata))" (23.3)
(A(ta); B(ty))™ = —O(ty — ta) [(A(ta); B(ts))” — (A(ta); B(t)) ]
= —((B(ts); Alta) )"

According to equation (2.2.23) the equation of motion for switched operators is just

(B(ts); ACt) = su(ts —ta) (D) + [ dtgulty —£)((Cos Aa),
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2. Equation of Motion for Non-Equilibrium Green’s Functions

where here _
Ct = [Bt, H¢| = —[H}, Bt] =: —C;

and so the higher Green’s function can be written as
(Cos Al = —(Aw Cr) = (An; Cr).

Using the antisymmetric relation (2.3.1), the contour-ordered equation of motion in the
second operator is just

(A(ta); B(tp))) = —8u(ts — ta) ({A(ta), B(ta) }) — /Cdfgb(tb — 1) (A(ta); [Hi(t), B(1)])

(2.3.4)
The explicit Langreth splitting of equation (2.3.4) can be obtained analogously to section 2.2.1,
but it seems more convenient to use the equations of motion (2.2.37) for (B(t;); A(t,))) and
replace the expressions according to the symmetry relations found in (2.3.2) and (2.3.3).

Lesser and greater Green'’s functions yield
(B(t); A(ta))= = g5 (8 — ta) ({B(ta), A(ta)})
+ [ drgRin — QB H(0) At)®
[ degi (= DB, H (1)) Al)
= g (ty = ta) ({A(ta), B(ta)})
[ R — D (A (1), BO])?
+ [ degs (= DA [F (8, BO))®

(2.3.5)

and retarded and advanced
(B(ty); A(ta))™™ = &7/ R (8 — ta) ({B(ty), A(1)})
[ deglR(ty — (B, () Alt))
— gMR(t, — 1) ({A(t), B(t)}) (220

[ g Rty — (At I (8), BN,

where the symmetry relations (2.3.2) and (2.3.2) were used only on the right-hand side of
the above equations. Applying the relations to the left-hand side finally gives

(At B(0))T = —g5 (8 — ta) ({A(t2), B(t)})
[ dtgR(ts — (A [ (1), B()])
- [ atgi - DAY (1), BE))® (237)
(At B(8))™™ = =g "% (8 — ta) ({A(t0), B(1)})
— [ deglR (= (A L (1), B
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2. Equation of Motion for Non-Equilibrium Green’s Functions

Notice the use of the different superscripts 2 and < as well as R/A and A/R whose
positions, i.e. up/down or left/right, must be maintained when evaluating the equations
for a specific superscript.

Since the equations shall be used together with the equations from the previous section, the
Fourier transform must be done in the same time argument ¢’ = t, — t,. The substitution
T =t —t; and dt = dt leads again to a convolution

o0 SN
/Oodtg(tb—t)G(ta—t) :/ At 9(—1) Glta — ty — 1)
(2.3.8)
—/ dtg(t)G(t — 1)
= (g G)(t )

whose Fourier transform is just the product

/_ dt’ (3« G)(F)e! = {/ dt'g “"t] {/ dt’' G(t l“’tl] =3(w)G(w). (23.9)

Before rewriting the explicit equations of motion in terms of Fourier transforms, the trans-
form of the function g(#') is examined. At first, it is clear that g(#') represents simply the
non-interacting Green’s functions as they occur in (2.3.7), as

& (t) = go(—t) = gu(te — ta),
and it is therefore sufficient to calculate the transformations of g;,(—t).

With analogous argumentation as in section 2.2.2 the transformation for the lesser and
greater functions read*X

/ dt’ gb e’“’t iP=(¢yp) / dt’ ett'(wtm) = 271iPS (¢3)8(w + 7p). (2.3.10)

In order to achieve (formal) equivalence to the expressions for the first operator A(t,),
where the argument in the delta distribution is w — y (cf. equation (2.2.49)), the following
replacements are made

Yo = —Vb and Pp — —Pp,

where 7}, is obtained from [Hy, By, | instead of [B;,, Hy], which accounts for the minus sign

and is, in addition, consistent with C = [H, B]. Using the symmetry shown in (2.2.24) and
(2.2.25) the prefactor becomes

P=(¢y) = P=(~@p) = —P=(),

where the superscripts changed, and so

g (W) = —27iP=(§3)6(w — 7).

XXThe expression using a limit in 7 applies here as well; for convenience the transformation is shown
without 7.
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2. Equation of Motion for Non-Equilibrium Green’s Functions

The retarded and advanced functions read
gi{(tb —ta) = O(ty — ta) (g5 (ty —ta) — & (tp — ta)] = —i@(—t’)eit”rh

gR(w) = _Z/O dtl eit’(a}‘F’)’b) — lim _; (2.3.11)
’ - n—0t w4y — 1y

and
gﬁ(w) = i/oo dt et (@) — 1im _;. (2.3.12)
0

Applying the replacements mentioned above, the transform of g, can be related to newly
defined transforms (in accordance with section 2.2.2):

§b§(w) = 27iP(¢p)d(w — 7p) =: —8?(“’)
i | . (2.3.13)
gﬁ/R(w) = lim ——— = _gll}/A(w)

And finally the equations

(4:B)5 =& (@) ({A,BY) +8(w)(4; [y BI)G + & (@) [Hy Blbg |
(4iB)G™ = & Mw) ({4, BY) + & (@) (A [Hh, B
are found, or alternatively for the lesser and greater functions
(485 = S0+ 2w 4 1, B, (2:3.15)
b

For the case where the second operator is a creation operator, i.e. B = cf, the relations

Tet = e (2.3.16)
Pct = Pc

are found and further

gt (w) = gc(w). (2.3.17)
Thus, the alternative definitions are not necessarily needed and the quantities can be
obtained from the regular definition by treating B as annihilation operator.
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2. Equation of Motion for Non-Equilibrium Green’s Functions
2.4. Summary and Plug-and-Play Equations

In the current chapter, the framework for the equation-of-motion technique was set up in
non-equilibrium and certain aspects were discussed in more detail. In this last section of
the current chapter, the equations and definitions used in the subsequent chapters shall be
summarized as a quick reference for the application-oriented reader.

The steady-state equations of motion for Green’s functions of arbitrary odd products of
creation- and annihilation operators

2m+1 2n+1

A= H“i and B= H,Bl
i=1 i=1

in a fermionic system whose Hamiltonian is split in a part Hy, containing only number
operator terms, and the rest Hj, containing hopping and interaction terms, are given by

(483 = SRS+ gR) (4, i)
(A BYR/A = gR/A(w) (1A, BY) + g/A(w) (14, ] B)S
where
R/A () — 1
8a' (W) = S0 =,

s = () ).

the (curly) square brackets denote the usual (anti)commutator and f denotes the Fermi
function. The constants are obtained from

[A/ HO] = YA and WHa = Ya

i~ Hi

For correlations with a single creation operator an alternative formulation is found, treating
c' as annihilation operator when determining the constants:

(5eh)3 = S Aeh)S + ) (4 [Hh 1)

(A ™ = g8 M w)({ A eT}) + g Mw) (A; [Hy, )
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3. The Interacting Resonant Level Model

In this chapter, the Interacting Resonant Level Model (IRLM) is shortly introduced and
serves as an explicit example throughout the rest of the thesis on how to apply the equation-
of-motion technique. This involves modelling the leads or baths, i.e. the large surroundings
to which the interacting system is coupled, and aims at the fundamental set of equations
describing the non-equilibrium Green’s function problem in the IRLM.

The IRLM is a linear lattice model for spinless fermions, i.e. it involves fermionic creation-
and annihilation operators with the usual anticommutation relations, but no explicit spin
degree of freedom appears. It is chosen as benchmark model, as an exact expression for the
current-voltage characteristic is available for a special parameter set known as the self-dual
point. The solution is obtained in [15] and formulated in closed form as a hypergeometric
function in [16]. Furthermore, the model exhibits an interesting feature due to interaction,
namely negative differential conductance, i.e. the current through the system decreases with
increasing voltage in a certain range (see [17]).

In its simplest form it consists of three lattice sites' and two baths of non-interacting electrons.
As depicted in figure 3.1, the left (right) site a(b) couples to states k € L(R) and the inner sites
are linearly connected via nearest-neighbour hopping. The electron interaction is reduced to
inner neighbouring sites. The system is at temperature T, and the non-equilibrium situation
is only evoked by different chemical potentials y; in the leads, accounting for a voltage
applied to the system.

kel ke R

Figure 3.1.: Schematic representation of the IRLM and its system parameters.

The IRLM is described by a Hamiltonian H = Hy + Hy, where

Hy =¢egn + Z Emfm + Z ey
m=a,b keL R

H; = 2 [—t (CLd—i—dTCm) + Uﬁmﬁ] 4 Z ( bCk +Ck ab)

m=a,b keL,R

(3.0.1)

TAn extension to multiple inner sites d; can be found in [18].
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3. The Interacting Resonant Level Model

The operators d' and d create and annihilate a particle on the central lattice site, the
corresponding number operator is denoted simply by 7 = d'd. The operators cl )" Sa(b) and

fla(p) describe particles on the left (right) lattice site, and c,T(, ¢, and 7 a particle in state k in
the left (right) lead if k € L(R). The on-site energies ¢ in the leads are defined via a certain
density of states p(e) characterizing the type of lead, whereas ¢4, ¢, and ¢;, are parameters to
choose. The other parameters t and V denote the so-called hopping integrals, describing the
kinetic and potential energies related to a single-particle tunnelling from one site to another,
where t connects the inner sites and V' connects the system to the leads. And finally, U
describes the electron-electron Coulomb repulsion between to neighbouring inner sites.

It can be shown!! that this Hamiltonian is invariant under the particle-hole transformation
cn = (=1)"cl,, (3.0.2)
where ¢, (and c} respectively) maps to the the operators from above via

co|calalal o
CheL | Ca | d | cp | cher ’

if the on-site energies fulfil the relations

28,1,;, =& = -u
_ (3.03)
€keL = €keR-
In fact, the exact solution is obtained for the particle-hole symmetric case, but for now the
on-site energies remain general parameters in the following equations until particle-hole
symmetry is applied explicitly.

3.1. Definition of the Current

The current through a system plays a major role in non-equilibrium physics and is usually
calculated through the change in total particle number of a region x in the system. So,
recalling equation (1.0.1) for electronic systems,

b= e (80 = ([,

where e is the elementary charge and the commutator comes from the Heisenberg equation.
In the IRLM, the current can be measured from the leads to the inner system or over the
inner junctions. The two corresponding regions can be identified as simply left or right lead
and a lead plus the neighbouring site a or b. As the current over the whole system must be
conserved and the system is left-right symmetric, the currents sum up as

Lip +Lig =0

lISee section A.1.4 in the appendix for the proof.
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3. The Interacting Resonant Level Model

and only one side needs to be considered. So, the two regions are characterized by the total
number operators

Ny =)
kel

No =g+ ) g
kel

(3.1.1)

In order to obtain an expression for the current, the following commutators! with the
Hamiltonian (3.0.1) are needed. The commutator from the left lead results in

[H, y ﬁk] = Y H ] = -V Y [clee+cle, ny]

keL keL keL (3.1.2)

=-V) (clck — c,tca>

keL

and for site a

[H, ] = |—t <c,§d + cha) -VY (clck + c,tca> ,ﬁa]
kel
= +t (cld — chu) +V Z ( C,Ch — CkCa> (3-1.3)
keL
= +t <cad - cha> — Y [H, 7y,
kel

where the commutator (3.1.2) is used in the last step. And so, according to (1.0.1) the two
currents are obtained as

I, = —ie < [H, Nlb = —ie Z ([H,f]) = +ieV Z <<c ck> — <c;£cu>> =: I jead

kel kel

I = —ie ([H,Kp]) = —ie <[H, fa+ Y [H, ﬁk]> = —iet ((chd) — (d'e,)) = I,

keL

(3.1.4)

where the expectation values can be calculated by integrating over the corresponding lesser
Green’s function!V.

3.2. Modelling of the Leads - Hybridization Strength

The IRLM includes two non-interacting leads that are coupled symmetrically to the system.
As they appear as sums of operators creating and annihilating a particle with energy ¢, in
the Hamiltonian, the resulting equations of motion naturally contain sums of some bath
quantities Q (e w).

I The equation-of-motion technique requires calculating a lot of commutators which can become quite
cumbersome, and is further a popular source of (sign) errors. However, this tedious work can be avoided
using some neat packages like the Mathematica package SNEG. See [19] for details and download information.

VWhile L is directly obtained from the expectation values needed for the later described self-consistency
loop, I is obtained from Green'’s functions as described in 5.5.
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3. The Interacting Resonant Level Model

These energies ¢, i.e. the inner structure of the leads, are not given explicitly, but encoded
in a density of states p(¢), so that the general procedure to calculate these terms is based on
rewriting the sums as integrals over the given density:

Y Qleiw) > [ dep(e)Qleie)
k

An important quantity connected to the single-particle Green’s function is the so-called

hybridization function
W)=V Y gZ(w) =V Y gf (w
keB keB

where > =<, >,R, A and B = L,R stands for the left or right bath. The following commutator
defines 7y := 7., namely
[ck, Ho] = exck — i = &k,

and so according to (2.2.3) the retarded and advanced hybridization function read

‘/2

R/A i 2 R/A
A A (w) == Ag (w) == V2 ) g} Z——skim

keB keB

(Af (w ))* ) (3.2.1)

Assuming the system is at temperature T = f~! and the non-equilibrium is governed by
the different chemical potentials of the leads up, according to (2.2.24) and (2.2.51) the lesser
and greater functions read

2in

= V? o= ( =V2( (fe(w) — 0= ~) , (3.2.2)
k§3 ) <>Ic261:3(w_€k)2+772
where 1
fo(@) = T )

is the Fermi function for the B (= L,R) bath. The imaginary parts" of Ag/ Alw) and A§ (w)
are related to each other via

2
2 (fol@) = 82,2 Im{AF ()} = 2 (fi(w) — b2,-) Im{ Y +ﬂ}

keB(U

2
— )2 o 1 (3.23)
TV Uplw) — %, )keB (w —e)* + 172

and furthermore the relation

A (w) = Ag (w) = Af (w) — A (w)

holds, as

AB(w)—Ag(w):WZ( LI L .):sz 201
ke (w

o \w—¢g—in  w—g+in _gk)2+,72

VAs AZ is purely imaginary, it is fully determined by Im{A*}.
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3. The Interacting Resonant Level Model

and

s(w) — A (w) = V*(fg(w) — fe(w 201 = V? :
85 () = 85 () = V2 (o) = fole) +1) & o S s = VI e S

2in

With the help of the retarded or advanced part of Af(w) it is useful to define a unit of
energy¥! in which all parameters occurring in the Hamiltonian can be expressed. For
symmetric leads the index B can be dropped as the sum is evaluated with the same density
of states and so

V2

A (w) = Af () = AF (w) = Zm

k
This unit is called hybridization strength I' and is defined as follows:

I=FIm{A"(w=0)}

With the relation between the density of states and the non-interacting (and uncoupled)
Green’s functions,

pLead(w) = _Im{ZgR/A }

the hybridization strength can be written as
I = 1V?0(0)

which in turn defines the coupling to the leads V for a given density of states.

In the following the hybridization functions and strengths for the two types of leads, or
densities of states respectively, used in this thesis are calculated explicitly keeping I' in the
equations. Yet, from section 3.3 on I is the designated energy scale and is therefore omitted
in the equations.

3.2.1. Hybridization Function in the Wide-Band Limit

The simplest kind of lead is completely structureless and characterized by a density of states
that is just a box, i.e. the lead energies are continuous within a certain range and evenly
distributed. Expanding this range to infinity leads to a so-called flat-band bath in wide-band
limit, which is defined through the density of states

plw) = 513202_@( — |wl),

where O(x) denotes the Heaviside step function. The hybridization strength is then given
by

VI Recalling the preliminary remarks on units, by choosing a certain unit of energy in the Hamiltonian
parameters, the temperature T and the Fourier frequency w become scaled as well, as they are both energies
in the present unit system.
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3. The Interacting Resonant Level Model

and so the hybridization V becomes

V = lim E
D—roc0 7T
The limit in the density of states or in the hybridization must not be evaluated separately,
but just when they occur together in a closed form (usually an evaluable explicit sum over

k) like in the hybridization function:

+ V2
Sl S D
— VZ/dE&
w—exin (3.2.4)

li v Dd—1
—Dl—rgoﬁ/_p ga)—s:ti;y

— L jim In(w+ D +iy) —In(w = D + in)] = FiT
7T D—oo

The advantage of the wide-band limit becomes clear as the hybridization function loses its
w-dependence¥!! in the wide-band limit and results in a simple constant imaginary part.

3.2.2. Hybridization Function for a Semi-Infinite Tight-Binding Chain

A more complex lead can be introduced by a semi-infinite tight-binding chain described by
the Hamiltonian

N N
Htg = e Z ; —to Z (cjciﬂ + C}L_HCZ-) and N — oo
i=0 i=0

and depicted in figure 3.2. The energy etp is just an overall energy shift for the whole chain.

Figure 3.2.: Semi-infinite tight-binding chain

In this real-space representation, the system couples to the first site (i = 0) of the chain,
whose density of states for etp = 0 is given by

2
1 € :
prB(e) = § 2ho 4= <5) if e < 2to
0 otherwise.

(3-2.5)

This leads to a hybridization strength of

[ V24

27Tt()

VlISee section A.1.5 in the appendix.
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3. The Interacting Resonant Level Model

and further to
V = /Tty.

With these definitions, the hybridization function reads

+ V2
M@ =Y ez
— Vz/ds' _prs(e)
w—¢ tin

2.6
Tty (2o de’ ¢\ 2 (3:26)
o dd (e

2ty Sty w — € Ly (to)

271/ _8 - rIi(

—_ w ,
wy — ¢ 27t )
where the in the last step the substitution ¢ = ty¢ is applied and wg[ =ty U(w £ in). Within

a ridiculously short calculationV!!! the integral evaluates to

, 2
F(w)=mn (woi Fiy/4— (wy) ) (3.2.7)
and so for a chain with ty = 1I' the hybridization function becomes

AF = % <wi Fiy/4I? — (wi)2> (3.2.8)

which is the well-known result for the semi-infinite tight-binding chain (see, e.g., chapter
19 in [20]). The principal value is intended for the square roots in (3.2.7) and (3.2.8), i.e.

Re{ A } > 0 must be ensured in the numerical evaluation.

3.3. Equations of Motion and Sets of Equations

As shown in the previous chapter, the equations of motion for the different Green’s functions
can be expressed in two forms, one of which leads to a hierarchy in the first operator and
the other one in the second. In this thesis, as well as in most literature, only the first form is
used for setting up the sets of equations. This choice is arbitrary and should not change the
result. The second form is only used where expectation values of operators containing a bath
creation operator are needed, as this gives an exact and simple relation for the underlying
Green’s function.

Correlation functions, or greater/lesser Green’s functions, are needed in order to calculate
non-equilibrium expectation values directly. Their equations of motion (2.2.44) involve
retarded and advanced Green’s functions, which themselves need to be solved firstX via

VlliSee section A.2.2 in the appendix. Besides the direct evaluation of the integral, an alternative derivation
of the hybridization function is shown in A.1.7, where no explicit density of states is needed.
XAs seen in later chapters, the sets of equations differ only in the inhomogeneous term and formally have
the same solution, assuming a general inhomogeneous term.
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3. The Interacting Resonant Level Model

their equations of motion. In the following, the single-particle retarded and advanced
Green’s function do not appear explicitly, but are rewritten as

@ i= (¥ w)

in order to emphasize the w-dependence in the sets of equations. With this definition and
according to (2.2.43), the equation of motion for the retarded and advanced Green’s function
is given by

aa(A;BY) = ({A,B'}) + (14, Hi);BY), (63)

where
&Azcﬁj:w—'yfxiiq

defines the retarded (upper sign) and advanced (lower sign) function, and <y 4 is determined
by
Ava = [A, Ho].

As the imaginary part of the Green’s function is introduced only via +iy, it is assured that
the advanced and retarded functions are connected through complex conjugation, i.e.

((AB)R)" = qas BN~

In order to set up the equations of motion for the desired Green’s functions, the commutators
with Hj and the anticommutators of all operator pairs need to be evaluated. Even when
starting with a supposedly simple quantity like the occupation number on the central site

A

(i) = (d'd), it becomes clear that the equations of motion for the relevant Green’s functions,

ie. (d;d") = and (d;dT)R/4, open up a minimal set of equations that needs to be considered
for two-operator Green's functions. In the case for (/1) this system consists of all two-operator
functions ((x; df )7, where x stands for the system’s annihilation operators ¢, ¢y, ¢y, d and
for the lesser, greater, retarded and advanced part of the Green’s function.

A similar set is needed for the occupation numbers on site 2 and b and for a complete
description of the current through the system. These fundamental sets of equations are
described by the commutators

dH]= Y [d, —tdl ey + Ulimit| = —t(ca + cp) + Ud (1 + 1)
m={a,b} )
[cap, H1] = [ca/b , —tcl/bd +Uun, i~V ) cl/bck = —td+Uc, i =V Y (3.3.2)
keL,R | kELR 3-3
ek, Hi] = —V[ck, c,icalb_ = —Vc,p fork € LR
Hycl| = —vel, fork € LR
and the anticommutators
{d,dT} = {ca,c;} = {cb,cj]} =1

(3-3-3)

0.

{acf={ae} ={cowdaf = {canct}
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3. The Interacting Resonant Level Model

The fundamental sets for the retarded and advanced Green'’s functions are in principle three
independent sets of equations, namely one in dT,

@afd;d") =1t (e d") + (ensat)) + U ((digd") + (dny;d'))

- V2 .
(wa - Z T) <<Ca}dT>> = —t(d; dT» + U{{catt; dT» (3-3-4)

VZ
(cTJb -2 @—k> (cprd") = —t(d;d") + U{cphzd")

and one each in ¢} and CZ,

@aldicly) = —t (Cepchy) + Gepel ) ) + U ((dngich,) + (dnyich,))

2
(C‘N)a,b - ). Y—) (epichyh = 1= t{d;ch ) +Ulc, phich )

2
(aNJb,a - ) Y—) (epaichyh = —t{d;ch ) + Ule, it ),

(3-3:5)
+

where 7 turns out to be just the corresponding on-site energy and so w; = w;" = w —¢; £ ix
for the retarded (upper sign) and advanced (lower sign) Green’s function. The simple
equation of motion for a Green’s function with one bath annihilation operator,

(™) = —Vw for k € LR,
Wk

has already been inserted in the above equation sets. Following the form (3.3.1) of the
equation of motion only the first operator changes, while the second® remains the same
in the whole hierarchy of equations. However, the equations for higher Green’s functions
in a specific creation operator might contain expectation values whose underlying Green'’s
functions are described in the set of another creation operator. This means that the three
sets of equations can formally be solved independently, but not evaluated numerically, as
the solutions still contain expectation values that are calculated in a self-consistency loop.
Therefore, all Green’s functions and occurring expectation values need to be calculated
simultaneously, which increases, of course, the effort, but a converged calculation provides
then access to all two-operator quantities.

With the definition of w, the equations of motion for lesser and greater Green’s functions
can be written as (cf. (2.2.44))

Wy (A BN = g5l@al(A; BN + ([A, Hi]; BT)=Z,

where

S|@al? = 2iP% (w 1 w —e4)* 41
gA| A| A( )(w—EA)2+1]2 [( A) 77}

= 2iyP5 (w)
= 2in (fa(w) —6z>)

XThe second operator is here always a creation operator as correlations between two annihilation (or two
creation) operators are zero in a particle-conserving fermionic system.

(3-3-6)
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3. The Interacting Resonant Level Model

and
falw) = (1 +e5(w_m))—1

is the Fermi function at the inverse temperature . Although it might seem appealing to
simply set the factors gi | A |2 to zero as they are of O(7), this may lead to inconsistencies
and wrong results. These terms are still understood as limit 7 — 0" which has to be taken
in the end of a calculation for the whole Green’s function. In practice, these terms will
vanish in the limit if the product

(4;BYR(A; YA = [ (4;BY)[

has no poles, which is the case for situations where the system has no isolated states. If a
system exhibits such behaviour, terms like

2
O(n)|(A; BY)| " o< 8(wa)

become delta peaks that do not vanish in the limit and give a finite contribution to the
expectation values. This is shown explicitly for tight-binding leads in section 4.2, where
states appear outside the bandwidth of the leads. Therefore, in the following calculations 7
is kept in each term it appears.

Applying the equations of motion to the lesser and greater Green’s functions leads to
equation sets similar to (3.3.4) and (3.3.5) that can be represented in a general form for
x = d,cg, cp, namely

@ (") = g5 @al” (e xt) =t (fewx™) = + (o) ?)

+ U (2= + ;)7

~ v? > >~ > >
(“’; "L F) e = (g‘f el + V2 Zng> (e x )™ — t(d;21) 2
e ket (3:37)
+ U{(cqt; xT»2
~ V? > >~ > >
(%T - ) g) (epsxT)= = (g;lwbl2 +V2Y g,f) (ep ) — t(d; 2T)2
keR ™k keR
+ U{{cpn; xT)=,
where the lead part
2 Z a,brs )<
(g ==V (gkiR (eapix )™+ «CCSTMW (3:38)
kir

is already inserted.

The framework and the fundamental equations are now set up. Concrete calculations
and results are shown in the following chapters for different types of baths and different
treatments of the electron-electron interaction that shows up as the Green’s functions

U((dﬁa,b;xT»% and U ((c, p7; xT»%.
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4. Interaction in First-Order Truncation —
Hartree-Fock Approximation

The equation sets in section 3.3 contain higher Green’s functions, i.e. they consist of more
than two operators, that themselves are described by equations of motion that in turn
generate new and even higher Green’s functions. In fact, as the system is infinite and takes
interactions into account, the equations of motion lead to an infinite hierarchy of equations.
In order to find at least an approximate solution, this hierarchy needs to be truncated in
some way.

A common truncation scheme in Green’s function methods is a mean-field like approxima-
tion to higher products of operators in Green’s functions (see [3], [21] or [22] for applications
and [23] for technical details). This is done by replacing a higher product of operators by
the sum of its lower products acting in the mean field of the rest and taking care of the signs
due to fermionic commutation.

In first order, i.e. starting from the fundamental equation sets, two types of operators are
approximated as'

dn,, = dcl,bca,b — <ﬁa,b> d— <Cjz,bd> Ca,b

Capll = ca/ded . <ﬁ> Cop — <dTCa,b> i (4.0.1)

which closes the sets of equations and requires a self-consistent solution for the expectation
values that are calculated by integrating over the lesser Green’s function according to

(2.2.39).

Applying the approximations (4.0.1) to the fundamental equation sets (3.3.4) and (3.3.5)
leads to

(Ap)] (d;d") =1 — taflcasd") — (e d"))

ci;d ) = =1 (d;d"
><< i ((d;d") (4.02)

) (cpid") = —7;(d; d")

Note that in comparable spin systems like the Anderson model the interaction takes place between
opposite spins on the same site and therefore operators of that type are approximated only by the first term
with (1;), as the second term with a hopping correlation involves a spin flip which is usually neglected, cf. [3].
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

and
(@a — U ((fa) + ()] (d; ch) = —Ta{(cai ch) — Tl{cyich)
w, — U () — V—2 caich) = c
( SUCES @k) (carcl) (dich) o
2
(@b () - 5) feyich) =~ (b)),
keR Yk
where
T =t+U CLd
< > (4.0.4)

T = t—i—U<chm>.

For the sake of clarity, the set (4.0.3) and the following solutions are only shown for the

equations in cl. As the system is symmetric in a and b the solutions are obtained by simply

replacing a — b, L — R and vice versa. In comparison to a system with no interaction
(obtained by setting U = 0 in the fundamental equation sets), the applied truncation
introduces, in a sense, effective system parameters. The on-site energies feel the influence of
the occupation numbers, namely

€1 — &4 +U(
€ —>€a,b+u<

;<a> a) (i) (4.0.5)

and the hopping ¢ splits into four effective complex hoppings by the influence of the hopping
correlations, i.e.
t— T, T (4.0.6)

It is worth mentioning that this truncation is equivalent to a direct Hartree-Fock approxima-
tion in the Hamiltonian term 7,7, namely (cf. [18])

it = (i) 7+ () g — () (7
—(chd) dicy — {dlcy) chd + <C;1d> (de). (4.07)

The Hartree-Fock Hamiltonian reads then

Hyr = [eg + U () + () + Y [(em + U () g — U () ()] + Y exiy
m=a,b keLLR (408)
— it d+r,die,, —U{chd){dic -V e +elc ), -
m_zﬁ,b[mm o1 (k) ()] -V T ()

where the same effective parameters appear. So apart from the constant terms this de-
scribes exactly a non-interacting system with effective parameters as in (4.0.2) and (4.0.3).
The constant terms are irrelevant as they get completely lost in commutators with the
Hamiltonian.
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The solutions to the sets of linear equations are given by
_ -1

T, T
(d;d") = |@g — U ((Aa) + (1)) — — e
' mg,bwm—u ) = Th, &
_ -1
T ~ N V2 TaT;
{casca)) = |@Wa — U (1) — CtN)_k - - ’
keL ~ ~ ~ b"b
wg — U ({f1a) + (Mp)) — — "
I Wb_u<”>_2keRa‘{;_i
(4.0.9)
where
k,=keL
ky, =k e R.

The solutions to the other fundamental retarded and advanced Green’s functions are not
shown explicitly as they can simply be obtained by inserting the above solutions in (4.0.2)
and (4.0.3).

Analogous to the retarded and advanced sets of equations the approximated equations for
the lesser and greater functions become

(@7 = U ((ha) + ()] (i x' )= = g7 @al* (2N = wlleai )= = m{(ersaT)2

2
(w; SAUEDY g—) fewix)* = (gmz Y g,?) fews ¥ )™ = 77 (d;x1)?

kel “k kel
- . v? ~ N
(w; ~u@ - % g) fewia)? = (gﬁwa +V2 Y gf) CEDRERACEDS
keR "k keR
(4.0.10)
The solution to the central-site equations is given by
G~ U () + (R) — Y ——m | (dah)*
m—ab WO — U (1) — Y o7
=i~ 2 2 =
T (871Dl + V2 Lier &)
02151204 ATWA _ .t
= 8q@al ()" = ) —— - (em;d") 0.11
i m=a,b wnt -u <n> — Yk % (4 )
* 21~ |2 ) >
- T Tm g77<1‘w711| +V EkeL gk<
= (&) g 1@al + ¥ E - )|
mob (@ = U ()~ e

where equations from (4.0.2) have been used in the last step. The prefactor of ((d;d")< can

be identified as the inverse of the corresponding retarded Green’s function ((d;d")¥, so that
the final result can be written as

TmTIZ (g7%|&3m|2 + V2 ka gl?) ( )
5 ) 4.0.12

(@it = [(@a| | s5l@+ T

nah @y U () = L,
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The solution to the left-site equations is given by

_ . V2 T T*
O —U(n)y -y —— — : (carch)®
T T
@ — U () = Tker 5

>~ 2
T, 85 |W4|

kel wT — 7 le — - !
’ ' w;_u<”>_2keR%
* =~ (2 2 2
T T (85 |@n]” + V2 Lier 85
+ N a ( - > > <<Cb; CZ»A
@ — UG} + ()] (@ - U () - D ) -7
(
= 2 7,785 |0l
= (e ch)™ { g |@a + V2 Y g7 + 2T 83 ,
keL N -
wyg— U({A,) + (fp)) — b b
\ U + () ~
e Ead)
- A R N - 2 (-
@4 — U ((a) + ()] (@ — U (2) — Teer &) = 1,
(4.0.13)

where equations from (4.0.3) have been used in the last step. Similar to the central-site
solution, the prefactor of <(ca;c;rl>>2 is the inverse of its corresponding retarded Green's

function and the result can be written as

p

>~ 2
2 T, T 87 | Wl

g l@a* + V2 Y g2 +
kel

Geasch)= = |(eaich)

*
%

— - 2
wp—U() —Lrer XTk

wg — U((fa) + (1)) —

* * 21~ 12 2 >
T % <gb<’wb’ +V Zkeng<>

@4 = U () + ()] (@ = U () = Teer & ) = 77

_|_

2

(4.0.14)

As already mentioned, only the solution in the left site a is shown, as the solution in b can
be obtained by simple replacements.
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The solution for the hopping Green’s function {(c,;d')< is shown explicitly to emphasize its
structure and relation to (d; c})<:

2 *
@y —umny -y v fata (cad™)=
keLwlj— ~4+ U((A >_|_<A >) Tle:
wy — Ay fly)) — — -
_ &f — U (i) — Yier 2|
R e A 787 |4l A
= (&F1@f +V? L gf ) fewd)t - ! (s
kel wy — U({f1g) + (1p)) — bb

~ R V2
@ —U () —Yker of

>~ 2 >
', (8b<|wb| + V? Zkeng<>

+ eyt
@ = (e} + ()] (@ — U (1) ~ Taer 22) = 7
_T*<<ddT>>A g§|&a|2 + V2 ZkELgk2 + gd2|&v)d|2 +
W, — U () = Lger % @l —U((fg) + (fp)) — b ;

@ —U()—Yker Vk

ot (51 + V2 B
(@ - U - S 22 ) {1 - ) + @] (@ - u ) - S ) - 55 |

Identifying the prefactor of ((c,;d!)= as ((c,; cl)® leads to the expression
(a;d)= = =75 (easch)(d:dT) ..}, (4.0.16)

where the dots indicate the same content in the curly brackets as in (4.0.15). Solving the
equations for {(d;c])< gives a similar expression

(d;ch)= = w{(d;dD)" (each) -}, (4.0.17)

where the complex conjugation (*) of all terms in the curly brackets is achieved by the

. . ~ ~ = = .. . .
substitutions wii — @ and g~ — —g=, as these are the only terms containing an imaginary
part. The expression can be rewritten as

(asc)® = {m g a) e el 1} (4:018)
which implies the relation

—(&cl)® = ((esd?) (40.19)

and is consistent with the usual relation between such expectation values, i.e. < hd >
<cha>*, as

chd 2711/ dw ( <%/ dw <(ca,dT>) )* = <cha>*. (4.0.20)
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation
4.1. Explicit Particle-Hole Symmetry

Up to this point, all equations and their solutions are formulated for general model parame-
ters and baths. The exact solution in [15] and numerical treatments in [18] and [17], however,
are done on the particle-hole symmetric case, which implies some restrictions on the on-site
energies and expectation values.

The system’s symmetry combined with particle-hole symmetry (see (3.0.3) and section A.1.4
in the appendix) implies

() = 5
(la) =1 — (1p)
<c£d> = <chb
(dicy) = (c]d) )
<clcb> = — <clcb> =0
<c£cu> = — <c£cu> =0,

which further simplifies the expressions

TP = = (tru(chd)) (t+u(dien)) = (t+ U {dfe,)) (t+u(cd)) =5,

(4.1.2)
and

N~

&m—u<ﬁ>:w+ll( —<ﬁ)>iiq:wii17 = w*

(4.1.3)
wg—U((fg) + (M) =w+ U — (15) — (p)) £in = w®.

Furthermore, the non-equilibrium situation is only caused by a symmetric difference in the

chemical potential, yp r = j:Az—”, and the leads themselves have the same structure, i.e. the
same density of states, and so the retarded and advanced hybridization functions are exactly
the same for the left and right lead:

A = AF (w) = AF (w) = A (w) (4.1.4)

As indicated above, the argument for left or right lead is dropped in the following. Applying
(4.1.1)-(4.1.4), the particle-hole symmetric Green’s functions in first-order truncation have
the form

7 -1
R/A 2\T
(drdtyR/ = wi—wi'—_’g

(4.1.5)

(cas i)™/ ™ = | w0t — A% -
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

4

where
Byp := BLr
=
Prp(w) := fepo (W) = 0z,
and (3.3.6) is used for the terms including non-interacting lesser or greater Green’s functions.
For the hopping Green’s function ((c,;d!)< the following is obtained:

_r* 2i P2 A5
«Ca;dT»% = - 2 {21';7135(60) <w_ - AA) + ’T|2 ”7 b+(w)A_’l; .
)wi (wi—Ai)—Z\ﬂz‘ w T
<2i17Pf(w) + Af) [w* (wh — AR) — \Tﬂ
+

wt — AR
(4.1.7)

The Fermi functions connected to the sites a,b and d require their own chemical potentials
ta, Uy and py. Considering the system’s symmetry, the following values are assumed:

Hg =0

(4.1.8)
Hap = HLR 4

As can be seen in the above equations, the particle-hole symmetric Green’s do not depend
on the occupation numbers, but only on the hopping expectation values occurring in T,
which are obtained self-consistently.

4.1.1. Distribution Function and Symmetries

A few words on symmetry relations between Green’s functions are mentioned in this
subsection, as in later chapters symmetry violations occur. All aforementioned system
symmetries are intended to be fulfilled.

43



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

Distribution Function

In equilibrium, the distribution function in a fermionic system is known and expectation
values can be calculated from the spectral function A(w) via the fluctuation-dissipation
theorem (cf. (2.0.2)):

(Bla),, = | deo fl@) Aga(e)

= o [ dwflw) (14 BT — (4;B1)) (4:1.9)
= %/_o:o dw f(w) Im{((A; BT>>A}

In a non-equilibrium situation, the distribution function may be more complicated and is
generally not known. However, a formal equivalent can be constructed for local properties.
The lesser components of local Green’s functions, i.e. A = B, are completely imaginary and
can therefore be written as

(A; A= = im{(a;at)<}.

Expectation values in non-equilibrium are directly related to lesser components via

(B8 g = 5 [ 3 ()

o (414) g 3 [t a1}

Replacing the Fermi function by the non-equilibrium distribution function S(w) the follow-
ing relation needs to be satisfied:

o [ dwmm{(aan) L [ dwsgalw)m{ (4 A7)0

As the integration limits are the same on both sides, an expression for S(w) can be obtained
from the integrands, namely

(4.1.10)

%Im{«fl; aty<} < %SAA(CU)Im{«A;AT))A}
w) = Im{ (A AT>><} (4.1.11)
— Saa(w) zlm{«A;AT»A}.

The explicit expressions for the imaginary parts then need to be obtained separately. The
imaginary part of the advanced Green’s functions for the central site evaluates to

m CgtwA Ll ol i m ;
Im{ ;)™ = | ()| 1 {«d;dT»R}

— daty| tmd w iy — 2 p—
SN 1 w+in — AT
> 1 +Im{A"}

|w + i — AF|?

(4.1.12)
2
= |(d;d")

=

17+ 2[7|

— [qa:aty|” 1+ 23 (@) (n +m{a"})],
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

where
N R
lw+in — AF? ot — AE?

With (4.1.6) for the lesser function, the distribution function reads

Im{ (d;d")~} _ 211 fa(w) + xy(w) Esopr (217 fs(w) +Im{AS })
2Im{<(d;dT)>A} 217 + 2xy (w) (217 +2Im{A~})

_ Wfd(w) (4.1.13)

n+2xy(w) (1 +Im{A~})
Xy(w) (7 +Im{A™})

1+ 2xy(w) (1 +Im{A~})

Xn (w

(fu(w) + fr(w)),

where relation (3.2.3) is used in the last step. For regions where Im{A™} # 0 and Im{A™} #
1 the limit 7 — 0" can be carried out and the terms evaluate to

lim nfa(w) _0
=0t 11+ 2xy(w) (n +Im{A™})
i An(@) (7 +Im{A7}) 1

n—0+ 1+ 2xy(w) ( +Im{A=}) 2
Note that for regions where In{A~} — 0, i.e. outside the bandwidth of the leads, the limit
does not result in a simple constant any more.

With the above-mentioned limitations the non-equilibrium distribution function S;;(w)

becomes a double-Fermi function with chemical potentials yj g = j:%, which merges to
the regular Fermi function in equilibrium, where f; = fr:

Saa(w) = 5 [fi @) + f(w)] (41.19)

For the distribution function of the left site it is useful to define

2
|*

W (w* — A%) — [

oy (w) = xy(w) 2= (4.1.15)
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

and so the imaginary part of the advanced Green’s function evaluates to

2 1
Im{«ca;CIz»A} = [{(casch) Im{m}
2
= |{(ca; ch) 21m{w+i17—A+— i > }
w + ”7 - w—i—liy—A*
B Pl 2 w+in— AT
= [eseld [ [ =m{at} 4050+ ytw) (= (7))
= [ewel [} + 505 o) (1 ima ),
(4.1.16)
where relation (3.2.1) is used in the last step.
With (4.1.6) for the lesser function, the distribution function reads
im{ (eg;c) < |
Su(w) =
21m{ (carel)™ }
2 fi(w) +IM{AF} + 20 fa(w) 3y +ay (@) (20 fr(w) +Im{AF})
- (a)) (4117)

27+ 2Im{A~ }-|—217)C (w)+oc,7( w) (27 +2Im{A~})
1fal@) S+ (fulw) + fr(@)ag () (n + Em{A”})
DG+ (14 (@) (1 + {6 }) |

Again, relation (3.2.3) is used in the last step. For regions where In{A~} # 0 and Im{A™} %
1 the limit ¥ — 0" can be done and evaluates to

lim Suu(w) = filw) +a(w) fr(w)

n—0+ n 1+ a(w) ! (4.1.18)
where
— i
a(w) qi%h oy (w)
In equilibrium, S,;, merges to the regular Fermi function like Sy, as
_ flw) A +a(w))
Saa(wW)|pp—0 = 1+ a(w) = f(w). (4.1.19)

The fact that (0) = 1 causes S4,(0) to be fixed at a value that is independent from voltage
and temperature:

5ua(0) = LOLEORO 2 (5 0) 4 gy = 5 [(1+e %) o (1468) ] =

(4.1.20)
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

Symmetries

The definition of the non-equilibrium distribution function is taken in analogy to the
fluctuation-dissipation theorem in equilibrium, where the distribution function is known,
namely the Fermi function'l. Thus, comparing (4.1.9) and (4.1.10), in equilibrium the
following relation must hold (cf. (4.1.11)):

Im{((A,’ BT>)<} @Zf(w) Im{((A;BT»A} (4.1.21)

With the expressions obtained for the distribution function, this is checked by means of an
example. Recalling the advanced part from (4.1.12),

i (A} = |(@:a)| 7+ 220 () (7 + Im{a~})]

and the lesser from (4.1.6)

m{ (:at) <} = [(a:at)[ lzwd(w) Fan(@) Y (21fn(w) + 2, (@) Im{A7})
EEZf(w)‘((d;dT»‘z 1+ xy(w) Y, (17+Im{A_})]

m=a,b

2
= 2f(w)| (i d) | [+ 215 (@) (n + Im{A})],

as all Fermi functions are per definition the same in equilibrium. The last line immediately
shows that (4.1.21) is fulfilled. However, the Fermi functions are the crucial point: In section
2.2.2 an argument for a different form of ¢~ (w) is brought that essentially changes the
Fermi factor (in terms of w) from ~ f(e; — p;) to a Fermi function f(w — y;). If this choice
is not made, the Fermi factors do not coincide in equilibrium and, most importantly, the
w-dependence is completely lost, which is essential for the relation to be fulfilled.

Regardless of the choice for ¢<(w), however, the following relation should hold for general
Green'’s functions:

G~ GR =2im{G*} = G* - G~
This can be seen, as lesser and greater Green’s functions formally have the same structure
and differ only in the Fermi-function terms, namely f(w) for the lesser and (f(w) — 1) for
the greater. Collecting the terms in G= — G~ leads to factors « f(w) — (f(w) — 1) =1, i.e.

they cancel out. In the case of ((d;d')) this reduces to comparing the imaginary parts as
above but without the Fermi function, which is obviously fulfilled.

For the sake of completeness, two more symmetry relations shown earlier are rementioned,
namely

_GEB - <G1§A>*
shown in (4.0.19) and
CGA — (GR) ¥ )

which is true by construction and mentioned in the beginning of section 3.3.

Respectively the Bose function for bosons.
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation
4.2. Results for Tight-Binding Leads

In this section an explicit choice is made for the type of leads, and hence for the hybridization
function, and first quantitative results are obtained analytically and numerically. The leads
are now assumed to be semi-infinite tight-binding chains, where, in real space, the system
couples on both sides only to the first site of the chain. In terms of k states as used in the
Hamiltonian (3.0.1), a density of states for the first site is needed. In order to compare the
current to the results obtained in [18], a chain with fy = 1I" is used and so the density of

states reads
1 e 2 .
~=1/4— (& f < 2T
0 otherwise,

which further results in V' = 1I', according to section 3.2. As introduced in section 3.2.2, the
corresponding retarded and advanced hybridization function is given by

1
AT = 5 (wi Fiy/ 402 — (a)i)z) , (4-2.2)

where the advanced part is shown in figure 4.1 to explain the influence of 7. The retarded
function is just the complex conjugate and is not shown separately.

——Re

——Re

-1 -1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
w/T w/T
(a) A™ for a finite 5 (b) A~ in the exact limit

Figure 4.1.: Advanced hybridization function A~ for the semi-infinite tight-binding chain
with tp = 1T, shown with a finite # = 0.1T" and the exact limit 7 — 0". The
imaginary part follows the given density of states (4.2.1) and becomes equal to it
in the limit, as described in section A.1.8 in the appendix. As shown in subfigure
(a), a finite 17 causes the function to smear out and to extend the imaginary part
outside the bandwidth boundary of 2I.

The lesser and greater part of the hybridization function is related only to the imaginary
part of A™ (cf. (3.2.3)):

Afg =2i (f(w)Lr — 02,) Im{A™} (4-2.3)

As shown in figure 4.1, the imaginary part of A* becomes zero in the limit 7 — 0, and so,
as mentioned in section 3.3 and 4.1.1, the limit for the Green’s functions can not easily be
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

taken for the whole w range at once. In fact, there are some intricacies in the calculation
that can be overcome for local Green’s functions, but persist for the hopping correlation
functions. However, the limit and the occurring integrals can be carried out numerically
without further problems.

Though, as an example for the analytical behaviour outside the bandwidth, only the spectral
function on the central site and the corresponding expectation value at T = 0 are analysed
by splitting the expectation value in inner (bandwidth) and outer region,

<ﬁ> = <ﬁ>inner + <ﬁ>outer

Starting with the behaviour inside the bandwidth of the leads, i.e. |w| < 2, where Im{A*} #
0 and Im{A*} # 5 and therefore the limit 7 — 0" can be done. So the hybridization

becomes simply™!
lim AT = % (w Fiv4a-— w2> , (4.2.4)

n—0+

which corresponds directly to Re i Im, as the square root is always real. And further, the
limit of the lesser Green’s function (d;d")~ (cf. (4.1.6)), accounting for (), ... becomes

. . 2 \,. |77|2 . <
771551* (d; dT>>) lzlﬂfd(w) + mS:ZL;R (2infs(w) + Ag)
2
o 1 7| _
= Jim, 2i m [de(w) + ot pip (7 +Im{a"}) (fi(w) +fR(w))]

(4.2.5)
i|T]*V4 — w2

- 2
‘§ (wFiva—a?) - 2|r|2‘
B i|T]*V4 — w2
w2 (1 - 2|r|2) 4t

(fu(w) + fr(w))

(fu(w) + fr(w)) .

Hence, for the inner expectation value at T = 0!V the integral

(i = 5 |, 40 )

L[ TPVE—a? X PVi—a? (42.6)
/ dw + / dw
-2

2 \J-2 2 (1 - 2]T|2> +4)7)* w? (1 — 2\T|2> + 4|7[*

needs to be evaluated, which is similar to the integral solved for the hybridization function.
The details are shown in section A.2.3 in the appendix and the result is given by:

2 2 .
2 — ‘1 —I7| sy 2 >1 )
2|r|2—1> 1 if 72 <1

<ﬁ>inner = 2 (

T is omitted in the following equations.
VThe Fermi function turns into a step function for T = 0 and cuts therefore only the integration limits.
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Inside the bandwidth the spectral function (cf. (4.1.12)) can be related to the above lesser
function (cf. (4.2.5)) and its integral as

2
Ag(w) = %Im{((d; dT»A} _ nlg(%% (&d)| |y + % (7 +Im{A™})

— 2.8

T w? (1 - 2|T|2> + 4|7[*

‘2

and therefore

(4.2.9)

2
/ dw Add(w) =2 <ﬁ>inner
) =2

The inner expectation value does not explicitly¥ depend on y and so the integration over
the spectral function gives just

2 deo () = 2 () 2|T|12 1 if [T > 1 ( )
w w) =2(M)nner = - .2.10
Ly inner 7] 4 if |7 < 1. g
As the spectral function is normalized to one, i.e.
) 2
1= / dw Agg(w) = / dw Agg(w) + dw Aga(w),
—00 -2 |w|>2

a critical behaviour outside the bandwidth arises for |T|2 > 1, where the inner integral
starts to give less than one. The examination of the outer region can be done due to the
above normalizing condition. However, this requires a somewhat longer mathematical
argumentation that is done in section A.1.9 in the appendix. In the end it turns out that the
full spectral function in the exact limit can be written as

, |T|2Re{¢m}
Anlw) = ;wz (1 —2|T\2> + 4/7|*

2
-1
C) (|T|2 — 1) 2||TT||2—_1 (0(w —wy) +(w —wy)),

(4.2.11)

where
2|7

O

The second term accounts for the missing states in the inner region when \T]Z > 1. They
can be identified as delta distributions whose integrals give a finite contribution to the
occupation number, but relates to isolated states outside of the bandwidth of the leads. See
figure 4.5 for a graphical representation.

wp ==+

As already mentioned above, the results presented in the following are obtained numerically
in the simple self-consistency algorithm 4.1. Using the definitions discussed in previous
chapters and assuming a finite value for 7, i.e. omitting the limit, the integration routines
can deal with the delta distributions terms without further problems.

VHowever, eventually it does depend on #, as |T |2 needs to be evaluated for each voltage.
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Require: (x;) ., w,7,t, U, T, Ap, €aps
L <xi> — <xi>start
2. chk + 1
3: while chk > €4, do
4 (Xi)ora < (Xi)
5: Gj%(w) — f({(x;),w,n,t,U,T,Au) according to eq. (4.1.5)-(4.1.8)
6: (x)) <+ (2mi)™ [dw G (w)
72 chk < max; |[(x;) — (i)
8: end while

Algorithm 4.1: Self-consistency non-equilibrium loop

The computations are done in MATLAB with the integration routine trapz using an w-grid

with
Ao — z for |w| < 5T
01T for 5T < |w| < 100T

and with the following start values and convergence parameters

JR— T =
<ni>start - 05 and <Cl Cj>start o 0,
€abs = 107% and n= 107°T.

A converged loop gives access to all two-operator expectation values as well as to the
underlying Green’s functions. The calculations are done in a Au range that covers the
system’s behaviour and for different values of t and U at T = OI'. Algorithm 4.1 sketches
the solution for a given voltage (Au) point. It can either be parallelized using the same start
values for the desired voltage points or simply looped with ascending voltage, where it is
recommended to use the converged expectation values from the previous voltage as new
start values.

As mention in section 4.1, only the hopping expectation values (d'c, ;) and <C1 » > need

to be solved explicitly in the loop; the Green’s functions are hereby determined for each
voltage and the other quantities can be calculated from them.
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The self-consistent solutions to the absolute square of the effective hopping |T]2 are shown
in figure 4.2. The qualitative behaviour is similar for different parameters, namely a decrease
in the hopping over voltage, i.e. an effective decoupling of sites 2 and b, which in turn
technically explains the negative differential conductance appearing in the current (see
tigure 4.3). Compared to the non-interacting case (U = 0I'), where the hopping is just given
by ¢ (cf. the black dashed line in figure 4.2 for #2), the sites a and b are very strongly coupled
to the central site for low voltages, but looser than for U = OI" for high voltages, where

IT|? < 2.

1-4 T T T T T T T T 2.4
12
1,
o8l
~
0.6
0.4¢
0.2f
oL0- oL0-
0 05 1 1.5 2 25 3 35 4 45 0 05 1 1.5 2 25 3 35 4 45
Ap /T Ap/T
(@)t = 0.5T (b) t = 0.8T
0.7 B
U = 0.50T
0.67 e U =100
0.5 7% U =1.25T"|/
. X e U =150C
=04 U =1.75T]
Eo_g s U =2.00T"|
0.2
0.1

Ap /T
() t = 0.2T

Figure 4.2.: Self-consistent solutions for the effective hopping |t |? in the model with tight-
binding leads for different values of U and t. The black dashed lines in each
subfigure show the hopping t?> at U = OI. The legend in (c) refers to all
subfigures. In (c), the line for U = 2T’ is not connected for some values around
Ap = 0.75T, where the self-consistent iteration does not converge within the
demanded accuracy.

The self-consistency loop does not converge for certain parameters shown in figure 4.2c,
but seems to oscillate between, at least, two solutions. A similar behaviour occurs for
the calculations with leads in wide-band limit in the next section, where the problem is
addressed in more detail.
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The current and the Green’s functions are directly determined by the self-consistent solutions

for the hopping expectation values and |T|2, and so subsequently the occupation numbers
can be calculated. As expected, the currents over both possible junctions (cf. section 3.1), i.e.
lead-system and intra-system, coincide in the range of 7, as the current should be conserved.
Further, left and right currents as well as with negative voltages are perfectly symmetric,
and the calculated occupation numbers agree with the symmetry relations (4.1.1). Therefore,
the non-trivial physical quantities obtained from expectation values reduce to one current
and the occupation number on site a, which are shown in figure 4.3.

2 T T T T T T T T 0.95

0.501
1.75 008;2* 1
RN I
1.5} 0.8F 0.5 w//
Lq; 1.25 075}
~ 3 L
= 1 5006:; 0.499
N 075 1 o6l 0.5 1 1.5,
0.51¢ L/' ——U =0.50I' ——U = 1.50I" ] Yl E;
) e U=1.00 - U=175T 0.55 | aﬁ#’j
0.25 U=125T - U=200T 0.5 fooseesensiiizits
0ovr—  — 045
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Ap/T Ap/T
(a) Current (b) Occupation number

Figure 4.3.: Current and occupation number for ¢ = 0.5I" and different values of U. The
legend in (a) refers to both subfigures. The current curves feature negative
differential conductance in the region for Ay 2 2T as well as a sharp drop for
U 2 2I'. The occupation number is somewhat constant for low voltages, with
a small decrease for U 2 1.75T, before it rises to its maximum value reached
at bandwidth of 4T. The decrease for U = 2T of about 10> does not depend
on the chosen 7 of 1073T. This feature is more pronounced in the results for
wide-band limit leads and occurs also in the non-interacting case, cf. the results
in the next section.

Negative differential conductance appears in the current curves for all values of U > OI' and
t (only shown for t = 0.5T'), which is also a prominent feature in the exact and numerical
solutions in [15] and is discussed in more detail in [17]. Yet for higher voltages a qualitative
description fails, as the current stays constant (in the range of 77) for voltages beyond the
lead bandwidth of 4I', where the exact solution continues to decrease (see figure 4.4).

53



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The obtained current curves for the self-dual point, i.e. U = 2I', are now compared to the
exact solution as well as to other numerical results obtained from a direct Hartree-Fock
approximation to the Hamiltonian and time-evolution in [18], which are reproduced with a
deviation in the range of # or less. The comparison is shown in figure 4.4:

2 T T T T T T T T T T T

t = 0.5I", NEGF
1.75 O t=0.50TE 1
= = ={=0.50", Exact

¢t = 0.37, NEGF

1.5 L O t=03I'TE _
= = ={=0.3I", Exact

1.25

27l /e’

0.75

0.5

0.25

Ap/T

Figure 4.4.: Current comparison with numerical results from [18] and the exact solution
from [16] for t = 0.5T" (blue lines) and ¢ = 0.3 (red lines). The solid lines
represent the results obtained in this thesis (NEGF), the circles stand for the
results from time-evolution (TE), and the dashed lines for the exact solution.

As mentioned in an earlier section and shown with equations (4.0.7) and (4.0.8), the approx-
imated Hamiltonian used in [18] leads to the same equation set obtained in the beginning of
this chapter, and it is therefore not surprising that both methods lead to the same result.
However, this shows at least that the equation-of-motion method is suitable to produce
proper steady-state solutions for (effectively) non-interacting systems out of equilibrium.

Compared to the exact solution, the Hartree-Fock approximation describes the current well
in the linear regime for low voltages, but overestimates it in the region where a decrease
sets in. The high-voltage limit cannot be described, as the HF current always saturates, but
the deviation is smaller for smaller values of .
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The spectral function for site 7 is directly obtained from the Green’s function via
1 1 A/R
= — (G (w) - G(w)) = i;lm{Gii/ (@)},

and is shown for site d and a in the self-dual point and for different voltages in figure
4.5 and 4.6. A prominent feature of the spectral function at the central site A;; seems to

Aji(w)

1.4

04

0.2 |

-2.5 2.5

Figure 4.5.: Spectral function for the central site for U = 2I', t = 0.5I" and different voltages,
featuring the two main shapes (see text). The delta peaks on the sides at
w = |w1 ], cf. (4.2.11), represent the isolated states outside the bandwidth of the
leads, and are shown for 7 = 10~°T and are emphasized in the inset. The curve
for Ay = 1.40TI" is only chosen for a better representation of the Lorentzians,
but it is not the voltage where the spectral functions changes between the two
qualitative shapes.

be that there are two qualitatively different states, one which is similar to the density of
states of an infinite tight-binding chain, occurring at low voltages (and thus high hoppings),
and another with a single peak concentrated around w = OI" for higher voltages (lower
hoppings). A qualitatively similar result, at least for the low and high-voltage regime, can be
found in figure 3b in [17], but without the strict bandwidth cuts and hence without isolated
states. Further, the central peak is split into two side-peaks that merge for high voltages
and the peaks around |w| ~ 2I" decrease, but still persist in the high-voltage regime. The
central-peak merging, however, can be observed in the results for wide-band-limit leads in
the next section.

55



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The spectral function on site 2 shows a similar two-state behaviour as well as the isolated
states:

06 T T T i T i T T T
0.5 04r ' -
0.2F
0.4} i
T 0
- 1.95 2
~
3 0.3 + .
S
<
0.2 i
Ay = 0.00T Ap = 2.50T
0.1 Ap = 1.00T Ap = 3.000 ]
Ap = 1.400 Ap = 4.00T
Ap = 2.000
0 | | | | | | |
2.5 15 -1 -05 0 0.5 1 15 2 2.5
w/T

Figure 4.6.: Spectral function for site a for U = 2I', t = 0.5I" and different voltages. Again,
two main shapes are present. The plotting details can be taken from the caption
in figure 4.5.

Again, the low-voltage shapes are similar to the density of states of an infinite tight-binding
chain, and therefore only slightly different from the central-site results (cf. the inner
bandwidth peak heights in the insets). This can be explained by having a look at the values
for the effective hopping from figure 4.2a, which are around v1.2I? ~ 1.1T for Ap < 1.5T,
and recalling the hopping for the semi-infinite tight-binding chain of ty = 1I’, i.e. the whole
system behaves in fact approximately like an infinite tight-binding chain for low voltages.

In comparison to the results in figure 5 in [17], the low-voltage regime is in qualitative
agreement, but there is no major change in the spectral function for high voltages besides an
asymmetric height shift in the peaks around |w| ~ 2T, which is not present in figure 4.6.

56



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

Up to here, all results were calculated for T = OI'. As an example, some thermal calculations
are shown for relatively high temperatures"! of T = 0.1T. However, the results in current
and occupation number are almost the same as for zero temperature, they only differ in
the high voltage regime, as the thermal curves show changes beyond the bandwidth of 4T,
where the zero temperature results are constant (in the range of 7).

1.5 ; 0.95 ;
| |
14tr————o8 l‘ |
L3l | 0.925 | 1
M |
~ 1.2}
g | 09 |
~ L1} } 1 S \
£ 41 | , 0.875
[\ | |
0.9} | |
| 0.85 ——U =0500 U = 1.50T -
N
0.8 ‘ e U = 1.00T ——U = 2.00T
0.7 ‘ ‘ ‘ ‘ ‘ 0.825 T
3.5 3.75 4 4.25 4.5 4.75 5} 3.5 3.7 4 425 45 4.75 5)
Ap/T Ap/T
(a) Current (b) Occupation

Figure 4.7.: Parts of current and occupation number beyond the bandwidth of 41" (dashed
line) for t = 0.5I' and T = 0.1I'. The legend in (b) refers to both subfigures.

4.3. Results for Wide-Band-Limit Leads

In this section, the system is coupled to another kind of lead introduced in section 3.2.1,
namely leads in the wide-band limit. The advantage here is that the retarded and advanced
hybridization functions are just an imaginary constant and the resulting Green’s functions
can be integrated exactly. The determining equations for the expectation values therefore do
not have to be solved by iterative integration, however, the results are still transcendental
equations whose solutions are found graphically /numerically by intersections.

As Im{A*(w)} # 0 for Yw, the limit 7 — 0" should be feasible without further problems
(cf. section 4.1.1). In fact, analysing the occurrence of the hybridization functions and 7 in
the wide-band limit, so

A = Fi — wt — A* = w+i(1+7)
. ~ 2 .
AL /g = 2ift/r(W) = &opl@ap|” + AL = 2ifL/r(w)(1+7),

it turns out that 57 appears mostly in terms of (1 +7) and in w®+ some non-zero term,
where the limit can easily be taken by setting 7 to zero. Terms « 2i# f;(w) can also be set

2 . 1
to zero as the absolute squares ‘GR/ A]” show no poles. With these findings, the retarded

VIAssuming an energy scale of I' ~ 1eV, the corresponding temperature can be obtained from kgT ~ 0.1 eV
to be already about T ~ 1160 K.
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and advanced Green’s functions become just (complex) rational functions. The lesser and
greater functions feature some additional Fermi functions.

In the wide-band limit the particle-hole symmetric functions from section 4.1 explicitly

become B
2|7 w+i
ddt R/A _ w— — = 3.1
() 0ti) Tuieen 431)
-1

2 , 2

. T w(wxi)— |1
(s i)V = wil—% = . W) .| | 2 (4-3-2)

w— 7] (w=Ei [w(w:l:z)—2|r|}
wxi

and the product for the hopping correlations becomes

(@ (w+i) = |tP] (=)

R A
(cas )N (d; dT )™ = e (4.3-3)
(w +i) ]w(wii) 2] ]
The lesser functions for the central and left site can the be written as
2ilT|?
(d;dT) < = (@) + fr(@)) (4349)
)w (w=+i)— z|r|2]
and
. 2 2 2
w (wxi) —|1| ks

(casch) = = 2i

fR(w)] , (4.35)

w (w=+i) — |t

(w £ ) [w (w i) — 2\7\2] [fL(w) i

and so the lesser hopping function as

((ca;dT>>< _ —2iT* {fL(w) [w (w+1i) — |T|2} . msz(w) }

‘w(wii)_z‘TﬂZ w+i P
—2iT 2 (4.3.6)
= ‘w ” ii;T_zmz‘Z [fL(w)w + CJJT——!—Z (fr(w) —fL(w))] .

The expectation values for current and occupation numbers are obtained by integrating
over the corresponding lesser Green’s functions, which can now be carried out exactly for
T = OI, as the Fermi-function becomes a simple Heaviside-step function that limits only the
integration intervals.

The exact evaluation of the following integrals is described in section A.2.4 in the appendix
and only their solutions are presented here. Besides the obvious dependences, coming
from the system-describing parameters y and |7|%, the solutions contain the |7|*-dependent

terms
b=1—4/t* and c=1/1-28|7?
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that arise from the factorization
N a2t s B o 1.
w(wxi) =2t =+ (1 —4t]*) ?+ 47" = |+ = (b+c) w +§(b o).
The integral for the occupation number on the central site 4 is given by

(A) = / dw ((d; d1)<

27i
P /u dw +/—V dw 4-3.7)
o 2
TS ‘w(wii)—2|r|2‘ oo ‘w(wii)—zmz
With the indefinite integralV!!
/dw
‘w (w i) —2|7| ‘
(4.3.8)
! V2 arctan wy2 — V2 arctan w2
o vb—c vVb—c Vb+c vVb+c
the occupation number becomes
2
. T
() = T () + 1)~ 2(~0))
2|7
= —7‘11(—00) (4.3.9)
20T)* m 1
T4t 2

as the inverse tangent is antisymmetric. This result is independent from the applied voltage
Ap and (renormalized) hopping T and gives indeed the value stated in (4.1.1). However, the
spectral function on the central site, A;;(w), changes with voltage, as it is still a function of

T 2, which itself depends on Au.
p H

The integral for the occupation number on the left and right site is given by

() = 5 [ dw <<ca,-c2>><

w(w=xi)—|7| ‘
/ dw

| 4

—l—/ dw I

(W2 +1)|w (w £ 1) —2|7|?
(4.3.10)

wz—i—l‘w (w=£1) 2|T|‘

VlISee appendix.
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With the indefinite integrals

:/da) [l

2
(@ +1) |w (w+1) —2/7’|

2

1
= t (4.3.11)
] <1 N ‘T‘2> {arc an(w) 4.3.11

+ L b_c_zarctan wy2 —b+c_2arctan w—\/§
V2| Vb+c Vb+c Vb—c¢ Vb—c¢
and

w(w=xi)—|T| ‘

/dw

w2+1 ‘w (w i) —2|7| ‘

:;2 { (2 - \T|2> arctan(w)
4 <1 17l ) \ (4.3.12)
2
L1 [e+e (2+3[7P) +8/7] o (wv
V2 Vb+c b+c
(o) (2+3|7) +8/[* o (w
vb—c b—c
the occupation number becomes
N 1
() = — (1) + TP L(=p) = Is(—0) = [t L(=e0) )
e A R Y SN et W S L 4313)
n s(1417P) 4 (1+17P)

= %—F% (h(#) - |T’212(P‘)) ’

where again the antisymmetry of the inverse tangent is used in the last step. This result
depends on voltage and hopping, but the equilibrium case, i.e. Ay = u = 0, is easily

obtained as I;3(0) = 0 and so

. 1
<nu>y:0 = E/ (4314)

which does not depend on the hopping parameter. On the other hand, in the limit y — o
the occupation number does not rise up to one, as one might expect, but still depends on
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the hopping parameter:
R 1.1 2
()00 = 5 + = (Ia(00) = [T Lo(e0)
L, 24 jef
2 4 (1+1e?) 4(1+12P) (43.15)
11
2 2427
Further, as (7;), = <ﬁa>_y, summing the occupation numbers on the right and left site
gives
" . 1 1 1 1
(a) + () = 5+ — (B = TP R() + 5+ = (=) = [T (=)
1.1 1 (4.3.16)
=1+ — (L) = [TPR4) = — (1) = [TPL()
=1.

This is indeed the relation obtained for particle-hole symmetry and is valid for any voltage
and hopping.

The current is related to the expectation value

() = s | o)™

H
= —— / dw w /dw |T

w(w=+i)—2|7] ‘ (w+z)‘w(wii)—2|r|2‘2
(4.3.17)

| 2

which is part of the renormalized hopping 7. The solutions to the integrals contain inverse-

tangent terms and so, as (d'c,) is a complex number depending explicitly on 7 and |T|2,
the above equation gives a complex transcendental equation, which is not straightforward
to solve directly for unique values. However, the terms can be rearranged so that (d'c,)

only depends on |T|2 and the problem can thus be reduced to a real transcendental equation
in |T\2, that can easily be solved numerically by finding its real zeros.

For convenience, the two definite integrals (and their solutions) are defined as functions of
T|* with a parameter 1. The first one reads

AT / dw @

w (w£i) —2|7| ’
) (4.3.18)
——1 arctan 2]1 — AT+ -z
8l -1 8t -1 2
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where the solution is obtained by substitutionY!l. The second integral can be split into real
and imaginary part, namely

2
T
ifa(|T|% / dw ' [l ' .
w—i—z)‘w(wiz)—2|r| ‘
z 2 z | |2
(w24 1) ‘w(wii)—2|”c|2‘ (@2 4+ 1) |w (w i) — 27

(4.3.19)

where the integrand for the real part is antisymmetric in w and so the integral vanishes due
to the symmetric integration interval [—u, u]. Thus, the function f, is proportional to the
indefinite integral I, defined™ above, as

2
ifallelin = - [ dw &l
A /_ (W2 41) |w (w=£i) — 2|7
= —i(L(p) = L(=p))
= —2il ().

(4.3.20)

The two functions f; and f, are plotted as function of |T|2 for different voltages in figure 4.8.

0 0:5 1 1.5 0 015 1 1.5
7|2 /T2 |72 /T2
(@) il p) ®) (1% m)

Figure 4.8.: f1 and f, for Ay = 0...6I (blue to red lines) with a A(Au) = 0.2T". In (b), f> is
not shown for Ay = 0T, as it is zero.

VIligee section A.2.5 in the appendix.
XThe |T|2—dependence of I is not shown explicitly in order to be consistent with its definition in (4.3.11).
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

Equation (4.3.17) is formally solved for (dfc,) and gives the expression in y and |T\2:

(da) = == [lePin) — ifa(lfm)]
feq .
= UG [ (o) o) (43.21)

7T
_ ATl w) —ifa(|T% )
7+ U [fullel ) = ifale )]

Using the definition of 7(*) and the fact that (dicg) = <cld>>k (cf. (4.1.2) and (4.0.20)), the
real transcendental equation

|T|2 = (t +Uu <cha>> (t +Uu <cha>*> = +2tURe{<cha>} + U2‘<chu>‘2 (4-3.22)

is found for ]T|2. The solution can be explained graphically, as each y gives a curve for the

1.5 T T

TP (17?5 ) /T2

0.5 F =

| /T

Figure 4.9.: Graphical representation of equation (4.3.22) for t = 0.5I', U = 2I'" and voltages
Ap =0...6I (from blue to red) with a A(Au) = 0.2T". The curves represent the
right-hand side, where the diagonal (black line) is for the left-hand side. Each
intersection is marked with a circle and gives the solution for a specific voltage.

right-hand side, F(|7|? 1), and the solution lies in the intersection where |t|* = F(|7|* 1),
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

or alternatively in the zeros of F = F(|t|% 1) — |7|> = 0, which is easier from a numerical
point of view. In fact, for a fixed y and |T|2—grid the solution is simply obtained by finding

the location of the minimum value of F and using the | 7| value at that location. A graphical
representation of the problem and its solutions is shown as an example in figure 4.9.

The explicit calculations are done for the same values of t and U as for the tight-binding
leads and with
A ([e*) =5-107r2

for the |T]2—grid in the minimum search, and finally the solutions of equation (4.3.22) are
shown in figure 4.10.

12 T T T T T T 2

0 0
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
Ap /T Ap/T
(a) t =0.5I" (b) t = 0.8
0.6 ; ‘ ‘
——U = 0.50I"
0.5+ ——U =1.00T" |
U =1.25I"
——U = 1.50T" |
—-U = 1.75T"
U = 2.00I'|
2.5 3 3.5

(c) t = 0.2T

Figure 4.10.: Solutions for the effective hopping from equation (4.3.22) in the model with
wide-band-limit leads for different values of U and t. The black dashed lines
in each subfigure show the hopping #? at U = 0. The legend in (c) refers to all
subfigures. For the chosen Au-grid multiple solutions occur for t = 0.2I' and
U > 1.75I' where the lines are not connected (cf. figure 4.19).



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The solutions are similar to the tight-binding case, but overall the hoppings are a bit lower,
the low-coupling regime is reached at lower voltages and the changes extend to very high
voltages, as there is no limiting bandwidth of the leads. Though, the results in figure 4.10

are only shown up to Ay = 3.5T, as the changes in |T\2 become small.

With the obtained solutions for |T|2 and the previously presented integrals, the current and
the occupation numbers are determined, as the current can be expressed via

1= ({de) - () = -aaim{ (0}

and the results for t = 0.5I" are plotted in figure 4.11.

1.75 T T T T T 0.85
1.5 ;/m |
1.25 f‘/ ew\,?“ﬁsgggg:::::%%mm%eww
y o, 9000000000000000000. ool
%"} 1 ‘/ %?6%% eeeeeeee eeveoe0c000007
~ /
T 0750/
a 4
0.5+ / |—=—U=050I" —U = 1.50I"
095 / |~ U=100T ~ U=175T
U =1.25I" U =2.00"
0 | | | | |
0 1 2 3 4 5 6
Ap /T
(a) Current (b) Occupation

Figure 4.11.: Current and occupation number for t = 0.5I" and different values of U. The
legend in (a) refers to both subfigures. The current curves feature negative
differential conductance in the region for Ay 2 1.5I'. The occupation numbers
for U > 1I' show an initial decrease with increasing voltage, which is more pro-
nounced than in the tight-binding results, and slowly saturate to the maximum
value for high voltages, cf. equation (4.3.15).

In contrast to the solutions in figure 4.10, the curves in figure 4.11 are shown for voltages up
to Au = 6I to depict, in particular, the course of the occupation numbers that saturate very
slowly.

For U = 2T, the maximum decreaseX in the occupation number with increasing voltage is
about an order of magnitude higher than for the tight-binding leads. As shown later, the
effect also occurs in the non-interacting case if > > 1T, which explains why the curve for

U = 0.5T shows no decrease at all in the above results: the solutions for |7|* stay < 0.4I72, cf.
tigure 4.10a.

X Compared to the equilibrium value, i.e. (11,),_o — min (f1,)

n=0 n
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The obtained current curve for the self-dual point, i.e. U = 2I', and ¢ = 0.5I" is compared to
the tight-binding result in reference to the exact solution in figure 4.12:

—6&— WBL

1.75 —o—1B
Exact

1.5 F —

1.25 + —

27l /e’

0.75

0.25

OCJ | | | | | | | | | | |
0

Figure 4.12.: Current comparison between wide-band (WBL, blue) and tight-binding (TB,
red) leads for t = 0.5I' and U = 2I'. The black solid line shows the exact
solution from [16] as reference. The inset extends to and emphasizes on the
high-voltage regime, where the TB solution is constant and the WBL solution
eventually reaches the same plateau value.

As already stated for the previous results in this section, the main difference between the two
leads, namely the behaviour beyond the tight-binding bandwidth of 4T, is here emphasized
up to Ay = 9T in the inset for the current. Another attribute becomes clear in figure 4.12: the
WBL current describes the maximum location in the exact solution more accurately, as the
exact maximum lies at Ay ~ 1.5I' and WBL and TB are at ~ 1.6I' and ~ 1.9T respectively.
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The spectral functions for central and left site are again obtained from the retarded or
advanced Green’s function and are shown in figure 4.13 and 4.14.

12 T T T T T T T T T T T
Ap = 0.000

Add ((,J) / !

Figure 4.13.: Spectral function on the central site for U = 2I' and t = 0.5I' and different
voltages.

The two distinct shapes described in the tight-binding results can be vaguely recognized as
one with two symmetric peaks and one with a single central peak, but they rather smoothly
merge into each other than show a quick transition.

The merging of the central peak can qualitatively be compared to the results in figure 3b
in [17], with the difference that the persisting peaks at |w| ~ 2T are not present in the WBL
solution, as they stem from the tight-binding bandwidth limits.



4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The following figure shows the spectral function on the left site.
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Figure 4.14.: Spectral function on the site a4 for U = 2I" and ¢t = 0.5I" and different voltages.

Comparable to the central site, the side peaks move closer together and overcome the initial
central peak, but do not merge eventually. As in the tight-binding case, the spectral function
at w = 0T is pinned to the same value for all voltages, cf. 4.6.

And again, the somewhat constant shape of the spectral function with a slight asymmetric

Ap = 0.00T
Ap = 1.00C
Ap = 1.60T
Ap = 1.65T
Ap = 2.000
Ap = 3.00T
Ap = 6.00C
| | | | |
-1 -0.5 0 0.5 1.5
w/T

peak weighting from [17] cannot be obtained.
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

As pointed out in the previous section, some information about the occurring effects can
be gained by examining the non-interacting model, which is fully solved by the integrals
defined in the course between (4.3.7) and (4.3.21). Current and occupation numbers are
shown in figure 4.15 for values of t > Lz and higher voltages, where interesting effects

occur. While the negative differential conductance is technically purely a feature of the

7 0.75
6+ 0.7+
S5f -~ 0.65 ¢
~
S 4) , I < 06} f
- | S
~ <
g3t - = 0.55 | /""
a
21 — =1 —¢ =4 f 0.5 —
——t =20 —t =5 W//
oy t =30 —t =60 | 045 o |
0 ‘ ‘ ‘ ‘ 0.4 ‘ ‘ ‘ ‘
0 5 10 15 20 25 0 ) 10 15 20 25
Ap/T Ap /T
(a) Current (b) Occupation number

Figure 4.15.: Current and occupation number on site a for U = 0I' and different values of ¢.
All current curves have two inflection points that give rise to the double-plateau
behaviour for high values of ¢ (although they are very close for t = 1TI'), as well
as all an initial decrease in the occupation number. The legend in (a) refers to
both subfigures.

u-dependent effective hopping and an effective decoupling of the leads (cf. figure 4.15a

where the current curves are strictly increasing functions of voltage), the initial decrease

in the occupation number can already be obtained in the non-interacting case for values
L . .

t> 5 as shown in the following.

The decrease occurs if equation (4.3.10), as function of voltage, features a minimum that

differs from the equilibrium value % (cf. (4.3.14)). So a solution to

.a<ﬁa>_a{1 1 d

0L 20— 2 15+ 2 (n00 —1ePh0) | = 57 (B0~ PRG)  G32)

is needed for |T|2 = 2. As I, and I; are indefinite integrals the derivative gives just back the
integrands, namely

. 2
0 u(p+i)—t2 t4
2 (1)~ 1PRw) |, = L E— .
" = (@D (uEd) =227 (@ +1)|p (p£i) — 28]
(4.3-24)
The denominators are the same and so the problem reduces to
2
OéWWiﬁ—ﬂ‘—#
(4-3-25)

:y4 + (1 _ 2t2> yz
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

whose only non-zero (which corresponds to the equilibrium case where Ay = 0I') and

positive solution is
Wmin = V 22 — 1,

which is real for
>
2
In the results from figure (4.10), the topic of multiple solutions is already raised, and shall
be discussed in more detail in the following. The non-unique values for |T\2 stem from

multiple possible intersections occurring for certain pairs of U and t. An example plot is
shown in figure 4.16:

TP ) /T2

/1

Figure 4.16.: Graphical representation of equation (4.3.22) for t = 0.5I', U = 3I" and selected
voltages to explain the situation of non-unique solutions.

As the solutions are obtained for zero temperature, the minimal total energy determines
the correct solution in equilibrium. In non-equilibrium, the total energy is not enough to
determine the solution for the system, however, it can give more insight to the obtained

solutions for |7|%. The total energy (H) for each |7|* solution can be calculated from the
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

particle-hole symmetric HF Hamiltonian, which reads (cf. equation (4.0.7) and (4.1.1))

u . .
Hyp = 5t Y e+ ) ey
kel keR

— m:Zu [Tmcmd + T, de, — U< ,Tﬂd> <chm>] -V ) (cl,bck + Cli%,b) ,

keL,R

(4.3.26)

where the constant of — stems from the occupation numbers. In the expectation value, the
sum of the two on-site lead terms vanishes (cf. section A.1.4 in the appendix) and so the
total energy results in

(Hyg) = —% — mgb (Zt Re{<d*cm>} + U’<chm>’2> -2V ) Re{<cl/bck>}

keL,R

_ _% _ 5 (Zt Re{<cha>} + U‘<cha> 2) _ zvkgRRe{<Cllek>} (4.3.27)
e O (G

keL,R

as (d'c,) = <c£d> and (dic,)" = <cld> and with the use of equation (4.3.22) in the last step.
The last term needs a little more work, but can be solved with the corresponding equation

of motion and some exact integral solutions. From the equation of motion in (3.3.8), the
following is obtained

VZ< abck 271—1 2/ dw Ckab’ ab>>

1 / t WAT2 < 2

=g |0 | Ceaelad V> T, + epuicla) VLt
i ( ab’ “ab o ab Cap kop o (4.3.28)
1 P oWAA< T <At

:_%/ e (i chal A%+ e " )

=~ o /_oo de (2fir(@) (el )™ = (egpicl ) ),

where the hybridization functions for the wide-band limit are used in the last step. As G
is purely imaginary, the solution for the real part at T = OI' is given by

v ;Re{<c£a/b}ck>} = [ dw fir(@)Re{ (e ¢l

1 H—H A
— _%/_oo dwRe{((Ca,b;CZ,b» }

The real part of the occurring Green’s function is evaluated similarly to equation (4.1.16)
and results in

(4-3-29)

Re (cuch)} = [(cach || |-+ Refa™} — @S + o) (w+Re(a })]
:‘«ca;ci»z(w w;((—z+woc ) (4.3-30)

= | e ch) [

[1 + a(w) (1 - X (w))} ,
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

as AT is purely imaginary in the wide-band limit. With equation (4.3.2) the prefactor
becomes

2 w (w+1) —|7)?

Cai €l
‘« ) (w=+i [w (cu:l:i)—2|r|2]

(4.3.31)
and so the explicit form of the real part is given by
2
jw (i) = [P+ vt = vl £
2
‘(wii) [w (w=+1i) —2yr|2H

) N o o R (4.3-32)

W {w + (1—3|T\ )w — |7 (1—2]T| )}

2
(@ +1) |w (i) =2

Re{ (caicl) } = w

The integral is solved in section A.2.5 in the appendix and leads to the indefinite integral

L(w) i= [ dwRe{(cich)*} = }Lln («?+1) + %m (! + (1 - o) 2 + 4]

1 2w? —4|t]* +1
— ———=arctan .
4/8|T]* =1 \/8|T]F —1
The complete lead contribution to the total energy is then obtained as

v B re{{fh)} = -2V ERe{{e)} -2v B re{{de)}

ke{LR}
= %/_yoo dw Re{((ca;cj;))A} + % /__: dw Re{«cb;cZ»A}

(4-3-33)

— % [La(p) + Ls(—p) — 214(—00)]

= 2[00 - ()]

= 2 L + L] ~ Yoo
T 8y/8t2—1

(4.3:34)
where

Yoo := Jg}o% (Zln (wz + 1) +1n <w4 + (1 —4|T|2> w? +4|T|4) ) .

Although the total energy (Hpr) corresponding to a certain solution |7|? is infinite, their
difference is finite and (Hyr) + Yo can be considered, as

, W+ (1 —4|r|2) w? + 4|t
Yoo — Yoo = lim =—In . L] =0
w2\t (1-4r)?) @2 + 4
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

For a given pair of U and ¢, multiple solutions may not occur over the whole voltage range.

The extent of these multiple solutions can be seen in figure 4.17, where the solutions for |T|2
and the corresponding total energies are shown as an example for t = 0.5T" and two higher

values of U:

2 geeomo— ‘ ; ; : .
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(d) Total energy at U = 4I'

Figure 4.17.: Solutions for the effective hopping (upper row) and corresponding total ener-
gies (lower row) for parameter pairs (t = 0.5I', U). Voltage points with unique
solutions are connected and marked with small blue circles, multiple solutions
are unconnected and marked with bigger circles. The black dashed line in the
upper row represents t2. The legend in (a) refers to all subfigures.

In figure 4.17 it can be seen that the multiple solutions for U = 3I' occur in the transition
region from high to low coupling, but for U = 4I they extend up to zero voltage and unique
solutions are obtained only for high voltages. Furthermore, the solutions with the highest

value for |T\2 result in the lowest energy (solution 3 in the plots).
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4. Interaction in First-Order Truncation — Hartree-Fock Approximation

The current curves to the three solutions from figure 4.17 (and two more U-values in
between) are shown in figure 4.18 with markers for the multiple-solution region (dashed
lines). Figure 4.18b shows the curves with the lowest energies (solution 3).
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Figure 4.18.: Current for (¢t = 0.5, U) pairs where multiple solutions occur. The vertical
dashed lines indicate the region with multiple solutions for each U in the
respective colour. The left dashed line for U = 4I is at Ay = 0I' and is not
shown. For solution 2 only one curve is shown, as in this case all curves in one
plot seem too confusing. The legend in (a) refers also to (b).
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Finally, the question arises for which parameter pairs the solutions are not unique. As this
supposedly analytical task again leads to a transcendental equation, the question can only
be answered numerically. For that purpose, something like a phase diagram in t and U is
calculated in figure 4.19, showing parameter pairs with unique and multiple solutions.

3.5 v T T T T

U/T

t/T

Figure 4.19.: Regions with unique (green area) and multiple (white area) solutions. The
results are obtained as for fixed parameters, but for all combinations of t and U
shown above with At, AU = 0.01T and A(Au) = 1073T, where the calculation
for a given pair is stopped if multiple solutions are found. The blue dots
indicate the solutions presented in figure 4.10 and the red dots indicate three
of the four solutions presented in 4.18 and partially in 4.17.

In figure 4.19 it can be seen that, apart from the solutions that are intended as an example
for multiple solutions (red dots), three of the solutions presented earlier (blue dots) lie in the
white region and thus show multiple solutions for some voltage range. In the solutions for
t = 0.2I" (closest column to the U axis) this behaviour is already pointed out in figure 4.10,
where the multiple solutions for ¢t = 0.5I' and U = 2I" are not yet detected, as the Au-grid
used in previous calculations has not sampling points in this small voltage region.
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5. Interaction in Higher-Order Truncation

To go beyond a Hartree-Fock like approximation in the interaction terms, the equations
of motion for higher Green’s functions occurring on three different levels in the equation
hierarchy are taken into account and new truncation schemes are introduced, each of them
closing the set of equations at that very level. However, the sets of equations become quite
large, their coefficient matrices can be dense, and so their symbolical solution by hand
becomes quite cumbersome — therefore, it is done in Mathematica and the formulae are not
shown explicitly.

Without further treatment, the approximations and truncations used in this chapter lead
to results that break certain symmetries, some of which have already been addressed in
the use of the equation-of-motion technique (cf. [24]). Additionally, a certain symmetry of
the system is broken, namely particle-hole symmetry, which subsequently violates current
conservation.

A note a this point: It seems natural — as the Hartree-Fock like approximation to the
particle-hole symmetric model formally leads to the same Green’s functions as the exact non-
interacting model, but with a renormalized hopping amplitude — yet it is worth mentioning;:
the results in the previous chapter automatically conserve all symmetries mentioned above,
including mathematical-structural symmetries in the Green’s functions themselves as well
as the intuitive physical symmetry of current conservation, i.e. Iy = —Ig as well as

I, = IL;lead-
As the so-called scaling regime is assumed for the exact solution in [15], where the actual

shape of the leads should not matter (see [25]), the following calculations focus on leads in
the wide-band limit for the sake of simplicity.

All numerical results in this chapter are obtained for t = 0.5I', T = 0I', and for different
values of U. The integrations are done numerically using the same initial values and
convergence parameters as in previous numerical calculations, but on an w-grid with

Aw — 7 for |w| < 10T
~ ]0.5I for 10T < |w| < 1000T,

as the wide-band Green’s functions formally extend to |w| — oo, in contrast to the tight-

binding case in previous chapters, where the functions are either ~ 7 or « §(w — wj )
outside the bandwidth.
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5. Interaction in Higher-Order Truncation

5.1. Symmetry Breaking and Restoration

5.1.1. Green’s Function Symmetry

General definitions of the different types of Green’s functions imply the following relations
in Fourier space:

Gla(w) = (Gha(w))’
_GEB(C‘)) = (G§A(w)>* (5.1.1)
Gp(w) — Gp(w) = Gip(w) — GZp(w)

In [24] it is shown for two different models that common approximation schemes violate the
relations above to some extent when used in an equation-of-motion technique. First higher-
order calculations for the IRLM show similar symmetry breakings that lead to unphysical
results and therefore need to be corrected.

To this end, a three-step restoration procedure that essentially restores the three relations
above is suggested in [24]. This procedure is implemented for all occurring two-operator
Green’s functions with a slight variation: The authors of [24] suggest calculating the retarded
and advanced Green’s functions as a first step, then defining new functions that fulfil the
tirst relation from above and calculating the greater and lesser functions with these new
functions. However, this seems to rather introduce even higher asymmetries in the lesser
and greater functions than no symmetrization at all, and therefore this step is dropped and
all Green’s functions are calculated simultaneously and symmetrized only afterwards and
in each iteration step.

It is worth mentioning that the first and the last step of the suggested procedure, which
redefine the retarded /advanced functions, are not needed if the self-consistency loop only
requires expectation values that are obtained by integrating lesser functions.

5.1.2. Particle-Hole Symmetry (PHS) restoration

The symmetry restoration proposed in [24] fixes problems like a zero-voltage current and
imaginary parts in the occupation number, but current conservation (I, + I = 0) is not
tulfilled in the first symmetrized calculations and tends to increase with increasing voltage.
This is technically due to the results where

() # ()

which should be assured through particle-hole symmetry and symmetric leads. So, obviously,
the applied approximations do not only break general symmetry relations between Green’s
functions but also explicitly PHS. Thus, inspired by [24], in the following a PHS-restoration
procedure is suggested. Applying the PHS transformations (3.0.2) to the single operators in
the Green’s functions leads, e.g., to

(5.1.2)

!

(s d™ T8 ()
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5. Interaction in Higher-Order Truncation

As the sets of equations are only calculated for Green’s functions with a creation operator
to the right, the functions on right-hand side of (5.1.2) need to be related to the calculated
functions via the superscript-sensitive relations obtained in (2.3.2) and (2.3.3), which imply

Gip(t) = —G5a(—1) (5.13)
5.1.3
G (1) = =Gya" (=)
for Green’s functions in time t = t, — t; or respectively in in w as F[f(—t)] = F(—w):
Clp() = =Gia (=) (514
GYM @) = ~GR(—w)
And so for the above examples the relations
PHS
(eard ™ == —(elid)y™ = +(d;c)) 2"
PHS
(eudDs =3 —epdds = +{de)Z, (515
A PHS A A o
feaele™ =3 +(chiehe™ = —(epeh 2"
>  PHS > <
cuchha = Hlepe)s = —(eichs
are obtained. And finally, the proposed PHS restoration for general operators reads
~ 1
Chit (@) = 5 (GAF* (@) = Gkt (—w)) eo
5.1.

~> 1/ > <
Gis (@) = 5 (G35 (@) = Ggope (—)
where the bullet (*) denotes the PHS transformed operator and the negative argument can

be obtained by simply flipping the numerical array, if the Green’s functions are evaluated
explicitly.

The explicit calculation procedure is described in algorithm 5.1 and occasionally a damping
factor 0 < a < 1is used for better convergence in the expectation values via

(xi) = (1 —a) (i) +a (xi) g1 (5.1.7)

5.2. Truncation Level 1: Strict Second Order

In the equation-of-motion literature, the truncation order is often labelled according to
the number of commutations with the Hamiltonian H; considered at a certain level. In
the previous chapters, only one commutator is considered for each two-operator Green’s
function and hence corresponds to a first-order truncation. In that sense, a strict second-order
truncation requires the commutators

(dfiq, Hy) = —t (cpfiy + cat) =V ¥ (clckd - c,icad) + U (dhg + ditaiy)
keL

(dhy, Hy] = —t (caty + ) =V Y (cj,ckd - c,ﬁcbd> + U (diy + diaiy)
keR

(5.2.1)
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5. Interaction in Higher-Order Truncation

Require: (x;) ., w,7,t, U, T, Ap, €aps

<xi> — <xi>start
chk <1
while chk > €,,, do
(%i) org = (xi)
G (w) < f({(xi)},w,n,t,U, T, Ap) according to the respective results
éj’{(w) < PHS({Gf‘(w)}N) according to (5.1.6)
G (w (w )e symmetrize {G7(w)} according to [24] and subsection 5.1.1
(x;) (27i) 7! [dw G (w)
chk < max; |(xl) (x1>old\
optional damping according to (5.1.7)
: end while

SANEE L S S S

e ® 3

R
noQ

Algorithm 5.1: Self-consistency non-equilibrium loop including symmetry restorations

and

[caft, H] = —t <dﬁa + chad + chbca) —V Y it + Ucgh
kel
(5.2.2)

[cpft, Hy] = —t (dﬁb + cjlcbd + chacb) —V Y it 4 Ucyi.
keR

For the sake of clarity, all four required commutators are shown explicitly, but as the system
is symmetric in a and b, i.e. left (L) and right (R), from here on these sites are denoted by ,T
and k, k respectivelyl. In this way, the non-zero anticommutators are

{an,d'} =1,

{dnl,cl} = _Cl

{c i1, dT} = —dfe, (5.2.3)
fondl} .

The equation sets for retarded /advanced and greater/lesser Green’s functions have formally
the same structure and differ only in the inhomogeneous term x’ 5, and so for » = R A, <, >
the additional equations of motion read

(@ = U) (di xh)* = X, . — (<<cl-ﬁl; )+ (e t)”)
+ U{(dnpgx")” — VZ [ c ckd Xty <<C1T<C[d" xU)”}

(@7 — U) (e xT)* = X2 — VY (e xT>> (5.2.4)
k

— (et o+ (eledxt)” + (e xT) 7]

g0, eg,ift=a,thenT=0k €L and k € R and vice versa.
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5. Interaction in Higher-Order Truncation

where
XA = (1) 8= ()
Xeie = () dcyx = <dTC‘> 0ax (5.2.5)
Ko = 85 || (dnsxT)? B
Xone = 8|0 eut; )
and
OB = &F =w —e; £y
@7 =@ (i = 1,d).

The complete equation set for this order of truncation consists of the fundamental equations
of motion for the two-operator Green’s functions, (3.3.5), (3.3.4), (3.3.7) and the higher
equations in (5.2.4).

Analogous to the truncation scheme (“Scheme 1” in the following) used in first order, the
new four-operator Green'’s functions are approximated as

(aTbe; x1)* ~ <aTb> (e;xT)* — <aTc> (b; 1Y,

where a,b,c can be ¢, ¢k, d. This decomposition of Green’s functions including a lead
()

operator ¢, gives rise to terms like
VY <xTck> and V') _ <c,tx> ,
k k

whose calculation is described in section 5.5. The procedure described in [23] can in principle
be extended to the six-operator Green’s functions which decompose to

(a'ab'bc; x1) ~ <aTa> (b'be; x1Y) + <bTb> (a'ac; x)
- <aTc> (b'ba; xT) — <ch> (atab; xT)
- <aTb> (blac; xTy) — <bTa> (a"bc; xTY)

+ terms « four-operator expectation values,

(5.2.6)

but as seen later in the evaluation, the only approximation for the six-operator functions
that does not violate PHS in the spectral functions already in equilibrium turns out to be

(dmng )" = () (dng ")+ (r) (dg xT)".

A first application of Scheme 1, where all symmetry restorations are applied, produces
results that are governed by numerical artefacts, symmetry breakings and large discrepancies
between the currents over different junctions. A closer look at the underlying equation set
reveals that the sums of lead-operator expectation values, which are related to the current
over the lead junction, appears only in the current-describing form

VE ({de) {ee)
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5. Interaction in Higher-Order Truncation

In an attempt to restore current conservation, the replacement

VE ({de) ~{de) =+ ((#) ()

is proposed, as

=it (40) () £V ()~ () =

The results obtained with the replacement are still not conserving the current over different
junctions, but at least for some parameter sets all other symmetries are fulfilled. The results
are shown in figure 5.1.

1.25

0.45 *:O.2F ——U =1.0I' ——U = 2.5I'}

—-U=04" U =15 ——U = 3.0

2 | U =0.6" U=20T

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Ap/T Ap/T

(a) Current in Scheme 1 (b) Occupation number in Scheme 1

2rl /e’
CoOoOoOHREFEENNN
QWO ONUTIO =W

|
=
w

(c) Lead-Current addition to (a)

Figure 5.1.: Current and occupation number on site a for Scheme 1, t = 0.5I" and different
values of U. The lines with markers are for the intra-system current I and the
dashed lines for Ije,q4. Especially for higher values of U in (c) the discrepancy
between the two currents is very high. For values of U between 0.6I' and 1.0T
the other symmetries are already broken at low voltages and the results are
not shown. The results for U = 1.0I' are shown only up to about Ay ~ 4TI’, as
symmetries are broken for higher values. Refer to (b) for the legends.
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5. Interaction in Higher-Order Truncation

As the results from figure 5.1 do not seem very promising compared to previously obtained
results, features like negative current for values of U 2 1I' and the large discrepancy between
the different currents, further results within that very approach are not shown.

However, staying at that truncation level, a different approximation scheme (“Scheme 2”)

can be found in the literature for Green’s functions containing one non-interacting lead

operator Ay, i.e. either ¢, or c . This scheme is applied to the full contour-ordered Green’s
function in time and can be obtamed by treating the non-lead part B as a constant for the
commutation, which results!! in

[AxB, Ho] =~ [Ay, Ho]B
[AxB, Hy] ~ [Ay, H1]B
{AkB xT} {Ak xT}B —0

for non-lead operators x = d,c4, ¢p. The approximation to the Green’s function is then
obtained via its equation of motion (cf. (2.2.23)):

(5-2.7)

((AB),xl) ~ 0+ [ drga,(t =) ([AB, Hil )

; (5.2.8)
~ [ drga,(t= D) (A, HilB). )
With the commutators from (3.3.2) this yields
((AB);x}) ~ FV [ drgat=0)((VB) ), (5.2.9)

where the upper (lower) sign is for Ay being an annihilation (creation) operator. In order
to get the expressions for the equation sets in w, Langreth path-splitting and the Fourier
transform are used as in the derivation in section 2.2.1 and 2.2.2. For the new functions
generated in this order this gives explicitly

VZ cle d; xMYR/A ~ VngR/ Afeled; xTYRA = —ARAGan,; xT)R/A

VZ ckcld,‘ xT»R/A R~ +V22g5/A cled; XT»R/A = +AR/A<<dﬁz;xT>>R/A

(5.2.10)
VZ oy xHYR/A VZZgR/A WRIA = _ARZA 0 TYR/A
and
VY (clediat) ~ = (A7 (@i xt)* + AR (dn; 1))
k

Vo leledint)® 4 (o7 () + 8% i) ) (5.2.11)

VY (e i)~ — (A7 (e xt) + AR (e ).

k

IFor the commutator the same can be obtained by ignoring the missing term A[B, H].
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5. Interaction in Higher-Order Truncation

The lesser part for the creation operator c;i results in A; (where k denotes the opposite bath)

as
VY gs = 2i(f (w — ) — 03,5)
X

' (5.2.12)
V2Y 85 = 20 (f (w+ ) = 0z2,5)
k k

and the voltage is applied symmetrically, so

Mk = —Hg-

The obtained approximations relate the lead Green’s functions to system-operator functions
whose equations of motion are already taken into account. Therefore, there is especially no
need for approximations that lead to sums over lead expectation values and subsequently
no replacement for current related terms is needed.

A first application of Scheme 2 in the equilibrium case, i.e. Ay = 0I', and without any
symmetrization shows a strong asymmetry in the local spectral functions. Therefore an
additional third scheme (“Scheme 3”) is proposed, which seems to fix these asymmetries
in the local spectral functions. It consists of setting differences between lead-operator
Green’s functions to zero, that can somewhat be interpreted as hermitian counterparts in a
T

L

transport-related operator (c C — h.c.) O. In this order this means explicitly

(fcleyd; x')* — (ele,d;xT)* ~ 0.
However, other asymmetries in the Green’s functions still persist, and so the symmetrization
schemes have to be applied in order to obtain meaningful physical quantities, which seems
to work even for Scheme 2 to some extent.

The results for current and occupation number in Scheme 2 and 3 are shown in figure 5.2
and the spectral functions on the central and left site are shown in figure 5.3.

A striking feature in all current curves is that the initial slope gets suppressed with higher
values of U, which is not the case for the HF results. On the other hand, the sharp drop
and problems with multiple solutions for higher values of U are missing in this order of
truncation. A certain tendency to negative differential conductance is present in all curves,
but is not so strongly pronounced; the curves rather tend to saturate straight beyond the
maximum. The discrepancy between the two currents I and Ije,q is higher for Scheme 2, but
the current in Scheme 3 shows negative initial values.

Comparing the occupation numbers to the HF results, they start out linearly in contrast to
the somewhat constant or even decreasing results from section 4.2 and 4.3.
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Figure 5.2.: Current and occupation number on site a for Scheme 2 and 3, t = 0.5I' and

different values of U. The solid lines represent I and the dashed lines Ije,4. The
inset in (c) shows some negative current values. The legend in (b) refers to all
subfigures.

The spectral functions on the left and central site for U = 2I' and Scheme 2 and 3 are shown
in figure 5.3. On the central site, both results feature peaks slightly beyond |w| = 2T, that
persist with higher voltage. Where it stays somewhat constant in Scheme 2, a prominent
central peak arises in Scheme 3, which is comparable to the HF results, but especially to [17],
as now side and central peaks are both present. Although it is previously mentioned that
the spectral function on the central site is asymmetric in Scheme 2, the results are both
symmetric, as the PHS restoration is applied. However, it is still unphysical in Scheme 2 as
it shows negative values around |w| = 2.5T for higher voltages.

For the left site, the overall shapes in both schemes are quite different than in [17], however
the persisting side peaks with an asymmetric weighting are obtained, which is more
pronounced for Scheme 3.
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0.9

0.7+

0.5¢

(c) Spectral function on site a (d) Spectral function on site d

Figure 5.3.: Spectral functions for Scheme 2 (upper row) and 3 (lower row) on site 2 and d
for t = 0.5I', U = 2I' and different voltages. The spectral function for the central
site in Scheme 2 shows some negative values for Ay 2 4I'. In Scheme 3 it is
positive in the whole w range. The legend in (b) refers to all subfigures.

5.3. Truncation Level 2: Four-Operator Terms in ¢

Following the strict systematic approach requires taking into account the equations of
motion for the new Green’s functions generated in (5.2.4). However, the Green’s functions
including a lead operator pose some problems that cannot be overcome in this order of
truncation. They are explained using only one affected Green’s function as an example,
but are valid for the others as well. The equation of motion for a retarded or advanced
lead-operator Green's function from (5.2.4) is given by

fe
LR ES U
‘ v (53-1)
- t;a)—k (((d*clck; X)) — <(cjdck,' X)) + <<dTCZCk; X)) — <(c1dck; er») ,

M The corresponding commutators and other lead-operator Green’s function are described in section A.1.10.
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5. Interaction in Higher-Order Truncation

and is already written in the summation form as it appears in the hierarchy of equations.
First of all, a potential symmetry issue catches the eye, arising in the terms

(die,cxt) — (elde; <)
as the equation of motion for the second Green’s functions is taken into account, because
it already appears in the prior order of truncation, but the first, which can roughly be
considered as its hermitian counterpart in a transport-related operator (chl — ¢ d) Ck, has
to be approximated!”. This is just mentioned as a presumption, though, the actual technical

obstacle is the inhomogeneous term

dTCk>

vyl

k

and similar terms appearing in the other equations of motion as well as by application of
approximation Scheme 1 to the new functions in this order, as

2 o
Z%((chch; )~ — <cht—> (D) ZY_z —VZM((C;;JCT»
K @k K Yk Wk
y\,—/
=0 (5.3-2)
_ _<<Cz/ xT»VZ <chk>

These terms result in w-dependent functions that have to be evaluated numerically for each
w-point. As described later in section 5.5, in the wide-band limit they can be evaluated via

vy e Wa) _ 1~y (fLR ><<cl;dT>>A—<<cl;d*>><5i,—), (533)

—skj:zq w — w' £ 2iy

which is done by numerical integration. Yet, for T = 0I" the integrand has a discontinuity
at w' = p and the integral seems to develop a logarithmic divergence at w = y in the limit
n—0t.

Therefore, in this order of truncation the lead-operator Green’s functions are just approxi-
mated as in the previous section. As another simplification the six-operator Green’s function
is also approximated as before, instead of taking its equation of motion. The equations of
motion for the remaining new functions are obtained via the commutators

Y eett, + 3 (clee - i%—)] (534)
k k

ey, Hy| = —t (da, + dicic, — cle.d) + Ucii — V
L1

[ cd, Hl} = —t(c,A—cfy) + Ucle,d—V (chckd - Zc}%cﬂ) (5-3-5)
k k

[d CiCy, Hl] = —t(cift, — ¢, fir + ¢, — ciin) (Zd*c €+ Zd*ckc > (5.3.6)

VConsidering also the equation of motion for the first Green’s function opens up similar symmetry issues
that are addressed in section 6.
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and the only non-zero anticommutators

(o).
feinel} =~

{cled,at} = e, (5:37)
{cled,cf} = —cla

{d c.c,,c T} = d'c,.

With these operators all four-operator Green’s functions generated by the hopping terms in
the parameter ¢ are taken into account.

The corresponding equations of motion read
G e x ) = K~ 1 (<<dm; ) (e 2t — eled; ) ) + Uity

-V [;<<Ck 2( cle ey x )" — ((cliclcl,xT» >

(53-9)
(@ +eq — e — &) (e, x ) = xe  — V <2<<d*cfck; Y+ Y (e, x*>>”>
k k
— t (et xh) 7 — (et xh) 7 + (et ) — (et )
(5.3.10)
where
Xsﬁ = () Oc,x — <C1TCZ> Oc,,x
XRT/c[Zx = <c;cl> Odx — <c§d> Oc,x
R/A - _ [ gt _[ar
Xch,cL N <d C‘> Ocux <d C‘> Ocrx (5.3.11)

Xclm gl ‘w' | Clnl/xT»

> . 2040 3.t WA
g =l o5 el

> > ~ 2 A
X;Tcm,x - gd<TCzq }wi teq—&— S‘_| <<dTCTCt; xT» :

The set of equations for this order of truncation consists of (3.3.5), (3.3.4), (3.3.7), (5.2.4) and
(5.3.8)-(5.3.10).
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5. Interaction in Higher-Order Truncation

The occurring six-operator Green’s functions are approximated as
(5.3.12)

as a full decomposition¥ leads to similar asymmetries in the spectral functions as within the
previous truncation order. The remaining four-operator Green’s functions are approximated
according to the three schemes presented in the previous order. For the new functions in
Scheme 2 this gives explicitly

VZ WA AR (e 2 )RA
VZ CCkCl,xT»R/A AR/A« L,'XT>>R/A

(5.3.13)
VZ ckclcl,xT RIA ~ 4 AR/ A (o, £TYR/A

R/A R/A
VZ (dfe.c;xYR/A ~ —AR/A(dlec,; )R/
K

and
VZ«C:}ﬁl;xT»%% (A,;2 (e )™ + AR (e, 2T )
c [ CCo xT ~ <Ak2 clnl,xT —|—AR cnl,xT 2)
(5.3.14)
~ + A]? cnl,xT —I—AR cnl,xT )

chc,xT S A2 chc xT + AR t;chc,xT .
k k A}

Similar symmetry issues as within the previous truncation level occur in the local spectral
functions, and so calculations are also done for Scheme 3, where

(clepes ) — (clecpxt)” ~ 0.

The self-consistency loop in the first approximation scheme produces reasonable results¥!
the equilibrium case, i.e. Ay = 0T, or for very small voltages, but produces highly symmetry
breaking results for higher voltages, if it converges at all. Therefore, no plots are shown for
Scheme 1 and it is further discarded.

The results for Scheme 2 and 3 are shown in figure 5.4. The current curves are very similar to
the previous truncation order. The main difference seems to be in the discrepancy between
the currents, which is now higher in Scheme 3 (compared to Scheme 2 in the previous order).

VKeep in mind that all EoMs of the lower Green’s functions generated in the decomposition are taken into
account at this level of truncation, and none has to be further approximated as in the previous order.
Vile. I =0el and (#;) = 0.5.

89



5. Interaction in Higher-Order Truncation

1.25 ; ; : : ; ; ; ‘ 0.9
T LT 0.85|
0.8}
0.75 |
g 0.71
0.65 |
0.6+ 7
0.55 4~
oL . . .
0 1 2 3 4 5 6 7 8 9
Ap /T

(b) Occupation number in Scheme 2

0.9

beiisabisblisbitosdsndd
P09 0500 0690 00500990 5694 0.85 |

0.8
0.75 -
g 0.71
0.65 -
0.6 /9
0.55 7%
0.5 4

o 1 2 3 4 5 6 7 8 9
Ap /T
(c) Current in Scheme 3 (d) Occupation number in Scheme 3

Figure 5.4.: Current and occupation number on site a for Scheme 2 and 3, t = 0.5T" and
different values of U. The solid lines represent I and the dashed lines Ije,4. The
inset in (c) shows some negative current values. The legend in (b) refers to all
subfigures.

The spectral functions for site 2 and d are shown in figure 5.5. Again, the spectral functions
are quite similar to the results obtained in the previous section, the main difference can be
spotted in the asymmetric weighting for site a, which is less prominent.
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0.6
0.5+
0.4+
0.3+
0.2+
0.1+

0

3 2 1 o0 1 2 3 3 =2 1 0 1 2 3

Add(w) / ]__Pl

(a) Spectral function on site a (b) Spectral function on site 4

w/T w/T

(c) Spectral function on site a (d) Spectral function on site d

Figure 5.5.: Spectral functions for Scheme 2 (upper) and 3 (lower) on site 2 and d for t = 0.5T,
U = 2I' and different voltages. Negative values can be seen for Ay > 6I in the
spectral function in (b). The legend in (b) refers to all subfigures.

5.4. Truncation Level 3: Six-Operator Terms in t and U

The last addition to the hierarchy of equations, whose results are treated in this thesis, are
the equations of motion for the six-operator Green’s functions, that are obtained with the
commutators

= M
0
>

[ﬁ T Z <C:[Ckc[_ﬁ - C;iq%ﬁ)] (542)
k
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5. Interaction in Higher-Order Truncation

and the anticommutators

{dﬁlﬁ—, dt } — Ay

{dﬁlﬁ—, cj} — _aecld

{czﬁlﬁ, dT} = —ndic (5.4.3)
{cl—ﬁlﬁ, cj} = —nc}ch

{c[-ﬁlﬁ, c}} = A

And so the equations of motion read

(@7 —2U) (dung )"

y ( (cfe,dn;xt)* — (cledn; xT>>”) +y (((cickdﬁl; )7 = (ele dn; xT»%)]

k k
(5-4-4)

=V | Sernsxt) + X (el eetix)” — delecins x*>>”)]
k
(5-4.5)
where
Xgré[;z,x = <ﬁlﬁ7> (Sd,x - <ﬁ1'c:rd> (SCux - <ﬁlc}Ld> 5Cz,x
XEﬂ/ﬁlAﬁ,x = <ﬁﬂ71> 5C,—,x — <ﬁC:rC[> 51:, x — <ﬁldTC[> (Sd X (5 4 6)

2 S\ ~+12/ 95 A
Xinix = 8 1@ |~ (i 1)
2 2 ~£12/ 5
Ko = 86 |@7 [ (eautiz; )™

As the calculations are done for zero temperature, the four-operator expectation values can
be decomposed exactly according to Wick’s theorem:

(o) =2 ) ) o) ()

For T # 0TI the procedure is analogous to the two-operator expectation values, i.e. integration
over the corresponding lesser four-operator Green’s function, where there are now two
possibilities. For example, the following expectation value can be calculated as

1 i . . 1 o0 R
— o [ dweledicl)T = (eld) = (clan) = o [ dw (@) Gar)

Yet, in order to obtain results that do not violate the mentioned symmetry relations, the
four-operator Green’s functions need to be symmetrized as well. According to section 5.1
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5. Interaction in Higher-Order Truncation

this requires Green’s function counterparts where the second operator is evolved, which is
not done in this thesis, as for this case the calculations are restricted to zero temperature.

At this point all functions generated by the hopping terms in the parameter ¢ and by the
interaction terms in U are taken into account, i.e. the hierarchy containing only system
operators is closed and the approximations only affect the Green’s functions containing one
lead operator.

Approximation Scheme 1 is discarded for this order of truncation due to the bad results in
the previous order. The additional approximations for Scheme 2 read

VZ co iy x WA 2 — AR/ (i TR/
VZ cledn; X YR/A & — AR/A (i g ) R/A
VZ Ckczdn[; xT»R/A ~ +AR/A<<dﬁlﬁl_;xT>>R/A 08)
VZ clec i x YR/ a2 — ARVA (e, 2 YR/A

VZ ckclcl_n; YR ~ L AR/A (o s 2 TYR/A

and
VY fep i x )T~ — (AF (e xT) + AR ey x) )
k
VY (eledng xt) =~ — (A7 (g xt) + A% (daig 1))
k
VY (cledn;xt)Z ~ + (Ag (diaz x1)A + AR (d, iz xT>>2) (5.4.9)
k
VY (eleext)T ~ — (A7 (e xt)™ + AR (e iy x) )
k
VY efe,cix )= m + (A7 (et ) + AR (erii; 1))

where for Scheme 3 again differences in hermitian counterparts are set to zero:
<(c c, di; x)” <(c,icldﬁz; X)) <(cjckcl_ﬁ; xT)* — ((cltclcl_ﬁ; xT)* ~0

The results for the current and occupation number are shown in figure 5.6. The current and
occupation curves from Scheme 2 are again quite similar to the previous order of truncation,
but Scheme 3 gives notable changes: The occupation numbers do not rise linearly any more,
but get suppressed for higher values of U. The discrepancy in the currents is predominant
in the low-voltage regime and is more serious for higher values of U as the lead current
seems to get suppressed. The intra-system current, on the contrary, starts out linearly for all
values of U and with the same slope as obtained in the HF and exact results in the self-dual
point. However, the negative differential conductance is still barely present and the current
saturates. As can be seen from the inset in figure 5.6c, the curve for U = 3I features two
maxima and the other curves an inflection point before their maximum value.
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Figure 5.6.: Current and occupation number on site a for Scheme 2 and 3, t = 0.5I' and
different values of U. The solid lines represent I and the dashed lines Ije,4. The
curve for U = 3I in (c) is the only one to show two distinct maxima, which is
highlighted in the inset. The curves for lower values of U show an inflection
point before the maximum. The current curves in Scheme 3 show no negative
values. The legend in (b) refers to all subfigures.

The spectral functions are shown in figure 5.7. The results for Scheme 2 are again quite
similar to previous results, but the spectral function on the central site shows negative values
already for the equilibrium. For Scheme 3, the arising central peak is more pronounced and
reaches over the side peaks for higher voltages.
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0.6

w/T

(a) Spectral function on site a

w/T w/T

(c) Spectral function on site a (d) Spectral function on site d

Figure 5.7.: Spectral functions for Scheme 2 (upper) and 3 (lower) on site 2 and d for t = 0.5T,
U = 2I' and different voltages. Negative values are present for all voltages in
the spectral function in (b). The legend in (b) refers to all subfigures.

Finally, the HF results from the previous chapter as well as the exact solution are compared
to the current from the last order of truncation with Scheme 3, as this is the only solution
that matches at least the low-voltage regime. The comparison plot is shown in figure 5.8.

The intra-system current [ initially follows the linear behaviour of the exact solution, but
already bends away for voltages around Ay = 0.5I'. As can be seen in the inset in figure 5.8,
it reaches its maximum just around the intersection with the HF solutions around Ay = 5T,

where a small negative differential conductance sets in, but tends to saturate as previous
solutions.

The lead current j.,q shows a similar behaviour, but it seems suppressed for lower voltages
as the other lead-current solutions in this order.
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Figure 5.8.: Current comparison between HF results in wide-band limit (black dashed line),
the intra-system (I, blue circles) and lead current I.,q (red asterisks) from the
last order truncation with Scheme 3 for t = 0.5I' and U = 2I'. The black solid
line shows the exact solution from [16] as reference. The inset focuses on the
high-voltage behaviour of I and Ijeaq.

5.5. Summing Over Bath Quantities

The lead current, some approximations presented in the previous section as well as orders
of truncation that go beyond the presented solutions require the evaluation of bath related
quantities. For the sake of completeness and for possible future investigations on the present
topic some of these occurring terms shall be evaluated in this section for a flat-band bath in
wide-band limit, which is defined through the density of states

.1
ple) = lim 5=O(D — ef)
and the hybridization
2D

V= lim {/ —.
D—o0 7T
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A simple result is obtained from summing over squared retarded or advanced single-particle

Green’s functions
V2 V2

Lo=L

T T (w—etin)?

namely that they vanish",

~ lim 2/Dole L L yim LI ~0
D—w 2D J_D (w—siiiy)z - aDsw\w—-D+4iny w+Dxin)
The same is true for shifted terms
V2

;(w—skiiiy)(w—i—c—skiin)

as they can be split into

1 1 1 1
(w—¢exLin) (w+c—eLin) _E(w—ekiiq_w+c—ekiin)'

All other occurring bath sums contain expectation values of k-dependent operators, that can
be calculated using the relation between expectation value and lesser Green’s function,

(90)= o [ ot

and the corresponding exact equations of motion for x # cx, .

R/A
R/A {(c ,b}xT»
<<CkL,R;xT>> / = _VHT
k
LT WR/ZA
(el yRA =y sl
7TkLR o &};:
(5.5.1)
A, feaprxT)™
(crx™) ==V (g;fm {capixt)™ + a@f
kr,r
ton<
R (e,
(el )= -V (gk (el )+ 2
kLR
and for occurring double sums in k, k’
rR/A 1 R/A
(i el)™™ = = (O = V(eg i ™)
R/A
5k/k 2<<Ca/,b’; C;rl,b» /
=3tV ~F ~F
Wy Wi Wi
Ty <
— A {c ,/b,;ck»
(epick)™ = 8o @y fepic)” = V—"r—
k/
(copict )Y V2 (capich,)*
_ <, Su Vz a' b’ ~ab 4 < //;T R+ a' b’ ~ab )
(5.5-2)

VlISee section A.1.6 in the appendix.
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which relate the bath Green’s functions to the calculated system functions.

An important sum term, which is needed for the lead current, is the direct sum over
expectation values containing only one bath operator,

VE (¥e) =VE (55 ) dw o))

1 S V2
= [ do (VP ES + (@) L= | 659
T J—co k kK Yk
= 5 [ deo (Bipleasx ) + A% g ) )
271 J—oo LRA"a,0r “ ’
where the sums over k include only the non-interacting Green’s functions and thus give the
hybridization function A, as defined in (3.2.1) and (3.2.2). In the wide-band limit A has a
simple form, in particular its retarded and advanced part A* = Fi does not depend on w
and so the second part of the integral is proportional to the definition for expectation values
used above, thus

VE(dle) = i{aun) ~ 1 [ de fur(@)enix)™ (554

The remaining integral needs to be evaluated numerically once in each iteration'! during

the self-consistency loop. The calculation for <c£x> is analogous and leads to

. 1 [ R
V; <c;£x> = —i <c;bx> - / oodwa,R(w)«x; cjl’b)) . (5.5.5)
With these two results the current over the lead junction is obtained as
Leads = i€V ) _ <<clck> — <c£ca>>
keL

—ie2in) ~ . [ dofir@) ({eneh) ~ (™) 659

— e[ -1 7 o fiatem{ ey}

A little more effort, analytically as well as numerically, has to be done for sums over products
of non-interacting lead Green’s functions g7 and lead expectation values,

SN ATICEN

where »z = R/A, <,> and a; is a product of operators containing a lead operator. For
retarded and advanced components, where w, = w + ¢ depends on a; (¢ € R), and
assuming that the lead operator in a; is an annihilation operator c, the function can be

written as
R/A

gak (Cd) = gE/A (wC)

VIIf needed in the approximations.
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and so
VZ R/A ( <xTc > VZ  (dleg)
8k : we — € £ iy
% 1 - i, (eapx)™
a _27'[1 Z We — € =+ 1;7 /—oo dw (gkL,R <<Ca,b/x >> + T
: kir

o 2711/ de’ (21fLR<<Cab/ >> Z . !

F (we—ex i) [ (@ e + 2]

1 (5.5.7)
+ «Ca,b/' xT>>< Z ( : ; ;

~ (we — ex T i) (W' — e +in)

V2 1 /°° . A [P 1
- - dw' | 2ifLr(cap; xT) / de
2D 2711 oo ( u P (wemein) (@ -9+

e S :
(eapix g we—e+in) (w —e+in) |

The two e-integrals have an exact solution'X for D — oo, namely

/ de 7 = A
—° (we—eEin) [(w’—s)2+172] we — w' £ 2i1

) o (5.5.8)
/—oode (we —exin) (w' —e+in) T we—d —2i175i’_
and so the evaluation reduces to
14 2 <XTCk> - / dw (fL " XT»A/— <<C.a,b; XT» <(5i/7 ) : (5-5-9)
we—epkin we — w' = 2iy
In the same way, the sums for the hermitian conjugate expectation value lead to:
Cx* Cap; XIWR 4 (Cap; xT) <0
Vg f = [ (f R U S i’*) (5.5.10)

Defining the result from (5.5.9) as function of w., namely

{(xTcy)

F* =Vy
(we) T we — g £y

sums in +¢, appearing in the equations of motion for Green’s function containing a bath
creation operator c,t in the first-operator position, give just

<xTCk> . <XTCk> _ pT
V;%Jrﬁ—kii’?__vg‘—wc—ek;iq_ Fr(we), (5.5.11)

XSee section A.2.6 in the appendix
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where the superscript has changed from =+ to F. So in general, as the numerical evaluation
is expensive, the kind of integral is only evaluated once per iteration and involved Green'’s
function for w, = w and is then flipped (w — —w) and/or translated (w — w,) if
possible.

The sums including lesser and greater functions ¢<(w) are obtained in the same way (here
the + sign stands for a creation (upper) or an annihilation (lower) operator in a):

Vzgfk(w)<xTck>:2iP< VZ ’7<xTck>
k

(we +&)” + 1

B _%(CU) /°:O dof % % ! ( 2 fin ) (caps N + oy ) xT»;')

(wete)? +y2 \ (@' —g)+ 7> 07710 Wl —etin

P 1 D
__ w/ dw (zszR( )((ca,b;xT»g,/_Dde(wcig)2+n2(w/_z)2+n2

(capsx / ds T
W .

—e+in) [(wc + 8)2 + 172]
(5.5.12)

For clarity, the argument of the occurring Green’s functions is indicated explicitly as
subscript. Again, the two integrals have an exact solution for D — co, namelyX

/°° de U U _ 207
o (weEe)+ (W -+ 2 (Fwe— ')+ (2n)°
/oo . 1 o (5.5.13)
€ = — —,
w' —e+in) [(wcis)z—kiyz] Fwe —w' = 2in

eventually leading to

1% ;gfk(w) <xTck>

S (w) (e Cap; XN
= _P”kT() /oo do’ (27TifL,R (w/) <<Ca,b}xT>>£/l 277 _ << abs >>w : >

T (Fewe — )+ (2n)7 Fwe = = 2ig

- ot / Cu,b}xT»;’
= 203 (w)fik (F0e) (i), + ) [ gy _ati T
(5.5.14)
where the property of the nascent delta distribution
2 = 1 7
lim 1 i T2 fim — 1 6 (Fwe — ')

is used in the last stepX!

XSee section A.2.6 in the appendix.

XINote that the limit 7 — 07 should actually be taken at the end of the calculation for all terms together.
As shown in section 4.2 the limit can result in non-trivial solutions in regions where the retarded /advanced
hybridization function tends to or is equal zero. In this case, as the calculation is done explicitly for the
wide-band limit, i.e. Vw, A* (w) # 0, it is assumed that it is legitimate to do this very limit separately and use
the property of the delta distribution.
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The sum with the hermitian conjugate gives

xT
e . C b X >>
Vg (w) {elx) = <205 ) fur (Fwe) (cupin) e + B [ e Mo

(5.5.15)
Through approximations the following double sums may appear, where

G = {eypichy)

depending on the combination of k € B and k' € B, where B() = LR Inserting the equation
of motion (5.5.2)

o We — €k +iy

1 [« V2
- 5 d ! -
271 /oo “ ;wc—sk/iuy

(5.5.16)

glj (5]3]3' + GAA7> +

R —
— (GRa5 + G )]
wk/

the sum over k can be done, resulting in the hybridization functions, and & becomes dpp’,
which accounts for the anticommutator if k and k" are both in the same lead. The remaining
sum over k' gives the same expressions as in (5.5.7), and so for the wide-band limit

cTc,>
V2 —< LV
%wc—ekr:tny

/‘M_me<HM+m%wLQz%(><’Hmﬂw%1
T i T

we —w' £ 2in w 2in

1 / " do [(5133' +iGA (")) fi (') — (2ifp (@) GX (') +iG* (') f&,—]
T ) we —w' £2in

(5-5.17)

With the same argumentation as for (5.5.11) and defining

the following is found for the sum with +¢:

yry AEE) <CIT<Ck’> VY <C’T<Ck'> = _FF (—w.)

kK We + € + 11’] kK —We — & F 11’]

In the sum above, the common index k’ links the non-interacting Green'’s function to the
annihilation operator; the calculation of a sum linking to the creation operator is similar, but
there is a little caveat in the §/; term. Where the first sum has

2
Vzg]? Z <5k’k + GA%) = Vzglj ((Sk/k/(SBB’ + GAA_) = Vzglj <5BB’ 4 GAA_>
k k
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the term in the second has

2 A V? 2 A V?
1% ng< Ok + G oo =V g,?(SBB'—I—G wiAE
k

K K

the rest is analogous and leads to

V2 y <C’t'ck>

K We — &)t + 117

_ % /0:0 dw’ (5]3]3' — iGR(w’)) fB’ (w’) — (ZifB (w’) GA (w’) —iG*< (w’)) 5:|:,_

we —w' £ 2in
The integral expression in this section are explicitly derived for leads in the wide-band limit.
The procedure is analogous for different types of leads, yet, the k-sums (e-integrals) may no
longer be solvable exactly. In this case, the numerical effort increases, as the expressions
result in double (w and ¢) or triple (w, ¢ and ¢’) integrals that need to be evaluated in each
iteration.

(5.5.18)
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6. Outlook and Conclusion

Beyond Presented Orders

(1)

The four-operator Green’s functions 4G; involving one lead operator ¢, ’ are completely left
out, which is mainly due to the two problems addressed in the beginning of section 5.3. As
outlook, they shall be examined in more detail to suggest a possible solution.

The first is a potential symmetry problem, stemming from terms like
<(ch[ck; xT>) — <<cjdck; xT>>,

where one Green'’s function is approximated and the other is considered through its equation
of motion. Such terms can roughly be interpreted as hermitian counterparts of each other

considering a transport-related operator (chl — cjd) cx, cf. equation (3.1.4), where the

current operator [ <ch[ - cjd). By trying to include the equations of motion for both,

it turns out that they branch out very strongly, i.e. each new equation creates a similar
situation, and the formal symmetry issues terminate only if the complete hierarchy of the
4kG; is taken into account. This leads to twenty-four equations of motion! that close in terms
of those Green’s functions. An approximation with scheme 2 or 3 to the remaining higher
and two-lead-operator Green’s functions leads then to

wGj =~ x(ep,w; {(..)p) + ZRi(ek,w)4Gi,
1

where 4G; denotes four-operator Green’s functions containing only operators on site a,b
and d, R; is an analytical rational function in ¢, and w, and x is the inhomogeneous term
containing k-dependent expectation values. With the above expression, the equation sets for
the two-operator Green’s functions close as well and a solution can be obtained. As the 4G;
appear always in k-sums, terms like

;Ri(sk,w) and ;X(ﬁkr w; -+ )x)

need to be evaluated. The sums over the rational functions lead to exactly solvable integrals
if the lead density of states is constant (like in the wide-band), yet the inhomogeneities are
more complicated and need to be evaluated numerically in the self-consistency loop.

I Due to the system’s left-right symmetry, the structure of the resulting equation set can be described by
twelve commutators, which are shown in section A.1.10 in the appendix. For the explicit Green’s functions,
though, the inhomogeneities still need to be determined.
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The second problem addressed earlier relates to the inhomogeneous terms like

VZ <dTCk>

—w—¢gtin

that seem to develop a logarithmic divergence for 7 — 07 if evaluated at T = OI'. They
converge for finite temperatures, but in this thesis no implementation for these direct sums
is found that does not lead to severe symmetry violations that persist despite the restoration
procedure.

However, these sums do not only converge for finite temperatures, but also if a non-vanishing
imaginary part is added in the denominator. So, solving the first problem, i.e. taking into
account all 4G, may solve this divergence automatically, as this provides imaginary parts
from the hybridization function.

Conclusion

The derivation of the equation of motion for non-equilibrium Green’s functions was dis-
cussed in detail and extended by an alternative form. It was further shown that the original
formulation leads to inconsistencies.

The resulting equations for steady-state solutions were then applied to the IRLM as a
benchmark model, starting by discussing the modelling of the leads and setting up the
fundamental equation sets for two-operator Green’s functions in the IRLM. A first formal
solution is found in a Hartree-Fock like approximation to higher Green’s functions, which
was used to discuss some symmetry properties.

Quantitative results for occupation number and spectral functions are obtained for tight-
binding leads, where the possibility of isolated states and how to deal with them is shown.
Further numerical results for the current are presented, which are in fairly good agreement
with literature values obtained from other methods.

In the same approximation, some analytical expressions for leads in the wide-band limit
were obtained and self-consistencies could be solved graphically. The non-interacting case
contains no self-consistencies and could be solved exactly, which allowed for comparison
with certain emerging effects in current and occupation numbers in the interacting self-
consistent solutions.

It turned out that higher truncation levels lead to symmetry violations in the resulting
Green’s function and in turn to unphysical observables. A symmetry restoration was
discussed and applied, and numerical results were presented for different levels of truncation
and approximation.

In the course of adding more Green’s functions to the equation sets, the spectral functions
gained more features present in — although not exact — literature results and the current could
be calculated for higher interactions strengths without convergence problems or ambiguities
in the solutions. However, a clear convergence tendency towards the exact solution for
the current could not be observed. In fact, the simple Hartree-Fock like approximation
produced the best results for the current curve compared to the exact solution.
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6. Outlook and Conclusion

Nevertheless, the presented method is a proper and consistent non-equilibrium theory
in first place, which is not based on assumptions like weak interaction or coupling in its
derivation, and therefore does not restrict possible systems. The sets of equations for simple
approximations offer analytical expressions that give insights into the system’s behaviour
and, finally, quantitative results from self-consistencies do not require high numerical or
computational effort.
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Appendix A.

Mathematical Appendix

This appendix is mostly intended as a mathematical support for the main text and here and
there as collection of additional aspects. Therefore, it is partially provided with less text and
some notations may vary.

A.1. Derivations, Proofs and Auxiliary Calculations

A.1.1. Dyson Series of the Time Evolution Operator

Additional information about the time evolution operator can be found on pages 108ff. in [7]
or pages 56ff. in [26].

The time evolution operator U (f,ty) must satisfy the initial value problem consisting of
Schrodinger equation and continuity relation, so

i%[/[(t, tg) = H(t)Z/[(t, to) with  U(to, to) =1

Integration from t( to t gives the formal solution

t t
dty iU(tl, to) = —i/ dty H(tl)U(tl,tQ)
to fo

oty
t
Z/{(t, to) - U(to, to) = —i dt; H(tl)Z/{(tl, fo) (A.1.1)

to

t
—)Z/[(t,to) =1-1i dt; H(tl)U(tl,to).

fo
Iterated reinsertion of the formal solution gives the following sum of iterated integrals

t
U(t, t()) =T1—1i dtl H(tl [ — Z/ dtzH tz)u(tz, to)‘|

to

t
:ﬂ—i/ dtlH fl —Z / dtl/ dtzH i’l tz)
fo
t fn—1
+ (=) dtl.../t dty H(ty) ... H(ky)
0

to

(A.1.2)

(o]

t,
Z dtl / Aty H(ty) ... H(k),
fo

1’1:
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where the n = 0 term is defined to be 1.

The terms are now rewritten by reversing the order of integration in order to set each upper
integration limit equal to .

For the n = 2 term the integration is changed as follows

t t t t
/dt1 dt... = [ dt, [ dn...,
to to

) 1)

which can be explained graphically as the equivalence of summing (integrating) slices of
either dy or dx in a triangular plane, in order to calculate the area (see chapter 3 in [26]). So
the double integral can be written as

t t t t
/ dty [ dt, H(t)H(t) = / dty [ dt H(t)H(t)
t t t t
o b o (A1.3)
dt / dt, H(t)H(t),
ty

where the dummy variables t; and f, are interchanged in the last step. Further, the
integration limits can be replaced by a step function

t t
/dtl...:/dt1®(t1—t2)....
ty to

And so another form for the double integral is

/t: dty /t:l di H(t1)H(t2) = % [/t: dt, /t: dt; ©(t1 — t2)H(t)H(ty)

_|_/tdt1 /tdt2®(t2—t1)H(t2)H(t1)

; dt1 t:dtz [©(t — t)H(t1)H(t2) + O(t, — t1)H(t2) H(t1)]
—5 [dn [ dnTHHE),

(A.1.4)

where 7T is the time-ordering operator and no additional sign for fermions is necessary, as
the number of creation- and annihilation operators in the Hamiltonian is always even.

In principle, the same strategy can be pursued for the nth term, i.e. starting from the
innermost time ¢, and iteratively changing the order of integration with its left neighbours.
This is rather cumbersome since it has to be done for each time t;<, in order to reach t as
an overall upper integration limit. A shorter approach is to consider the absolute order of
times that is implied by the integration limits in one iterated integral, namely

to < tn <t

IN
N
AN

. :
/dtl / Aty = AN bo <ty i <tiisn & fo <ty <...< it

N o<t <t

\

108



Appendix A. Mathematical Appendix

The desired inversion can be obtained directly as

by <t <t
N t3<t <t

fp<tpy <...<t ;i <...<Hh <t A ti 1 <t <t (A.1.6)

by < tyoy <t
At <ty <t

>

and the corresponding integral reads

t t
/ at, [ dt, ;. / dt: . / dt, [ dt.
to tn tiv1 t3 ty

The lower integration limits are adjusted in each integral with appropriate step functions, so
that

Cdt, /dt IETRER dtn /dt@t—tlﬂ /dt1 (- by).
) +1 t

l

After reversing the order of integration in the nth term, so that each upper integration limit
is equal to t, the equivalent of equation (A.1.3) can be considered for this term and there are
n! possibilities (permutations) to rename the dummy time labels, so

(i) tdtn.../tdh@(tn < ...<H)H(H)...H(t)

(n dtn /dtl Y, Oty <...<t)H(t) ... H(tn) (A.1.7)
. perms
:%#im&wnAdWHHm%umMﬂ

And finally the complete sum is written as

s fn—1
U(t, tg) = Z dt1 /t dt, H(t) ... H(t,)
— i dtn ttdtlT[H(tl)...H(tn)] (A.1.8)

=: Texp{ dt’ H(t )]

A.1.2. Commutation of A with the Density Operator

Recalling the definition of the operator A, in the Dirac picture,

Aa - fa(ta)AO/
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and defining
N = Z[ﬁj(s
]
¢ = inﬁi(ei — Ui),
1

where j runs over all particles and i only over the A related particles, the following is
obtained,

[Aa; } fa(ta) [AO/ fa ta Zﬁ [AOI ”z] fa(ta)aAO = aAa/
1A

as the commutators with 7; that are not part of i are zero. The density operator pg can be
written as

Zopg=e N =) (A1.9)
m=0
and so
_ = (_1)m rm
AaZOPO = Z o AgN . (A.l.IO)
m=0 :
Rewriting R A X A
Ag./\/-: [AQ,N} +NA(,1 — (q/b/—i_./\/’) Aa
AN™ = ALNNT L = (g4 N) AN
— +N aNm_z
((P ) . (A.1.11)
= (¢ +K)* ANk,
where for m = k R R
AN™ = (¢ + )"
And so the commutation results in
(0] _1 m R
AaZOPO = 2 ( ) Aa./\/m
m=0
o (D) eam
= mZO ! (p+N)" A (A.1.12)
— o= (91N) 4,
= e ?ZypoAa

and thus N
— Agpo =€ PpoA,.
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A.1.3. Heaviside Relation

The relation t -
Oty — ty) ”dt...:/ dt@(ty — )O(t — 1) ...

ty
can be explained by having a closer look at the left-hand side expression case-by-case:

ta el ift, >t
O(t, —tp) | df...= ftb il b (A.1.13)
t 0 otherwise

The two step functions on the right-hand side restrict the integration to the region where
they overlap to one, which is only given for t, > t;,. This reproduces exactly the left-hand
side for the cases t;, > t; and t; < t;, as can be seen in figure A.1.

.............................................

tb ta ta tb
@t, >t (b) t, < ty

Figure A.1.: Schematics of the two step functions O(t, — t) (dotted line) and O(t — t;)
(dashed line).

In the case of t, = t;, both sides give zero as

ta
[ =0
ta

A.1.4. Particle-Hole Symmetry

The IRLM Hamiltonian is invariant under the particle-hole transformation

— (—1)"x!

x L

n
that means explicitly

AT
Ca,b - Cb,a

d— df (A.1.14)
CkeL — ClteR
and so
cjld — —cpdl = dfe,
clckeL — —cbc}(eR = c,teRcb (A.1.15)

g = clc, — (—cb)(—cZ) = chcz =1—1y,.
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The hopping terms in t and V' are directly reproduced, but the PHS transformed Hy and
interaction terms impose some restrictions on the on-site energies ¢; as

H0—>€d+€a+€b+28k+ Zsk
keL keR

kel keR

(A.1.16)
- (Sdﬁ + €4y + €pfia + ) ExcrAker + ) €keLﬁkeL>

and
Hy — Hi+ Hy + U(Z—ﬁa — iy, —2ﬁ+ﬁaﬁ+ﬁbﬁ). (A.1.17)

If the density of states in the leads is symmetric around zero, the lead energy sum becomes
a symmetric integral over an antisymmetric function, which is zero, and so:

Y epg=) € =0

kel keR

Equating coefficients with the original Hamiltonian for the rest leads to

!

€L = €R
sd+sa+sb+2uéo
ey —2U = ¢, (A.1.18)
—&,—U = €p
—e,— U = €4
which leads to (apart from the obvious)
gg+ep, =—-U

where the ¢, = ¢, is chosen to keep the complete system symmetric.

The k-sums appearing in the HF Hamiltonian equal

Yoek () =) e (1— ()

keL keR
=) e— ) e (M)
keR keR (A.1.19)
N~
=0
— Z €k <ﬁk> + Z &k <ﬁk> =0.
kel keR

A.1.5. Bare Bath Sum

For the limit D — oo, the complex logarithm is rewritten as

In(z) =1In(|z|) +i(arg (z) + 2kr) fork =0,
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where the argument function is defined as

+ arccos Re"if} if Im{z} >0
arg(z) - Re{z}

—arccos ( —pr otherwise.
And so
D
In(w+ D =+in) =In(|...|) £iarccos wt , (A.1.20)
V(@ +D)* 412
where
w+ D

lim =1 and arccos(l) =0
o J(w+ D) 412

and therefore

— In(w+ D +iyg) = lim In (\/(w +D)* + 172>. (A.1.21)
D—o0
For the other term
— In(w—D=in) = lim In (\/(w - D)*+ 172) +ir (A.1.22)
D—o0
is obtained as
lim w D =—-1 and arccos(—1)=rr.

D—o0 \/(w . D)2 +;72
The divergent terms cancel out in the limit and so

In(w+D=+ig) —In(w—D+iy) = Fin+ Jim (In(y/ ) —In(\/7)) = Fin. (A.1.23)

A.1.6. Squared Bath Sum

The integral result from the squared bath sum is split into real and imaginary part, so

1 B 1 - w—D B w+D
w—D=+in w+D+xin  (w—-D)?+n2 (w+D)*+12
(A.1.24)
Fin 1 - 1
(@=D)’+1y2 (w+D)+72)’

where it is clearer to see that the single summands give all zero in the limit D — oo.
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A.1.7. TB Chain

Alternatively the hybridization function can be determined from the equation of motion for
the uncoupled, semi-infinite tight-binding chain in position space. With the Hamiltonian

N N
HTB = €TB Z ﬁi — 1ty Z (C:rClJrl + C2~L+1CZ'> and N — o
i=0 i=0

the equations of motion form the equation set
(o cb) = g0 (1= toflericl))
(el = —togi (e, vich) +

(enich) = —togn{len_1ich)

(eiaichh) (A1.25)

resulting in a continued fraction for the Green’s function on site i = 0, so

1
— (gieh) = :
zZ0 — 1
z1 — — 1 (A.1.26)
Zy — 1
BN
where

Z; = 1 —l(w—e 41 )—a)—i
" otgi to =

This continued fraction can be expressed in a closed form for N — oo and any complex
number z; = z;,1 =: z € C\ {0}, as it becomes self-similar and can be solved algebraically:

—00 1
{cos C(T)» = (A.1.27)

Assuming convergence! of the infinite continued fraction, it can be assigned a finite (complex)
value G, which leads to a quadratic equation that can be solved in a closed form.

1
z—G
—-G*—2G+1=0 (A.1.28)

Gip = % (z:l:\/22—4)

' An infinite continued fraction converges if its convergents, i.e. the resulting finite fraction, when the
recursion stops at 7, tends to a finite limit. This is obviously the case for any z € C \ {0}.

G =
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Reinserting all definitions and choosing the convergent (w — o) solution G; leads eventually

to:
{(cos c0 (z +Vz >

210 (&i + 4/ (@F)? — 41%) (A.1.29)

1 2
=2 (w Fi 4t%—(wi))

A.1.8. Imaginary Part of the Hybridization Function

The exact limit # — 0T for a single hybridization function, i.e. not appearing in a Green's
function, can be related to the density of states. This derivation is valid for general baths, as
the density of states p(¢) is always a real-valued function.

v? _ 2 (% p(e) _v2 [T 1
Im{zw—ekiin} —Im{V /oodgw—eiin} =V /wdep(e)lm{w—siin}

k
o0 F =07
— V2 /oo dgp(s)m e :FVan(aJ)
(A.1.30)

The result is obtained as the fraction acts like a delta distribution.

A.1.9. Outer Solution to the Occupation Number n

In order to analyse the spectral function in the outer region, the relation
1

+ _
Atp = AL
TB

for the tight-binding!! hybridization function is used and the advanced and retarded Green’s

function becomes
-1
2|7 -1
d;d") = (wi - —wi'_'Ai> = (w* —2r/a*)

So for the spectral function A ;(w)

mAga(w) = Tm{ (d;d") }—( (d;d") ] Im{m}
g —2tPIm{a*)
‘wi—2|r|2Ai’2
g2t Im{a)

5 2
‘wi — 2|7 Ai’

(A.1.31)

I'This relation results from the continued fraction arising in the alternative derivation in section A.1.7 in
the appendix.
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is obtained, where the numerator becomes
2 m{a~} = (1+277) 0p)  for|w| >2
The denominator becomes
wt —2frPat] = ‘ (1 1eP) w* £ifel2y/4 - (w*)?
— (1 - |T|2)2 (wz —|—172) + |T’4‘4 - (wi)z‘
it (1-|7P) <w+\/4 —(w ) —w 4 (w+)2> (A132)
= (1= 12P) (@ ) + [l ()~ 4

+ sgn(w)2|t|? (1 - ]T]2> Re{afr (w=)? = 4}

2

and can further be written as

_ <1 _ |T|2> (172 +f,7(w)> ) (A.1.33)
where
fy(w) = w®+ <t ‘(‘Ui) - ‘ + gn(“’)l _’ ||j|2 Re{ (@) _4}

This function can be expressed as the following square in the limit

2
. |T|2 p) .
lim w)=[|lwl+ ——=Vw?—-4| = f(w if lw| > 2
) n fy(w) (| | P fH(w) jwl

and develops the roots
2|7|?

V2t -1

that are outside the bandwidth, i.e. |wy | > 2, for |T|2 > 1. So in total the spectral function
Ayi(w) outside the bandwidth is proportional to

1 (1+2eP)om)
() o () R R

wip ==*

As mentioned above, in the limit # — 0" the function f; (w) becomes the real-valued square

of a functionf (w) with roots at wy » and the function values of the ratio become

U

O(n) =0  otherwise.

o) _ {O <l> — oo fw=wpyhlw >2 (A.1.34)

116



Appendix A. Mathematical Appendix

The rational function acts hence like a sum of delta distributions,

lim

n—0t fiy(w) + 12

where the normalizing constant is given by the definite integral

(1 +2|r|z> O(n) OcZ (|T’2> 5 (w—wr) er(s (@~ wy)

2 _
Z<|T|2) = lim dwn+2|r| Im{zA ;
=0+ Jjw|>2 fo(w) +1

which has no exact solution'!. However, it can be determined via

) 2
1= /_oo dw Ay (w) = /_ZdWAdd(w)+ dedd(w)

|w|>2

as the inner solution is known. For ]T|2 < 1 the outer integral must vanish, as

2
A =1- A =1—-1=0.
/|w|>2 daw dd(w))|r|2<1 /z daw dd(w))|r|2<1

As shown above, |wjy| > 2 for |1'|2 > 1 and therefore the integration over each delta
distribution gives just one and the normalizing constant can be determined via

2
1:/ dw Az (w)
-2

+ / dw Add(w)
|w|>2

IT)>>1 lt2>1

_ 1 Z<|T|2> / dwa(w_w1)+(5(w—wz)
2|7* -1 7T<1_|T|z)2 w]>2 2 (A.1.35)

1 z(IrP)

2P -1 " 0 (1 — |1r|2>2

and so in total
2ne(|eP—1) (1-|<)*
—~Z <|T|2> = 271
0 otherwise.

if [7)* > 1 (A136)

With (4.2.8) the exact limit for the spectral function A;;(w) can be written as

p) = 1 Pref{vi—et} 2 () e ) 4 80—
e - 72 (120 + 4/’ 271(1—|r|2)2 1 2

2
|T|2_>l 1 |T| Re{ \/4-—(1)2} |T|2—1
= : .+ 5 (0(w —wr) +6(w—wn)).
T2 (1—z|~c| )+4|r| 2t)* -1

(A.1.37)

At least to the knowledge of the author with his humble skills in the art of integration.
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A.1.10. Commutators for Four-Operator Terms Containing a Lead
Operator

For the sake of completeness, the corresponding commutators are listed here. The appearing
combinations containing a number operator are

[cxfi, Hy] = —t (dTCzCk — c:rdck +dice, — c:_rdck> — Ve

[czi1,, Hi| = —t (cjdck - chlc,;> -V

crfty+) (Cjckcl_c - Czﬁ%})] (A.1.38)
k
[cxfi, Hi| = —t (cjdck — chlck> — V; <cjck,ck — c]t,c[ck> .

The combinations with central-site hoppings are

[d*czck, Hl- = —t (ckﬁ — Ci iy — cjc[_ck> + Ud'cye;t, — V (chl—cl + Zch,-{ck>
i k

[chlck, Hl- = —t (ckn —Cch, — c c ck> + Ud'cre, ity — VZchk/ck

| =

i (A.1.39)
[cjckd, Hi| = —t <ckn — i, — cjclck> + chckdﬁ[_ -V (dﬁl + Zc,t,dck>

| -

[cjcl-cd, Hl_ = —t <ckn fl c ccp) + chckdﬁ[ -V (cjczd + ;c;{dci{> .
Combinations in left and right site are
[cjckc[_, Hy| = —t <cher - cjdck) -V (czﬁl + Zc,i,crck + chckck>
] = 3
[cjcl-(cl_, Hi| =t (chl_c,—( — cfdc,;) <Zc CpCp + Zc c C->

[c,tcl c, H1 = t< ,Tcd c,— ckdc> (—clnl +chck,c —|—Zc c e ) —I—ZUCIT(cc fl.
(A.1.40)

And two more connecting central, left/right site and lead:
[c,idcl, Hl} = —tclczc[ +Uu (cltdcl + c,idc[ﬁl_) -V (dﬁl + chdck)
k/

(A.1.41)
[c,idcz, Hl} = —tclclc[_-i— u (c,tdc[_ + cldczﬁl) -V (cjcld + chtdcl-c>
k
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A.2. Exact Integral Solutions

A.2.1. Lorentz Curve

The integral over a Lorentz curve (= Lorentzian) is needed for the correct normalizing
constant for ¢< functions in terms of delta distributions. So rewriting

/ds /ds

+1
and using the substitution
w—¢
u=—— and 7ndu=—de
Ul
the integral reduces to the inverse-tangent solution
— /du L _ arctan(u)
uz4+1
and so the area of Lorentzian is always
o0 w —¢
—>/ de%:—arctan( ) =TT
—o (W —g)2 47 U
—00

A.2.2. Evaluation of the Tight-Binding Integral

For the tight-binding hybridization the following integral is needed

I (w*,u) = /2 —& / —¢ (A.2.1)

wi—s —siz;y

where —2 < i < 2. The substitution € = 2sin(u) and de = 2 cos(u) du gives

) W dcos(a) 4 — 4sin®(u)
= ucos(u .
-3 W= —2sin(u) (A.2.2)
' 2
_4 dy Co8 (u)

—z w* —2sin(u)’

where 1/ = arcsin (§) < Z. A further substitution v = tan (§), 2dv = sec? (%) and the
relations
20 1 — o2 2dv

21 cos(u) = —5——, du=—5—— (A.2.3)

sin(u) = Y o
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lead to

:4/0/ 2do <%>2

_102—1—1wi— 4v

1402 (A.2.4)
(1-2%)°
=8 / dov ,
(1+02)° (wi — 117;2)
where v/ = tan (%) < 1. The integrand in v is split into its partial fractions
(1-?)°
2\3 ((oE — A
(14 90?) (w 1+02> (Azs)

it 11 A I S 4— (wt)?

8 \v+i v—i 41 (w+i)? (v—i)P?| 40 —d+wE)

The integration of the first two terms is straightforward and the main integral is reduced
to

(-0
S/dv 1-|-z)2) (wi 4v>

1402

:iwi[ln(v+i)—1n(v—i)]~|—2i( ! . — L )
AN

2 1
+2[4_ () ]/dvvzwi—4v+wi'

By completing the square in the last denominator the remaining integral can be written as

/ do ! = / do !
200F — 4 £ 2 +2_ (A.2.7)
(oY v+ w (vﬁ—#) _'_(ww) 4
and further solved by the substitution z = vvw F and dz = Vw* dv:
fozroen (72)
= arctan , (A.2.8)
a\/_ 142 22 avw* va
where
(w*)* —4
a = T
Simplifying the complex square roots gives for the prefactor
va_
(Z\/(,(J:t \/4 . (wi)z
and for the argument
z _vvwi—\/fﬁ L vwE =2

W_ va - 4_(wi)2‘
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The complete solution in v reads then

1—2)? 1 1
8/dv 2(3 Ui) =it [ln(v+i)—1n(v—i)]+2i(v l,+v+i)
" _
44— (wb)? . ow* =2
F 2i > arctan :Fz—z
4— (w) 4— (w¥) (A.2.9)
Pt L
= 2w (arctan(v) 2) AT
t-2
+2i\/4 — (a)i)2 arctan ivw— ,
4 — (w*)?

where the logarithmic relation for the inverse tangent is used in the last step.

Transforming back from v = tan (%) to u, with

4 4 _ 2(U\ _ _5_
_vz—|—1_>_tan2(%)—|-1_ 4 cos (2)_ 2 —2cos(u),

gives

+ uy _
w® (u— 77) — 2 — 2cos(u) + 2i\/4 — (w*)?arctan il (5) -2 , (A.2.10)
4— (w*)?

and back from u = arcsin (§) to ¢, using the relations

cos (arcsin (%)) =14/1-— %, tan <%) = 1;:1—(()2(;[),

gives

2 + == /4_ ]
¢ + w™* arcsin (%) — V4 — €2 +2i\/4 — (w*)?arctan (i (Wr=—¢) —w £ ),

where
c= —nwt —2.
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Finally the definite integral can be evaluated and gives

/ - s_igm

_ = _ 42
w arcsm() \/4— u?+2i\/4 — (w¥) arctan< wt —p) w4 y)
+ S +

4 — (w*)?

+

| mw v (WY o

= +w arcsm(z) \/Ad—pu
N S ) +

+2iy/4 — (w*)? |arctan 1,2(6() B — VA p + arctan iw——i—2 :
/4= (w*)? 4 - (w*)’

(A.2.12)

By rewriting the inverse tangent via arctan(z) = éln (i +lz> the last term in the square

brackets can be expressed as

4— (w)? + (w* +2) /4 — (W)’ + [Z(Wi — ) — w42

I

i
—In ’
2V @ - @ ) (@) - 2(0F - ) -t A 2]
and with
a-+ b =—Vva2—b
—a++va%2—b
j 4 —pw* \/4 2\/4— (wt)
— iln< ! T ! )
2 (w* —u)
And finally

+

I (w*,p) = mzu + w™ arcsin (g) — /4 —p?
A2
5, [4-net M,/ (w?)? (A.2.13)
— /4 — (w*)"In 2 (W — )
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where for y = 2

(w ]FIJ 1 4 )) (A214)

A.2.3. Inner Solution to the Occupation Number n

The integrand for the inner expectation value is split into partial fractions that can be related
to I* by

1T]° V4 — w2 \/1—2|T (\/4 R w2> (A2.15)

w2 (1—2|T|2> +4|T| 4<1—2|T| ) 1— w W

where
2

i=i—F—
V1—=2|t]?
and the integral reads then

2 _
/de [TV — o 120 (I @p) - I (-ap).  (A216)

cﬂ(1—zhﬁ)+4h| 4( mﬂ)

The complete inner expectation value becomes hereby

i\/1—2|tf
! i (I (@,p) = I (=@, p) + I (@,—p) — I'* (—d,—p))

(M) inner = gm

iy/1—2[t? -
_ L—H <27r2i+ 24 arcsin (%) + 2a arcsin (%) +f(z)> (A.2.17)

—2”4<1—2hf>
1 12t
Em(2ﬂa+f(z))’
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where f(z) is the sum of the four combinations in z(44, ) from the above integrals and

evaluates to
f@):—mnv4—%gm<1—ﬂﬂﬂ.

So the expectation value becomes

1-2|7 2 4
Vi-2p ( 2l ngn@z'rzwﬁ 4] )

<ﬁ>inner - - 2
4(1—2|r|2) 1- 2 1-2|1]

G 1—|r* ) —— 1
— 2<1_2|T|2> +2<1_2|T|2> sgn (1 2|T|2) V1 =2t —

I 1—|7)? ) )
= - (1 _2|T|2> + > <1 _2|T|2> sgn <1 — 2|7 >sgn (1 - 2|7 ) (A.2.18)
R el i

+
2(1—2hﬁ) 2(1—2hF>
7* = [1 = I7P|

2(mrﬁ—1)

A.2.4. WBL Integrals in HF with partial fractions

The integrals occurring in section 4.3 have similar integrands for which a decomposition in
partial fractions is needed and based on the factorization

w(wi) 2| = {w2+%(b+c)] {w%%(b—c)].

Following relations are useful and hold for b and c:
(b+c)(b—c)=b - =1-8|t]* +16|7|* — (1 —8|7]*) = 16|7|* (A.2.19)
and

(b+c—2)(b—c—2) =b*—c®+4(1—b) = 167)? (1 + |r,2) (A.2.20)

So the decompositions

1 2:% : 11b - — 1119 (A.2.21)
’w(w:l:i)—2|r|2) w243 (b—c) wr+3(b+c)
and

w? _w2 1 1

27 o 1 - 1
‘w(wii)—Z\ﬂz‘ ¢ [@w+3(—c) w+3(b+c) (A222)

1 b—c n b+c
2| wW?24+3(b-c) wW?+3(b+0)

124



Appendix A. Mathematical Appendix

are easily found. The somewhat larger terms need a little more work, but eventually
i
(w?+1) [wz—k%(b—i—c)} [wz—i—%(b—c)}
1 2|7
= . — +
4(1+|r| ) (W?+1) c(b—c—2) {w2+%(b—c)}

2t
c(b+c—2) [w2+%(b+c)}

B 1 1 1[ b-e-2  byc-2
4<1+|T|2) w41 2c|w?+1(b+c) w?+1(b—c)
(A.2.23)
and
2
‘w(w +i)— |r|2‘ W+ w? (1-20) + |[*
2:
(w2+1)’w(wii)—2|r\2’ (w?+1) [w+%(b+6)} [w+%(b—0)]
2
_ 1 2+ 1] (A.2.24)
(14 [xP) | @1
1 [+ (2+3eP) +81cf* (b—c) (2+3[7]) +8/7/"
2c w2+ 3 (b+c) w2+ 3 (b—c)

is found. All these integrands are now split into sums of terms o« (w? + const.) ! whose
indefinite integrals are proportional to the inverse tangent as

1 1 w
/dw ra % arctan (%> . (A.2.25)

And so the following integrals can be easily evaluated:

Integral no. 1

/dw
’w w=Ei)—2|7| ’

:1 \/E arctan w\/i — \/E arctan w\/i
c|vb—c vb—c vb+c vb+c

(A.2.26)

with the value

(\/b+c—\/b—c> = —4|7TT|2
(A.2.27)

T 1 1
L(—o0) = VA (m N \/b——FC> 4C|T|2\/_

as

2
(\/b+c—\/b—c> —b+c+b—c—8t] =2—16/1]* = 2%
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L(w) ::/dw (
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with the value

7/
. 2|2
w2—|—1)‘w(w:|:z)—2|r| ‘
SN {arctan(w)
4<1+|T|2)
+ 1 b_c_zarctan w\/i —b+c_2arctan
V2| Vb+c vb+c vb—c
Iy(—c0) = — 1 E+ T {b—c—Z_b—i—c—Z
2 4<1+‘T‘2> 2 2ev2 [ Vb+c vVb—c

Defining the last two terms as

X

_b—c—2_b—|—c—2
_\/b—i—c Vb —c
1

4/7f?

wV/2

vb—c

)

[(b—c—Z \/bT—(b—kc—Z)\/b——FC]

and solving the square, it evaluates to

And so

=

16|t
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2 32|7[*c? = 262

s

ZC\/E

C\fz)

JIj

(A.2.28)

(A.2.29)

(A.2.30)

(A.2.31)
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Integral no. 3

/dw

2
w(w=xi)— |T|2‘

w2—|-1 ‘w (w 1) —2|7| ‘

1 2
=7\ (2+ kd )arctan(w)
4 (1 + | 7| ) { A2
1 [+0) (2+3f) +8[[* w3
+ arctan
C\/E V b+C \/b_i_c
(b—c) (2+3) +8[* ( 3 )] }
- arctan
b—c b—c

with the value

1 s
S ) { (2+17F) 3

T
= V2 (b+o) Lb—oc) }
(A.2.34)
Again, defining the last two terms as
09 (2+3|7) +8/[* (o) (2+31e%) + 8/
7 (b+c) L(b—c)
:4|72|2 {[o+e) (2+31eF) + 8[| Vo—c— |0~ 0) (23] + 8/ Vo +c]
(A.2.35)
and arranging the terms in the square, results in
X2 = - ‘zl 32|T| (2+|T|2>2C2
= 4c (2+ |1r|2>2 (A.2.36)
—x =2 <2~|— |T|2>.
And so
1
I(—c0) = _‘W (2+7) g + %Zc (2+ 1)
R (2+7P) (A237)
- _4(1+|T|2) '
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A.2.5. WBL Integrals in HF with substitutions

Some of the integrals require suitable substitutions, which are found in the following.

Integral with substitution for f;

w
/ dw = / dw 5 1
w (w £ ) zm wh+ (1 4f7]") w? + 4[]
The substitution u = w? and du = 2w dw in the integrand leads to
1 2 2 4]
—%E/dubt+<1—4h]>u+ﬂrw

and completing the square in the denominator yields
2 4 2 1\ 1 2
2 — 4|t T|* = 2|t - Z(8]7]F =
u—l—(l 4||>u+4|| (u 2||+2) —i—4<8\| 1).

A further substitution v = u — 2|7|* + 1, dv = du and definition a = } (8\7]2 — 1) reduces
the integral again to an inverse tangent term.

v
arctan | —

)

_%1/dv 11 B 2u —4|t|* +1
2 v +a  2ya

1
= —————arctan
\/8|T)* =1 ( \/8|7)* =1

And so, the definite integral is obtained as

w? — 4T +1
— ————=—arctan

H
2
V8lT]? =1 V8T —1
7 u —oo (A.2.38)

—1 arctan 2y2—4|T|2+1 -
8l -1 V8l -1 2

Integral for Real Part in Total Energy

For the integral in the HF energy calculation

L(w) = /dwRe{({ca;cg»}
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again, the partial fractions for the integrand are needed:
2 2 2
w [w4 + (1 —3|7| ) w? — |1| <1 —2|7| )]
2
(w2 +1) )w (w=+i)— 21112)

w|wh+ (1=3*) w? = [ (1-2[r)]

Re{ {(eaich) } =

C(w?41) [w2+%(b+6)] [w2+%(b—6)] (A.2.39)
w 1 —<b+c—|—4|’(\2>w <b—c+4’T|2>w

T2 k| @l w2rlb-o) ]

e

2(?+1) " dc W2+ (b+e) wr+ib-o)

Now the integrand consists only of terms « w/(w? + a), which can be solved via the
substitution # = a 4+ w? and du = 2w dw yielding

w 1 1 1 »
/dwwz_l_a—i/dua—zln(w —|—a>.

So in total the integral reads

1 ’ 1 » 1 o 2 1.
I4(w)—4ln<w +1)+SC {(1+c)ln<w —|—2(b—|—c)) (1 c)ln(w +5 (b c))]
1 2 1 4 a2\ 2 2 w? + 3 (b+c)
_L—lln<w —|—1)+§ cln(w —|—<1 4|7 )w + 4|7 >-|—1n G+ i—0)
= 1ln <w2+1) +11n (w4-|— (1 —4|T|2> w2—|—4|T|4) —|—lln W +5(b+¢)
1 8 8 \w2+3(b—c))’
(A.2.40)
The last term can be rewritten via the relation arctan(z) = % In (i—i) , namely
1 <w2+%(b+c)> 1[0 +bt 1-87%)
—In =—In
Sc \w?+3(b-c)) 8\ a2 b /18P
1 2% + b+iy/8]T)* —1) (A.2.41)

= —1In

8¢ <2w2+bi\/87|21)
—lln —Z+i

- 8¢ z—1i)’

20%+0b

\/8|T|2—1.

where
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Using In(—x) = In(x) +In(—1) = In(x) +im
lln z+1\ 1ln i+z
8 \z—i) 80 i—z
_ i+z
i—2z

= ( 2arctan(z) + )

—; —2 arctan 2602—+b + 7T
84/8|T]* -1 \/8|T]* -1

And finally, ignoring the constant term,

(A.2.42)

) = i (421 + D o+ (1 e) -

4
1 202 + b (A.2.43)
arctan | —————— | .

_4w&rﬁ—1 \/8|T)F =1

A.2.6. Epsilon Integrals in Bath Sums
Occurring in R/A Sums

Partial fraction decomposition of the first integrand gives

n _ 4 i 1
(we —e=£in) [(w’—e)z—knz] 2(we —w') W' —e iy
- ! 1 (A-2.44)
2(we —w' £2in) W' —eFin
+ 1 !

(we — ') (we — W' £2in) we —e iy

and for the second integrand

1 o wclw’ <w’fle+ir] B wcflsﬂ';y) if +in

(we —etin) (W' —e+in) 1 L1 ) if —i (A-2.45)
we—w'=2in \ w'—e+iy we—e—in -

The separate terms in ¢ are all of the same kind as the bare bath sum and the integral for

D — oo gives only +i7, independent of w, or w’. So the second integral becomes zero for

+in. And summarizing, the results are

/ de 7 = T
—c0 et I _ )2 g2 we —w' £2in
(wC € ”7) |:(CU 8) +;7 :| ' (A246)
/°° de 1 _ 2i7T 5
o (we—eLin) (W —e+in) we —w' —2in -
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Occurring in Lesser Sums

Again, partial fraction decomposition leads to

Ul 1
(w' —e+in) [(wcie)z +172] (w' —e+in) [(:ch —¢)? +172}
B i 1
) (ZF(,(JC — w/) Fw, — €+ 117 (A247)
i 1
+2(:ch—w’—2i17):ch—e—i17
n 1
T Fwe— ) (Fae — o —2ip) o — e+ i
and
1 Ul _ Ul 1
(@t e+ (@ -+ (Fae—ef + 12 (@ — e + 12
_ 1
2 (Fwe — ')
o 1 ( 1 _ 1 )
Fwe— W' +2in \Fw,—e+iy ' —e—iy
1 1 1
 Twe —w' —2iy (q:wc—s—in _w’—s+i17>}'

(A.2.48)

With the same argumentation as before, the results read

/°° de U U _ 27
o (weEe) + 2 (W )+ (Fwe @)+ (2)°
/oo 4 7 T (A.2.49)
€ = — T .
—© (W' —e+in) [(wc +e)” + 172} Fwe —w' =2y
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