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Abstract

In this thesis the electron transport through interacting quantum wires is studied. The
time-dependent properties of the system are investigated by using the non-equilibrium
Green function technique. This technique provides a way to include ultra-fast time-
dependent processes, arbitrary strong external fields and also brings forward an ef-
fective treatment of electron-electron and electron-phonon interactions. The electron-
electron interactions are included via various self-energy approximations at Hartree-
Fock, second-order Born and GW levels. These approximations are called conserving
since they fulfill the physical conservation laws like the charge conservation law. The
interacting central system is coupled to one-dimensional tight-binding leads, which are
considered effectively as noninteracting. The system is perturbed by a bias voltage
after which the time-evolution of the system is followed by Kadanoff-Baym equations.
The non-equilibrium steady-state value of the current depends on the used self-energy
approximation, which indicates the importance of the history-dependence in the cal-
culation of current. This is an important observation in the aspect of time-dependent
density functional theory, since it is one indication for the need of functionals with
memory. The steady-state current is independent of the initial state, which is in accor-
dance with the memory-loss theorem. The transient current shows small oscillations,
which are consequence of the density oscillations especially in the first and last site.
The density oscillations in the sites are effect of the electron transition from the lead
to the central system and vice versa.






Tiuvistelma

Tyo6ssa tutkitaan varauskuljetusilmioitd vuorovaikuttavien kvanttisysteemien lavitse
kiyttden epatasapainon Greenin funktio teoriaa. Epédtasapainon Greenin funktio teo-
rian etuna on, ettd sen avulla voidaan tarkastella nopeasti ajan funktiona muut-
tuvia ilmioitd ja suuria ulkoisia kenttid. Lisdksi elektroni-elektroni seké elektroni-
fononi vuorovaikutukset on mahdollista késitella tehokkaasti itseisenergioita kiyttaen.
Téassé tyossé elektroni-elektroni vuorovaikutukset huomioidaan Hartree-Fock, toise-
nasteen Bornin ja GW approksimaatioiden tasoilla. Kaikki ndmé& approksimaatiot
ovat fysikaaliset sdilymislait toteuttavia. Epéatasapainon Greenin funktio menetelméaé
kiyttden lasketaan virta vuorovaikuttavien mallikvanttisysteemien lavitse, jotka ovat
kytketty efektiivisesti vuorovaikuttamattomiin yksidimensioanaalisiin tiukansidoksen-
mallilla kuvattuihin joh-timiin. Systeemi ajetaan epétasapainoon ulkoisen jannitteen
avulla, jonka jalkeen systeemin aikaevoluutiota seurataan Kadanoff-Baym yhtaloita
kiyttden. Valitulla itseis-energia-approksimaatiolla on vaikutus tasapainovirran su-
uruuteen, joka osoittaa historiariippuvuuden tarkeyden tarkastellussa systeemissa.
Tama on téarked huomio, jos halutaan kiayttaa ajasta riippuvaa tiheysfunktionaaliteo-
riaa, jolloin funktionaalien muistiominaisuudet tulevat tarkeiksi. Tasapainovirta on ri-
ippumaton alkutilasta mika on konsistenttia memory-loss-teoreeman kanssa. Toisaalta
alkutila vaikuttaa hetkelliseen virtaan ennen tasapainotilan kehittymistd. Virrassa
havaitaan pienté oskillaatiota heti jannitteen kytkemisen jélkeen miké on seurasta ti-
heyden oskillaatioista etenkin ensimmaisessa ja viimeisessé ketjun mallimolekyylissé.
Tama tiheysoskillaatio on puolestaan seurasta elektronien siirtymisestd johtimesta
keskuskappaleeseen ja painvastoin.
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1 Introduction

A study of quantum transport has gained an increasing amount of interest during
the last years. The succeeded measurements of conductance through single molecules
and increased computational power, implying more accurate and realistic simulations,
are part of the reason for enthusiasm towards quantum transport and molecular elec-
tronics [1-4]. The transport problem through a single molecule is a non-equilibrium
process where the electron-electron interactions, fast time-dependence and strong ex-
ternal fields play a major role. Studying charge transport through a molecule, de-
scription of the electronic structure properly, at least for the parts which engage in
the transport process, is obviously crucial when describing realistic systems. Avail-
ability of unoccupied states inside the bias window is essential for having any decent
transmission through the system.

Coupling of the molecule to the macroscopic leads and applying an external field mod-
ifies the electronic states of the central molecule. The electronic states of the central
molecule are described by the spectral function, which gives the occupation probabil-
ity distribution of the quasiparticles. In the weak-coupling regime one could identify
distinct quasiparticle states and effectively the system can be treated as weakly in-
teracting and the Hartree-Fock approximation gives sufficient results. Interactions be-
tween electrons in the molecule and in the leads play a bigger role when the coupling
is strong since the electrons can move easier from electrodes to the central molecule
and backwards. Interactions in the leads can also affect to the current since the ap-
plied bias voltage will drive the electrons towards the "bottle neck" where the electron
correlation is big.

There are basically two methods to tackle the problem of time-dependent quantum
transport for bigger systems than Anderson impurity model. One is time-dependent
density functional theory and another is non-equilibrium Green function method.
The density functional theory has nevertheless a weakness, namely a lack of suitable
functionals. The known functionals describe only static density distributions which
is not true any more in the transport problem. The non-equilibrium Green function
technique offers a way to treat the non-equilibrium processes, the electron-electron
interactions, time-dependence and arbitrary strong external fields. The time evolution
of the system is described by analytically continuating the equilibrium Green function
from the imaginary axis to the real axis. This is done according to so-called Langreth
rules and leads to Kadanoff-Baym equations. The electron-electron interactions are
included by various selections of self-energy diagrams. The strong external field can be



2 Introduction

treated non-perturbatively by using non-equilibrium Green function technique, since
the external potential is just a parameter in the theory.

The power of Green functions is in the perturbative treatment of self-energy, which is
the term containing the information of the many-particle properties of the system. The
approximations of many-body interactions can be improved by taking into account
those Feynman diagrams, which are relevant for the studied process. Although the
Green function does not contain the full information carried by the wave function, it
contains all the necessary information. For example: the expectation values of one-
body operators, ionization potentials, response functions, spectral functions and total
energy of the system.

The non-equilibrium Green function method provides also a way to derive new im-
proved density functionals with memory, which can be used to study the transport
problem with the time-dependent density functional theory. The construction of func-
tionals is based on the diagrammatic expansion of Green functions. There is at least
three ways to construct variational functionals form the diagrammatic expansion. First
is to re normalize the Green function lines which leads to Luttinger-Ward functional,
the second way is to renormalize the interaction lines which leads to Hedin-Almbladh
functional. The third way is to renormalize the four-point vertex.

In this text the method for calculating the current through model system by using
non-equilibrium Green function method is described. The systems we are studying
consist of central transport region and two macroscopic leads to which the molecule is
connected. The central system is treated as interacting whereas the leads are treated
noninteracting. The effect of the leads to the central system is included in terms of
embedding self-energy, which is added to the many-body self-energy approximation
describing the interactions in the central system.

In first chapter the non-equilibrium Green functions and the time contour are intro-
duced. The second chapter contains the derivation of equation for current whereas the
third chapter is about the different self-energy approximations and also the descrip-
tion of leads is included. Chapter six is about the steady-state current and the last
chapter is devoted for the results.






2 Time contour and Green functions

The non-equilibrium Green function technique provides a method to study interacting
electrons at finite temperatures under an arbitrary strong time-dependent external
potential. The equilibrium description of interacting many-particle systems is rather
straightforward, if the interactions are turned on and off adiabatically, the ground
state at the beginning and the state at the end can be assumed to be the same. The
states of the interacting system, needed to obtain the Green function for interacting
system, can be constructed form the eigenstates of the noninteracting system by the
Gell-Mann and Low theorem [5].

In the non-equilibrium situation the ground state at ¢ = —oo is not necessary anymore
exactly the same as the state we obtain at ¢ = co, when the interactions have been
turned on and off adiabatically. Actually, it is quite easily seen that these states do
not need to be identical. For example, by taking a noninteracting state at t = —o0,
switching on the interactions, the system being fully interacting at ¢ = 0 and after
switching off the interactions, the system can end up to the state which is at a different
energy than the original state due to dissipative processes. As an example one could
think a ferromagnetic material, which has been exposed to an external magnetic field.
At first the material is unmagnetized, after applying a magnetic field the material will
be magnetized even through the external magnetic field is removed. Another example
is the ionization of a molecule by a laser field. In this case also the final state after the
perturbation is different from the starting state, since there is a lack of one or more
electrons.

2.1 Time-evolution

To be able to characterize the non-equilibrium properties of a quantum system we
need to follow the time-evolution of this system. In quantum mechanics the time-
evolution is given by the unitary time-evolution operator U (t,t'), which, because of
unitarity, leaves the observables invariant. In mathematicians language the evolution
operator is a mapping between the wave functions at times ¢ and ¢’ i.e.

() = U(t, 1) e(t). (2.1)

A formal solution for this equation can be found by differentiating with respect to t
and ¢’ and by using the time-dependent Schrédinger equation. The evolution operator

4



2.1 Time-evolution 5

is defined as a solution of following differential equations with the boundary condition
U(t,t) =1,

W0 U(t,t") = H)U(t, 1), (2.2)

A~ A~ A~

—i0, Ut t) = HEU(t,1). (2.3)

Solving, for example, the first equation by integration from t’ to ¢ with the boundary
condition a following equation for U(¢,t") is obtained

A~

Ut,t)y=1—i / t At HDU (). (2.4)

This equation will give successive approximations for the time-evolution for operator.
For example

Uo(t,t) = 1

t
Uy (t, 1) = 1—2'/ dt H (1)
t/

t t t1 .
Oy(tt) = 1—i / dt H (8) + (—i)? / ity F (1) / dtydty I ().
t t

t/

(2.5)

By repeated use of equation (2.4) one ends up to the following N-th order approxi-
mation for U(t,t')

o0 Y t B t B t 5 . L
On(tt) =1+ %/ di, / di, / A, TIHG) B (26
mn: t/ t/ tl
n=1
A similar equation can also be derived for the adjoint equation (2.3). The result is
A 00 Zn t B t B t o o
Un(t,t) = 1+ZE/ di, / di, / di, TIH@) . H(@)].  (2.7)
o v Jt t t
These two equations can be written formally as [6, 7|

t
U(t,t’) =T {exp (—z/ dTﬁ(T))] ,if < t,
t/

Ut,t) :T[exp <z’/tl dTﬁ(T))] it ¢ >t

These equations are central for the perturbation calculations of many-particle sys-
tems. The operator 7 is the time-ordering operator, which rearranges the operators

(2.8)
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in chronological order; T is the anti-chronological time-ordering operator. The defini-
tion for 7T is

Te [A(tl)---fl(tn)} =D (=1)0(tray tre))- Ot 1) trw) 29
x Atpay)... A(tpimy)

where P runs over permutations and F}, denotes the fermionic permutations.

In addition, for knowing how the non-equilibrium system evolves in time we need
to know how to calculate the expectation values of operators in interest. From the
knowledge of the density matrix in any representation it is possible to determine the
expectation value of an operator O(t) in the grand canonical ensemble as

©O(1) =Tt {5On(t)} (2.10)
where the statistical operator p, acting as a weight function, is defined as
e~ BUH—uN)
p= (2.11)

Tr {e—B(H_HN)}

and R R o
Og(t) = Ulto, t)OU(t, o) (2.12)

is the Heisenberg-representation of an operator.

Defining the one-body part of the Hamiltonian without the coulomb-interaction to be

~ 1
h(rt) = §V2 +o(rt) — p (2.13)
then the statistical operator can be written as
—BH-uN —BHo
5 ¢ ¢ (2.14)

Po = ~ ~ - ~ )
Tr {e—ﬁH—“N} Tr {e—ﬂHO}

where, because the number operator N and Hamiltonian commute, the term MN is
merged to the definition of H, (I;TO = H— ,uN) The operator N can be replaced by
the eigenvalue N only for systems of fixed particle number. For systems where the
creation and annihilation of particles happens the trance in the denominator needs the

be calculated over the matrix elements of exp[—B(H — ;N)] calculated with states of
the Fock space, and therefore involves states with different numbers of particles.

The operator e~BHo can be written as an evolution operator in the imaginary time
and therefore the expectation value (O(t)) gets a following form

_ Tr{U(to — iB,t0)On(t)} _ Te{U(to — iB, 1)U (to, ) OU (t, to) }

0 — 4B, ) to) (2.15)
TI'{U(tO — Zﬂ, to)} Tr{U<t0 - Zﬁv to)}

(O(1))
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From this expression it is seen that the system evolves first from an initial time (¢, 0)
to a time (¢,0), the operator O acts and the system evolves back to time (t,0)
from where the system is evolving along the imaginary track to the time (¢y, —i3).
This time-contour in the complex ¢-plane (see Fig. 2.1) was originally introduced by
Keldysh [8]. Because of the group property of the time-evolution operator the time
contour can be expanded up to the infinity. Times are ordered on the contour such a
way that ¢, is later that ¢t_ [6, 7].

Figure 2.1: Keldysh contour.

The expectation value of an operator O can be generalized to apply on the whole
contour. If z is a variable on the contour v then after using exponent expression for
the evolution operator we can formally write

O = Te{ [Texp (—i [, dz01(2)))] O(z)}. -
Tr {Texp (—i I/, dzH(z)> }

If the Hamiltonian is time-independent this expression simplifies to the ground state
expectation value.
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2.2 Green functions

We are now ready to define the non-equilibrium Green function

(Ut — B, t0) Teldn (D)5 (2)]}
Te{U(to — iB,t0)}

where 7c denotes the time ordering operator along the contour 7 where the average
is taken over the grand canonical ensemble. The Green function is thus defined for
time arguments on the contour. If the real axis is not included to the range where the
Green function is defined, i.e., the Green function is defined only on the imaginary
axis, this formalism reduces to the basic theory of ground state Green functions [5].

G(1,2) = —i(Te[dbn(1)d}(2)]) = o (217)

The Green function posses some symmetry relations on the imaginary track. The
fermion (boson) Green function is antisymmetric (symmetric) under the change of its
time arguments. These periodic Kubo-Martin-Schwinger boundary conditions are

G (x1(to —i8),2) = =G (x1to, 2)
G (1,x3(to —if)) = —G (1,Xat) . (2.18)

To find a physical meaning for the Green function we write the time-ordering operator
explicitly. The Green function splits into two contour ordered Green functions called
the greater Green function G~ and the lesser Green function G< as|6, 7|

G(1,2) = 0(t1,t2)G7(1,2) + 0(t2, t1)G<(1,2). (2.19)

The step-functions are defined on the Keldysh-contour so that

(2.20)

o(t,1') = 1, if ¢y is later than ¢,
"7 10, otherwise.

The contour ordered greater and lesser correlation functions, GZ(1,2), are defined as

G”(1,2) = —i{Yy (D05 (2)), ¢ later than t,,

. . (2.21)
G<(1,2) = i (2)pg (1)), t, later than ¢,.

The greater Green function G~ (1,2) can be interpreted as a propagation of a particle,
since we are removing a particle at point 1 and placing it at the point 2. The lesser
Green function G<(1,2) describes a propagation of hole or a particle backwards in
time, since we are removing a particle at later time point 1 and placing it at earlier
time 2. The greater and lesser Green functions are connected via following symmetry
relations

G3(1,2) = —[G3(1,2)]", (2.22
G>(X1t,X2t) = —ié(Xl—X2)+G<(X1t,X2t). (223)
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The retarded and advanced Green functions are defined as a expectation value of the
anticommutator of the two field operators ¥ and o'

GH(L2) = bt —t2) ({Vu(D).3H)})

— Ot — 1) [G7(1,2) — G<(1,2)], (2.24)
GM(1,2) = it — 1) ({9u(1). 0}(2)})
= Bt — 1) [G<(1,2) = G7(1,2)], (2.25)

where 6(ty — 1) is the usual Heaviside step-function. The retarded and advanced
Green functions are analytic in the upper and lower half-plane respectively which is
why these functions became useful in calculation of the response properties for the
given system.

In addition, we can define the mixed Green functions whose one time argument is
defined on the real-axis and other on the imaginary-axis

G](Xltl,XQTQ) = G<<X1t1,X2t0—iTg), (226)
Gl—(XlTl,XQtQ) = G>(X1t0—iTl,X2t2). (227)

The matsubara component of the Green function is defined purely on the imaginary
axis
GM(XlTl, XQTQ) = G(Xlto — iTl, tho — iTQ). (228)

Although, the Green function does not contain the full information carried by the wave
function, it contains, nevertheless, all the necessary statistical and dynamical infor-
mation like the ground state properties (expectation values) and ionization energies.
The expectation value of the one-body operator O(Xt) is generally given by

<O(t1)> :/dxl [O(Xﬂl)<7[’H<X1t1)@zj}{(x2t2)>}

) e (2.29)
= —Z/ dX1 [O(thl)G<<X1t1,X2t1):|

X1=X2

For example the particle and current are given by
(1)) = —iG1,17),

(1) = —i { {% _ %1 G(1’2)}122+ | (2.30)

where the notation ™ means that in the time-contour ¢t approaches ¢ from infinitesi-
mally later time, t* =t + 0.
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2.3 Spectral function

The spectral function provides information of the correlated quasiparticle (single-
particle) spectrum of the system and it can be obtained as a Fourier-transform of the
Green function. The spectral function is usually defined as the difference between the
greater and lesser Green funcion

Ak, w) = [G7 (k,w) — G<(k,w)]. (2.31)

In the equilibrium Green function formalism the Hamiltonian is usually time indepen-
dent which allows us to determine the Lehmann representation of the Green function
[5, 9] and to Fourier-transform the Green function into the frequency domain. In the
non-equilibrium situation this is not in general possible, since the Green function
depends on two time arguments. Nevertheless, if in the long-time limit the Green
function does not depend upon the time arguments t; and ¢, separately but rather
on their difference t; —to, 7.e. the system has reached a non-equilibrium steady state,
the Green function can be Fourier-transformed to obtain the removal and addition
energies of the system [6, 7].

Let us start by expressing the Green function on the frequency domain as

G(x1,X;w) = /dTG(Xl,XQ;T)e_MT
= /d(tQ — tl)e(tl,tg)G>(X1,X2; t2 — tl)e_iw(t2_t1)

+ /d(tg - tl)e(tg, tl)G< (Xl, X9; t2 — tl)eiiw(bitl). (232)

We can formally calculate this by using the complete eigenstates of the Hamiltonian
and obtain the Lehman-representation of the greater and lesser Green function. From
the definition of the greater Green function we get

G~ (x1t1, Xoty) = —Z'Tr{ﬁoqﬂ(xltl)lﬁ(xﬂﬂ}
- Z<¢i|ﬁ0lﬁ(xltl)i/ﬁ(xﬂﬂwi) (2.33)

and by inserting a complete set of eigenstates between the field operators we obtain
/L. _ . g ._F. _ n n
G (it Xaty) = =7 | 3 e P ETEN ) (6,10 (1)) (03[9 (2) )| (234)
]
where Z = Tr[e?H] = Tr[U(ty — if3,to)] is the grand partition function. A similar
analysis for the lesser Green function gives

G xrta,xats) = 7| S0 e BB (G108 )] 05) (0510 (x| (2.35)

ij
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The states ¢; contain NV &£ 1 particles if the state ¢; contains N particles. This is seen
easily as follows. The commutator of the number operator with the field operator is

K (1), 5(2)] = ~5(2) or equivalently No(1)05(2) = d5(2)N — 1]. Applying this

operator to the state |¢;) gives N(1)[00(2)[¢)] = [N — 1][1)(2)| )], therefore the state
|¢;) has N particles [5]. We can now write the equations (2.34) and (2.35) as follows

G<(X1t1,X2t2) = % E eiﬁEiei(EiiEj)(tgftl)g:j(XQ)gji(Xl), (236)
ij
G> (Xltla thg) — _% E e*BEiei(Ej*Ei)(tzftl)fij(X1>f;i(X2)7 (237)
ij

where we have also introduced the Feynman-Dyson amplitudes for a simplification of
the notation

g56(x1) = (N = 1, j|(x1)| ), (2.38)
fis(x1) = (&l (1) [N + 1, ). (2.39)

The spectral function is defined now as a Fourier-transform of the Green function
142 (Xl, X9, w) == /d(tg - tl)GZ(Xl, X9, tg - tl)eiw(tQ_tl) (240)

and it gives the removal and addition energies of the electrons in the system

A<(x1, X9, w) = % > 6w+ By — E)e g (x2) gji(x1), (2.41)
]
A (x1xp,0) = = > 6w+ Ei — Ej)e ™ fii(x1) fi(x2). (2.42)
ij

The coefficients are called spectral weight functions. The spectral function gives a
measure how well the system can be treated as consisting of noninteracting quasipar-
ticles. If the system is treated as noninteracting, the spectral function is just a sum
of delta functions. The interactions change profile of the spectral function from the
ideal delta functions to a more broaden Lorentzian or gaussian peaks (see Fig. 2.2).
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\ /

w

Figure 2.2: Spectral function which shows three spectral peaks and the correlated back-
ground noise.

Now we can go back to the calculation of the Fourier-transform of the total Green
function (Eq. (2.32)), which can be written as

do e—i@(tl—t2)

G(Xl,XQ;W) = /d(tg — tl) |:— _—:| e—iw(tg—tl)

2mi @ —in

X

—% Z e PP iE —E)(ta=ta) £ (Xl)f;i<x2)]
ij
~ —ii(ta—t
+ /d(t2 —t) |— d_w—e e e wlta—t)
2T w —1in
i BB BBt s
7 Ze BE; i Ei—Ej)(t2 tl)g@'j<x2)9ji<xl)] . (2.43)

ij

X

After some simplifications the Green function takes a following form

e PP fij(x1) f;(x2) + e~ gy (x2)gij (%)
w—FE; — E;+1in w+ By — By —in

G(x1,Xo;w) = i

A

]
_%/@

As a short summary, we have defined the Green function as an expectation value
of time-ordered product of two field operators in the time contour. We were able
to express the expectation value of an operator using the time-evolution operator,

i (2.44)
A” (X1, X9, w)  AS(x1,X9,0)

w+w+1in w—w—1m
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which lead us to the definition of the Keldysh-contour. The Fourier-transform of the
Green function allows us to determine the spectral function. The poles of the spectral
function determine the allowed energies of the quasi-particles.

2.4 The equation of motion of the Green function

In order to obtain an equation for the current through the system we need to cal-
culate the Green function. There are two ways of doing this one is the usual way
by obtaining the Green function from the Hamiltonian the other way, which is also
more convenient, is to use Keldysh-techniques [6, 7]. First we derive the equation of
motion for the Green function describing the closed system. The equation of motion
for Green function is easily found by using the Heisenberg equation of motion for time
dependent operators

A

i9,0(t) = [O(t),ﬂ(t)] . (2.45)

The Hamiltonian can be expressed in terms of the field-operators using the language
of the second-quantization as (see Appendix)

i) =[x (o, 0009

—|—%/ dx;dxs ﬁT(Xl)zﬂT(Xz)w(Xﬁhthz)l/AJ(XZ)@D(Xl%

(2.46)

where w(xt,x't") = 0(t,t') /|x—x'| is the coulomb interaction and lAz(Axt) is the one-body
Hamiltonian. By using the commutator relation of field operator ¢ with Hamiltonian
H

i01,5(1) = [H(0).10)] = Ui + [ 2w i) 4

one can obtain a following equation of motion for the Green function

~

0,G(1,2) = i, [6(t2,12)(D(1)1(2)) — 012, 1) (51 (2)(1)
. A . . . (2.48)
= 5(1,2) + h(1)G(1,2) + / a3 w(1,3) el 3)d )1 (2).

The term T¢[1)T(3)1)(3)1h(1)1)1(2)] can be identified to be the two-particle Green func-
tion G(1, 3; 3%, 2), which describes the motion of two particle, or two holes, or a particle
and a hole. The equation of motion is then

i, G(1,2) = 6(1,2) + h(1)G(1,2) — @/ d3 w(1,3)G(1,3;3",2). (2.49)

From this expression it is seen that the equation of motion for single-particle Green
function depends on the higher-order Green functions. By writing the equation of
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motion for two-particle Green function would contain a three-particle Green function
and so on. The physical reason for occurrence of (n + 1)-particle Green function in
equation of motion of n-particle Green function is that the addition and propagation
of a particle creates more and more complicated interactions to the system.

To get physics out of the equation of motion the infinite sum has to be summed or
truncated. The truncation can be done self-consistently by introducing a self-energy
> such that —iGow = XG. Now the equation of motion reads as

[i0;, — h(1)]G(1,2) = 6(1,2) +/ d3 (1, 3)G(3,2). (2.50)

The self-energy X[G] is a functional of the Green function. Calculating the time deriva-
tive of the Green function with respect to t5 we obtain a adjoint form of the EOM
which reads as

[—idy, — h(2)]G(1,2) = 6(1,2) + / d3 G(1,3)2(3,2). (2.51)

The self-energy operator 3 is the adjoint of X. These two self-energy operators are
same for systems initially in equilibrium, but for general initial states this is do not
need to be the case [6].



3 Time-dependent current through
interacting quantum system

Modeling transport process through a constriction or a molecule is a problem involv-
ing open quantum systems; quantum systems which are in a majority in nature. Using
non-equilibrium Green functions as a theoretical tool for modeling the electron trans-
port through molecular-like systems allows us to study the properties of the system
which are not accessible by other means. First of all this method allows us to treat the
electron-electron interactions, although perturbatively, in terms of self-energy expan-
sions. Secondly the theory includes time-dependence and thirdly the external potential
can be arbitrary strong. In this approach the system is initially in the equilibrium with
common chemical potential and the system is driven out of equilibrium by applying
a bias voltage.

These are major improvements towards more realistic description of transport problem
and towards better understanding of open quantum systems. Other theories usually
neglect the electron-electron interactions like in the scattering theory or they are
concentrated on the steady state properties like Meir-Wingreen approach. Some of
the previous approaches to the quantum transport problems partition the system to
three different regions; left and right lead having their own chemical potentials and to
the central system. At time ¢, these three parts are connected and the current flows
through the system. Partitioning the system initially is purely a theoretical trick to
simplify the problem, which does not give physically correct results at the transient
regime. To describe these transient currents the system has to be treated as a whole
and the driving perturbation is the bias voltage applied over the system.

The assumption of the noninteractiveness of the electrons can be quite drastic and
misleading assumption. Since electrons are moving through a narrow system consisting
few levels from which only a few are available for transport, the electron motion is
correlated. Interactions in the leads are not included in our model but it is rather
easy to convince himself/herself that the electrons are highly correlated at the "tip"
from lead to the central region. The applied bias over the system drives the electrons
towards the contacts and as a result the effect of correlations increases.

In this chapter the equation for the current through arbitrary interacting quantum
system /molecule between two noninteracting leads or electron reservoirs {a} is de-
rived. The transport problem is approached using unpartitioned scheme [10] where

15
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the whole system is initially at thermodynamic equilibrium described by a common
chemical potential 4 and inverse temperature 5. This derivation is based on the un-
published notes [11] by R. van Leeuwen, G. Stefanucci and P. Myohénen.

3.1 The model system

The system consists of an interacting system connected to the noninteracting one-
dimensional tight-binding leads. This system is described by the following Hamiltonian

H(t) = Z 611(75)01(,010 + Z €kaka + Ua(t )]Ckagckao' + 5 Z Wy, mnc;rgcinglcja’éna
lo ka zy,mn o
+ ) [Viailhaotio + VikallyCrao),

lkao

(3.1)

where the index « denotes the left or right lead respectively (a« = L, R), k is the
index for the leads and [, 4, j, m,n are indices for the central region in addition o is
the spin index. At t; the system is assumed to be at the thermodynamic equilibrium
determined by inverse temperature 5 and chemical potential p. At some time ¢; the
time-dependent perturbation U, (t) is switched on. In the following the diagonal terms
are denoted for simplicity by one index only. The space and spin indices are also
combined to one common index.

e e P
OOOOO OOOOO QOOOOQ...
HCL HRC

Figure 3.1: Schematic picture of the system.

Using the Hamiltonian (3.1) one can derive the equation of motion for the Green
function. For that we need the following anti-commutator relations

{és, 616} = 04, (3.2)

A atat AA 1 At A A RN
{¢s, ¢ c:rncl-cn} = cfncjcncSSi + ¢, CiCnlsm.
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Calculating the commutator [é,(t), H] and multiplying by ¢/,(#') we obtain

i (t)el () = ae()el (1) + > Viaslra(t)E (1)

ka

(3.4)
+ D Wil (e (D2 (),
jmn
from which by time-ordering and ensemble averaging we get
0 (Te |a®e )] ) = = (Te [a@i ()] ) + - Viar (T [l )] )
ka
(3.5)

£ 3 W (Te [ (D (OL(E)] ) + (2. 0),

jmn

where the delta function arises because the time-ordering operator does not commute
with the time derivative. Formally written [0;, Tc] = d(¢,t'). In the other words,
the time-ordering operator involves step-functions and since 0;0(t,t') = (¢, t") the
interchange the derivative and step-function gives rise to a delta function.

Finally by multiplying with —¢, identifying the Green functions and introducing the
self-energy via —iGyw = X[G|G, the equation of motion for Green function Gy is
obtained

[0, — 2)Gur(t, ) = 6(t,) + > ViatGrar (£, 1)

o (3.6)

+ /dt_zll//(t,aGlul/({, t/).
il

By checking all the combinations it is seen that the equation of motion for the Green
function can be written in the following matrix form

101 —H()]G(t,t') = (¢, )T+ / dt Bus(t, 1) G(1, 1), (3.7)

.
where the Hamiltonian is given by Eq. (3.8) and the many-body self-energy is given
by the Eq. (3.9). Variable ¢ is defined on the contour so that ¢ = Re[t] + iIm]t].

The integration is performed over the Keldysh-contour. The block-matrix form of the
Hamiltonian is

Hy;, Hic 0
H = HCL HCC HCR , (38)
0  Hgc Hgr

where H,, and Hcc components describe the leads and the central system respec-
tively, whereas the off-diagonal components describe the hopping between the leads
and the central region. We only consider the central region as interacting whereas the
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leads are effectively noninteracting. As a consequence, the many-body self-energy has
non-vanishing elements only for the central region because the diagrammatic expan-
sion starts and ends with an interaction line. Therefore the block matrix form of the
self-energy is

0 0 0
Sus= [0 Zcc 0]. (3.9)
0 0 0

3.2 Current formula

Next task is to derive an expression for the current using the Eq. (3.7). The current is
proportional to the derivative of the particle density 7(t), which is defined as n(t) =
(T (#)(t)) = —iG=(t,t). The current through lead « is therefore

d d
I,(t) = &ﬁa(t) = —i&Gja(t,t) = —i[0,G=(t,t") + O G=(t,t)],_y - (3.10)
Because we know the Green function only on the central region we need to express
the equation for the current in terms of central region indices. Let us first extract the

aa component from the equation of motion

Hy(t) Huc(t) 0 GuL(t,t') Gre(t,t') Gir(t,t)
i0,1 — | Hen(t) Hee(t) Her(?) GoL(t,t) Gee(t,t') Ger(t,t)
0 Hgc(t) Hgr(t) GrL(t,t') Gre(t,t') Ggrr(t,t)
0 0 0
= 5(t, )1+ (0 [EME-Gedl(t,t) 0],
0 0 0
(3.11)
where the following short hand notation is used
[ECCGCC](t7t/) :/dfzgg@?aGCC(a t/) (312>
ol

Multiplying the matrices and taking the aa-components we get

10,Gaalt,t) = 0(t, ") 1aa + Haa(t)Gaa(t, 1) + Hoc(t) Gac(t, ). (3.13)
The lesser-component of this equation is

10,Go, (1) = 0(t, 1) 1o + Haa(t) G5, (8 1) + Hac(t)Ge(t, 1) (3.14)
By doing a similar analysis also for the adjoint equation we obtain

10y G, (1) = =0(t, 1) 1aa — Gy (8 ) Hao(t) — Goa(t, ) Hea(8). (3.15)
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Inserting the equations (3.14) and (3.15) to the expression of the current (Eq. (3.10)),
taking the limit ¢ = ¢’ and using relations [G5.(¢,)]* = —G&, (¥, t) and [Hac(t)]* =
Hc, () gives the following current formula

Io(t) = =1 [0 G (8, 1) + O G=(t, 1)),y
= +Gao(t, ) Hea(t) + Goc(t: 1) Hea ()

= 2Re [ §C(t> t)HozC(t)] = 2Re Z Gék (tv t)Hka (t)
keC

(3.16)

The equation for the current is, therefore, the real part of the trace over the central
system states of the product of coupling Hamiltonian and Green function over the
contact

Ia(t) = 2Re{Trc[GIo(t, )Hoa(t)]} = —2Re{Trc[Gg, (1, ) Hac ()]}, (3.17)

where we have also used the fact that the current is a real quantity. From this equation
(Eq. (3.16)) we see that the current is proportional to the Green function G,c which
propagates the particle from the lead to the central region. The proportionality to the
hopping term H,¢ is also very intuitive, since in order to the current to flow electrons
have to tunnel through the contact.

We have succeeded to get an equation for the current in terms of the lesser Green
function and the hopping Hamiltonian between the lead « and the central region.
Nevertheless, the Green function still depends on the lead indices and we need to find
an expression for the G54 (¢,t’) in terms of the central region indices only. Therefore,
we need to solve the equation of motion for the G§, Green function. This is done by
introducing the unconnected noninteracting lead Green function g(t,t') which satisfies
the equation of motion for the block diagonal Hamiltonian. The equation of motion
for the noninteracting unconnected Green function can be compactly written as

(10,1 — H + Hog| g(t,t') = 0(t, t')1, (3.18)

where H,s¢ denotes the off-diagonal terms of the full Hamiltonian and can be ex-
pressed as

Hos = > [ Hocpitlés + Hoaélér| (3.19)
ik
where the indices ¢ and k£ denote the basis functions in the central region and leads
respectively. By using this equation and the equation of motion (Eq. (3.7)) we have

/ dFg(t, ) [i01 — HD)] G(E, ¢) = / dFg(t, DO(E )T

(3.20)
+/dtg(t,i)/dt_EMB(t,E)G(t_,t’).
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Performing a partial integration
— e —
[ atst.0) [-i01 - HO) G(E.0) = git.0)1
and using equation (3.18) gives us the Dyson equation
G(t,t") =g(t,t') + / dt g(t,t)HogG (¢, t")+

/ dEdt g(t, D) S (£, F)G ().

(3.21)

(3.22)

The Ca-component can be extracted in a same way as the aa-component were ex-

tracted from the equation of motion (3.11). The result is

Gealt.t) = [ dFGeclt NHeugan(E.¥).

~

(3.23)

The lesser Green function can be obtained by taking the lesser part from the previous

equation
GS, (t,t) = /Ot dt Géa(t, ) Hea()gs, (¢, 1)
v [ G e )
t
n /0 df GSo(t, ) Hea(Dg2, (£, 1)
t’_w
i /0 d7 Gle(t, 7)Hea (7)gha (7, 1).
Gathering the similar terms
S.(tt) = /Ot dt [GEo(t, 1) — Gt §)] Hea(Dgsa (6, 1)
n / ' At GEo(t, HHea () (85, (6 ) — g8oa(E,t)]
0

—if
+ / A7 GlLo(t, 7Y Heo(F)gl, (7, 1)
0

(3.24)

(3.25)
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and using the definitions of the retarded and advanced Green functions we get
Gault.0) = [ at| Gclt, DM, 1.0
+ Glolt, D85, (01 (3.20
—ip
+/ d7G Lo (t, T Hoagl, (7, 1).
0

The current through the lead o then reads

I(t) = —2Re{Trc [ / dt[GEe(t, ) Heagln (£, 1)

+ Glc(t, ) Heagra (F,1) | Hac (1) (3.27)
—if
+/ erljc(t,T)HCagLa(T,t’)]Hac(t)} }
0
This equation can be simplified even further by introducing an embedding self-energy
Ea,em<ta tl) = HCagaa (t, t/)HaC> (328)

which basically describes the effect of leads on the electron states in the central region.
Final form for the current reads as follows

I,(t) = —2Re {Trc UOO Gt OB (b, t) + GE(t, )25 o (T, 1))
0 (3.29)

—ip
+ /0 d7tG13C<t7 7_—)Z)([z,errl(7_-7 t):| } :

The important thing to point out is that this equation depends only known quantities;
coupling Hamiltonians and lead Green function via the self-energy term and from the
central system Green function G¢c which is the only unknown we have left. The G¢c
Green function can be solved by finding its equation of motion, which can be found
by projecting the Eq. (3.7) to the central region

[i01cc — Hee(t) Gee(t,t) = 6(t,t)1cc + Y Hea(t)Gacl(t, )
a=L,R

(3.30)
+ [ SN Gl )
Y

and also to the aC' region

(10110 — Hoo(t)] Gac(t, t') = Hac(t) Geel(t, 1) (3.31)
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from which it follows that
Gac (t, t/> = / dfgaa(t, aHaC (Z?)GCC (I?, t/). (332)

Combining the equations (3.30) and (3.32) the equation of motion for the central
region Green function Gg¢ is then found to be

[i0,1 — Hee] Geo(t, t)
= 0(t, 1)1 + / At { [Bem(t, 1) + ZEE (4, 1)] Geelt, )}

~

(3.33)

where

Sem(t ) = > Taem(t, D). (3.34)

a=L,R

From the equation (3.33) the G¢c can be solved. The leads arise via the self-energy
term X, and therefore only object needed to be changed when changing the form of
the leads is the form of this term. The embedding self-energy turns our description
from the closed quantum system to the open one.

We have succeeded to write equations describing transport in the open quantum sys-
tem. The current is expressed in terms of central region Green function and embedding
self-energies only. The first two terms in the current-equation (3.29) take the history
effects into account while the last term, defined in the imaginary track, describes the
initial correlations.



4 Self-energies

In this chapter the different self-energy approximations are studied. The self-energy
approximation is required to be ®-derivable [12, 13| then the observables calculated
from the obtained Green function satisfy the conservation laws. Because the different
self-energy approximations include different set of Feynman diagrams they also give
rise to different history dependencies. At the end of this chapter it is shown how the
continuity equation is satisfied if the self-energy is ®-derivable but at first the form of
embedding self-energy for the one-dimensional tight-binding leads is derived.

4.1 Embedding self-energy

The system with discrete states is coupled to the macroscopic leads with continuum
of electronic states. This coupling causes the broadening of the central system density
of states. The broadening of the states is described by the matrix I'. The effect of the
contacts to the central states is accounted by introducing an embedding self-energy
matrix 3 which is proportional to the level broadening I' and to the lead Green
function g.q.

The embedding self-energy was defined in the previous chapter as a product of right
coupling Hamiltonian, lead Green function and left coupling Hamiltonian as

Ea,em(ta t/> = HCag(ta t,)HaC7 (41)

where the matrix elements of the Hamiltonian describe the couplings between the
central region and the leads, was found in the last section. The form of these off-
diagonal coupling elements of the Hamiltonian were

Hog =Y [HaC,kiéLéi + HCa,z’ké;rék] ; (4.2)
i

where the indices 7 and k label for the basis functions in the central region and leads
respectively [11].

The derivation starts by defining the level broadening or level width matrix

Fij,@<€) =27 Z ‘/;,ka‘/lca,jé(g - 5ka), (43)
k

23
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where we have used a simplifying notation Hon ik = Vige and Hoc ki = Viai = Vk*m
From this equation it is seen that, more strongly the system is coupled to leads more
broaden states will be. The self-energy can be rewritten with help of the greater and
lesser component of the lead Green function and level broadening I'. This gives us an
expression for the embedding self-energy in which the only unknown parameter is the
level broadening.

4.1.1 The lead Green function

If the indices k and [ label non-local one particle eigenstates (eigenenergies €,;) in
the leads the lead Green function g, in the molecular basis where the Hamiltonian is
diagonal can be solved as follows. Starting from the definition of the lesser lead Green
function [11, 14]

Baau(t,1) = i{e, (1) ean(t)) = i50(¢')(eh:(0)¢a;(0)) STy (1), (4.4)

where S(t) is the one-electron evolution matrix and the time-evolution of a operator
¢ is given by

ar(t) = nglél<0)7 (4.5)
& = Y &0)Sy. (4.6)

n

The evolution operator S satisfies following equation of motion (with boundary con-
dition S(0) = 1) ) o

10,S(t) = h(t)S(t), (4.7)
where  is given by a general Hamiltonian H(t) = 3, i i (t)élé;. For diagonal Hamil-
tonian of the form I:Ilead(t) = oleka + Ua(t)]éLaéka this equation can be solved to

obtain .
S?l _ 5kl6—z‘f0 dat’ [zskmLUa(t’)]7 (4.8)

where in the last step the cyclic property of the trace is used to rewrite the numerator

B 4 e PHE (0)é,; v d e (0)ePHE
0oy = T 5 {gifﬁ;“”} o ff(roze—ﬁH}”“)}

(4.9)

Recalling that in the Heisenberg picture where the operators are time-dependent the
operator O(t) has expression O(t) = e#Oe P Therefore, writing the operator é,(t)
as Cio(t) = eP¢,,(0)e P and taking a time derivative with respect to 3 we get [14]

Mo (0)e P =" (™), e (0)e?M, (4.10)

1o
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This equation has a solution

a(B) = e ""a(0). (4.11)
Multiplying from left with e ## we end up to following equation
c;(0)e 1 =% (1), e e (4.12)

%

Inserting this expression for ¢;(0)e " to the equation (4.9) and after some algebra
the expectation value of a product of creation and annihilation operators is found to
be the generalized Fermi-distribution

L T { ea,(0)e 221, (0) |
<Ciu'(0)caj(0 ) = Tr {ePH}

_ —BHAT ~
_ Z (e_ﬁh) TI' {6 /BH&]} _ (6_6 ) TI' {6 caicaj}
- i Ty {e—BH} i Tr {e—ﬁH}
1 Sij e
) (M—J =1

where we have assumed that the Hamiltonian is diagonal. Thus, the greater and lesser
components of lead Green functions are

(4.13)

gtfa,kl (t7 t/) = iéklf(gka)eii ft/ di[skaiU&(aL (414)
Jaasi(t: 1) = 104 f(Eka) — 1]67”“ dtlera—Ua(®)] (4.15)

4.1.2 One dimensional tight-binding leads

To derive an explicit expression for the embedding self-energy, the leads are treated
using tight-binding approximation. The tight-binding Hamiltonian has the form

H="> t;ele;, (4.16)
ij

where the creation and annihilation operators éj, ¢; are defined in the localized site

basis. Diagonal elements t;; = a describe the orbital energy, or the on-site energy, of
the site 7, which describes the energy of placing an electron to a site 7. The ¢;; term
(1,7 € {nearest neighbors}) is the hopping term, which describe the possibility for
electrons to hop from site to the next and produces an "interaction" energy between
electrons located at different sites [11].

Because the tight-binding Hamiltonian describes the system in the localized basis and
the lead Green function is defined in the non-local basis we need a basis transformation
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between these two basis representations. Let the 7,&(37) be the field operator in the
localized basis and y the field operator in the non-local molecular orbital basis. The
transformation between these two different bases is given by the transformation matrix
D, which diagonalizes the Hamiltonian DTH D = diag[e]

Xi(@) = Dijon(x). (4.17)

In this basis transform the ij-component of the lead Green function transforms as
g;(t,t") = [Dg(t,t)D'] . (4.18)
Therefore, the greater and lesser components are

G5 (6,1) =3 Dalf(era) — e 40 e ta® pl (4.19)

k
g; (t, t/) — ZZ Dikjf(gka)e*ift/ df(Eka*Ua(ﬂ)DZj (4.20)
k

For example, the greater component of the embedding self-energy is now
SiaemtBt) =Y Vikagi(t,t)Via
kl
=13 VikaDinf (ema)e™ I 0O D] v (4.21)
Kl m
_ Z-efiftt, dt U, (%) ;i_if(g)rija(g)eie(tt’)?
where the transformed level broadening is used
Lija(e) = 27> VikaDim0(e = €ma) D}y Vi (4.22)

kim

In general this allows us to write lesser and greater component for embedding self-
energy as follows

Efj,a,em(u t,) = Z ‘/;,kagljl (tv t/)‘/la,j
kl

= QLe_if:f dtUa(?) / de Fijﬂ(e)f(g)e_ia(t_t/), (4.23)
s

Zf?j,a,em@? t,) = Z Vi,kagk?l (tv t,)‘/la,j
kl

= QLe_iftt/ dtUa () / de Tyj0(e)[f(e) — 1]e7=¢), (4.24)
7r
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Only the first sites from the lead are coupled to the sites in the central system. As a
results the coupling terms V; r, and V, ; can have a nonzero elements when t he lead
index is 1. This allows us to write

Vika = Ok1Vikas (4.25)
‘/Za,j = = 5[,1Wa,j- (426)
2 1 ~\1 2 45 1 2

OOOOO OOOOO OOOOO

Figure 4.1: Schematic picture of the system. Only the first lead sites are coupled with the sites of
the central system.

The level-broadening matrix can now be written as

!
Lijale) = 27ViaViy; Y Dind(e = €ma) Dl (4.27)

m=1

Determination of the explicit form of the broadening matrix I' requires determining
the eigenvalues of the tight-binding Hamiltonian. The eigenvalues can be solved from
the determinant

a— A b 0 0
b a— A\ b 0
0 b a— A 0

The sub-determinants satisfy the following recurrence equation [11]

Dip = CD1+1—52D17 (4~29)
Dy, = & -1, (4.30)
D, = c (4.31)

The eigenvalues or the eigenenergies of the tight-binging lead are then

k
A, = a = 2bcos <l1—1> . (4.32)
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The eigenvectors obey the equation (H — I\;)z®) = 0, which leads to a recurrence
equation for vector components xfzk), n=1,..,0—1][11],

b:):gizZ + cxﬂl +bztF) =0 (4.33)
with boundary conditions
MO (4.34)
2 = —c/b=—2cos(¢n), o= (2m)/(1+1), k=1,..] (4.35)
2B = 0, n<0 or n>L (4.36)

The eigenvectors are then

2 nrk
(k) — (_1\n+1, /2 o [ 20N
) = (—1) ”l—l—lsm(l—kl)’ (4.37)

where £k = 1,...,] and n = 1,...,[. The level-broadening matrix can now be written
with these eigenvectors as

!
Tijale) = 27ViaViy > a™6(e — ema)a™. (4.38)
m=1
The summation over m can be turned into a integration by assuming a macroscopic
leads which implies that [ — oco.

2 [ o, M
Lijriale) = 27TVi,ImVla,jl+—1/ dm SIHQ(H—1)5(€ — Ema), (4.39)
q

) — p. Changing the integration variables according to

mm

where €,,, = a + 2bcos(

I+1
— mm mr) _ _—y ' ' itv sin? (M7 — 1 — 22 o
y = —2bcos (l+1) = COS (l+1) = —5; and using an identity sin (l+1) =1— ;= gives

an expression for the level broadening

2V [y
Lija(e) = b /2b dyy/1 @5(5 a+tp—y)
2V 2 )
= S 1 gb — )

Inserting this equation to the equations of the greater and lesser components of the
embedding self-energies we obtain following equations defined on the real axis:

(4.40)

‘/; Vi e a+2b
S (t.t) = - e A [ e e )
a=2b (4.41)
g2 _. )
_ & ilemmt)
x4/ 1 Tk ’ ,
‘/; Vi e a+2b
S (t.t) = im0 [ e (e - -
a=2b (4.42)

e ile-mtt)
X 1 — @6 .
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The other components needed to propagate the Kadanoff-Baym equations can be

obtained from these expressions since

Yl(xt,x't") = B(xt,x'ty — i),
Sl(xr, xt) = XT7(xty—ir,x't'),
SMxr,x'7") = X(xty—ir,x'to —iT').

Matsubara component defined purely on the imaginary axis:

‘/:i V ) a+2b
S om( i, i) = it / de f(e — )
7T a—2b
g2 ,
_ & o (e=p)r—T)
x1/1 4b26 eTH .

The mixed components, having both imaginary and real time-arguments:

V;' Vi o a+2b
St =) =T et 00 [ e e
Q a—2b
i1 £ mitemerin)
42° !
V; Vi ) B a+2b
Elj,a,em(_iTv t/) =1 72 = e fto 4= / de [f(€ - lu) - ]']
@ a—2b

e i(e—p)(—ir—t)
X 1— 4—b2€ .

(4.43)
(4.44)
(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

We have now derived the equation for current and for the embedding self-energy.
What is missing is the many-body self-energy and this will be the concept of following

section.
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4.2 Many-body self-energy approximations

Solving the equation of motion for the Green function seems to be a rather complicated
task due to the appearance of the higher order Green functions. Two different ways
to tackle this problem are to approximate the two-particle Green function in terms of
collisions (collision approximation) or introduce the function ¥ to formally solve the
integro-differential equation and to get a solution of the form

[mh—mnwu@y:aLm+/}BMLaG@3) (4.50)

[4%—MMG@m:ML%ﬁ/%G@@ﬂ&% (4.51)

where 3 is the adjoint of the self-energy operator ¥ and for systems initially in the
equilibrium these self-energies are the same, 7.e., X = X..

This trick of solving the equation of motion is mathematically justified and used as
a tool to solve problems of this from. The self-energy operator includes all of the
interaction effects of the particle within itself. Comparing the Fourier-transforms of
the noninteracting Green function to the interacting one it is seen that the effect of the
self-energy is to shift the poles of the Green function compared to the noninteracting
Green function. Therefore, the self-energy can be considered as a contribution to the
energy of the excitations of the system from the interaction effects.

In the chapter 2 we considered the expectation values of the operators and observed
them to be proportional to the single-particle Green function G(1,2). Therefore the
expectation values depend on the approximation scheme used to obtain the Green
function. The requirement for the approximations is, hence, that they satisfy the
macroscopic conservation laws. In the transport problems it is natural to require
the validity of the continuity equation 0;(n) = —V - (j). In the next sections we
look at three different conserving self-energy approximations: Hartree-Fock, second
Born and GW-approximations. The Hartree-Fock and second Born approximations
are interpreted also approximating directly the two-particle Green function.

4.2.1 Hartree-Fock approximation

The Hartree-Fock approximation is a lowest order approximation for the many-body
effects. In this approximation the interactions among the electrons are neglected lead-
ing to a treatment of the electrons as noninteracting quasi-particles. Hartree approx-
imation tells us that, after adding particles to the system they will be propagating
independently of each other and independently of the other particles. This gives us
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an approximation for the two-particle Green function as a product of the two single-
particle Green functions

G(1,3:3%,2) = G(1,2)G(3,3"). (4.52)

Plugging this into the equation of motion
[i@tl — ﬁ(l)] G(1,2) =46(1,2) —|—/ d3w(1,3)G(1,3;3",2) (4.53)

gives us the Hartree approximation

[zat — h(1) — / d3w(1,3)<ﬁ(3))} G(1,2) = 6(1,2), (4.54)

where the [ d3w(1,3)(n(3)) term represents self-consistent potential field generated
by all the other particles.

The drawback of Hartree approximation is that it does not include the indistinguish-
ableness of the electrons. The two processes where particle starting at state 1 appears
at 2 form the process where it appears at 3*. This can be taken into account by adding
one extra term to our two-particle Green function approximation

G(1,3:3%,2) = G(1,2)G(3,3%) £ G(1,3)G(3,2). (4.55)
> <
G, = ¥
> <

Figure 4.2: Hartree-Fock approximation for the two-particle Green function

Inserting this approximation to the equation of motion gives

{iatl —ﬁ(l)+/d3w(1,3)(ﬁ)} G(1,2) :5(1,2)+/d3w(1,3)G(1,3+)G(3,2),
(4.56)

where the term [ d3w(1,3)(n) is the Hartree term, which describes the interaction
with the uniform background charge induced by all the other particles. The second
term [ d3w(1,3)G(1,3%)G(3,2) is the Fock-term, which takes into account the ex-
change interaction.
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Assuming translationally invariant system it is possible to found an expression for
the spectral function within Hartree-Fock approximation. Performing the Fourier-
transform for the equation of motion we get

w—epr(w)] Glw) =1, (4.57)

where egp(w) =c+nv £ [ %v(w —w')(n(w")) is the Fourier-transform of kinetic
energy and the Hartree-Fock potential. The Fourier-transform of the Green function
is therefore ]
Gw) = ———.
W — EHF (w)
Spectral function, being proportional to the imaginary part of the retarded Green
function, is now proportional to the delta function A(w) < §(w — egp(w)). Thus, the
quasiparticle states appear to be discrete set of energy states with no lifetime. In the
Hartree-Fock approximation there is no possibility for collisions between the particles
and therefore no mechanism, which could cause the change of the state of the particle
and redistribute the energies.

(4.58)

Figure 4.3: Hartree-Fock self-energy (Feynman) diagrams.

4.2.2 Second Born approximation

To obtain finite lifetime for the quasi-particle states we have to improve our approx-
imation scheme and include scattering mechanisms. A simplest type of scattering
process is that when particles propagating from points 1 and 3 to points 2 and 3" the
potential acts at point 4 between the particles and scatters them. The corresponding
approximation for the two-particle Green function reads

G(1,3:3%,2) = G(1,2)G(3,3") £ G(1,37)G(3,2)

+ / d4d5 w(4,5) [G(1, 4)G(4,2)G(3,5)G(5,3%) = G(1,4)G(4,2)G(3,5)G(5,2)] .
(4.59)
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o’ > <
«® « «

' § - §
<

< <
« ®

Figure 4.4: Second Born approximation for the two-particle Green function

This procedure could be, in principle, continued to obtain higher order corrections,
but it is getting ugly. But all in all, introducing the self-energy ¥ and trying to
find approximations for it, is a more efficient and cleaner way to solve the equation of
motion of the Green function. It is needed to be noted that, the approximation for self-
energy X cannot be chosen freely since it has to be obtained from some approximate

®-functional according to
IP[G]
(1,2) = ———— 4.60
(12 = 2 (460)
then the calculated observables satisfy the macroscopic conservation laws, like conti-
nuity equation. This was proven by Baym at 1962 [12].

Our next task is to solve the equation of motion self-consistently. Our starting point
is the definition of the time-evolution operator on the contour ~ as

Ut.t) =T [exp (-i / diﬁl(f))} . (4.61)

Making small variations to the Hamiltonian causes a change in U and these changes
can be investigated by using the previous exponential expression as a generating
functional. A small perturbation 5‘7(75) to the Hamiltonian, causes a following change
SU(t,') to the time-evolution operator (see Appendix E)

A~

SU(t,t") = —i / t dr U(t,7)6V (1)U (. t). (4.62)

If the external perturbation is taken to be of the form 6V = [ dx dv(xt)n(x), where
A(x) = ! (ax)1(x) is the density operator. Then the change in U due to external
perturbation V' (xt) is

A

5U (¢, )

W = iﬁ(to —if,to) g (xt). (4.63)
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Using this equation we can calculate the change in expectation values due to v, and
especially the change in the expectation value of the time-ordered product of two

operators d(7¢ |:A(t1).é(tg)i|>/5l}(3) (see Appendix E). The functional derivative of
the Green function with respect to the external perturbation can readily found to be

0G(L2) . § o
= (TP (2)an (3)]) + (i () Te[d (V)9 (2)]),

from which it follows that

(Te[d'(3)4(3)d ()P (2)]) = i

0G(1,2)
dv(3)

Substituting this into the equation of motion gives

+ (ny(3))G(L,2). (4.65)

0G(1,2)
dv(3)

+G(1,2)/ A3 w(2+,3) (i (3)).

[i@tl - B(1)} G(1,2) = 6(1,2) +z'/ d3w(1,3)
(4.66)

From the definition of the inverse Green function [ G(1,2)G7'(2,1) = 46(1,2) the
functional derivative of the Green function with respect to the external potential v(3)
can be derived

-1
0G,2) _ —/ a4ds G(1,4) 28 45) s o)
v(3) dv(3) (4.67)
:/d4d5G(1,4)F(45;3)G(5,2),
where we have defined the vertex function I'(45; 3) as
6G~1(4,5)
45;3) = —————=. 4.
Ma53) =~ (4.68)

Because G~1(1,2) = [0, —h(1)]6(1,4)— (1, 4) the vertex function can be also written

as
5%(1,4)

du(3)
Inserting the equation (4.67) to the equation of motion we have an equation where
the self-energy term can be picked

[0, — h(1)] G(1,1)

=5(1,1) -|-/ d4 [2/ d2d3 G(1,3)w(1,2)I'(3,4;2) (4.70)

D(1,4:3) = 6(1,3)8(1,4) + (4.69)

+6(1,4)5(3,2)w(4, 3) <ﬁH(3)>] G(4,1').
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Therefore we can write the self-energy ¥ as
¥(1,4) = z/ d2d3 [G(1,3)w(1,2)I'(3,4;2) + 6(1,2)w(1,3)G(3,3%)] . (4.71)

From this expression it is possible to generate higher order self-energy approximations
iteratively by inserting the definition of the vertex function

¥(1,2) =iG(1,2)w(1™,2) +i6(1,2) / d3w(1,3)G(3,3%)

5%(3,2)
dv(4)

(4.72)

—|—i/ d4d5 G(1,3)w(1F,4)

Using the first-order approximation for the vertex function I'(12;3) = d(1,2)d(1,3)
gives the first-order approximation for the self-energy namely the Hartree-Fock ap-
proximation

$(1,2) = iG(L, 2)w(1,2) +i8(1,2) / d3w(1,3)G(3,3"). (4.73)

If we make a first iteration for the equation (4.71) we obtain the Second Born approx-
imation for the electron self-energy

¥2(1,2) = ©HF(1,2) + /d3d4G(1 3w(1T,4)G(3.4)G(4,2)w (3, 2)
(4.74)
—2'2/ d4d5 G(1,2)w(1T,4)w(2,5)G(5,4)G(4,57),

where in addition to the time-local part of the self-energy (X#%) we have terms second
order in w. Thus the second Born approximation includes Hartree-Fock approximation
added the first-order polarization insertion and the second order approximation for
the exchange correction.

N e e

Figure 4.5: Second Born approximation self-energy (Feynman) diagrams.
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The addition of these extra corrections to the self-energy causes the many-electron
system described by the delta-function energy levels towards system with finite lifetime
of the states. This can be seen for example by looking the Fourier-transform of the
Green function, which can be written as follows

1 1
G =Sy T o= Re(X) +ilm(%)’ (4.75)

The real part of the self-energy causes a shift of the energy levels of the system while
the imaginary part gives the eigenstates a finite lifetime. The spectral function being
proportional to the imaginary part of the retarded Green function is

Im(%)

Alw) o (w—¢e—ReX)? + (Im(%))2’

(4.76)

which is a Lorentzian-form. The height of the peak is proportional to 1/Im(X) and
the half-width at half-maximum is specified by Im3.

4.2.3 GW approximation

In real systems the long-range interactions can be more significant compared to the
short-range interactions, the later taken into account by the second Born approxima-
tion. In this chapter the basic idea behind the GW approximation, which includes
a description of the long range and screening effects, is presented. The GW approx-
imation can be considered as a generalization of Hartree-Fock approximation with
dynamically screened Coulomb interaction.

The derivation of the GW equations starts the same way as for the second Born
approximation. We have the equation of motion for Green function with time-ordered
product of four field operators

0, ~ ()] 612 = 5(1.2) + [ B LT EIEIVHE) @)

In the last section we found that the time-ordered product of four field operators is
equal to the functional derivative of the one-particle Green function with respect to
the external perturbation plus the product of expectation value of the density operator
and the one-particle Green function. To derive this equation we needed to find what is
the change in the time-evolution operator due to a small change in the Hamiltonian.
Using the equation (4.64) we obtain a following form for the Green function EOM

5G(1,2)

[i@tl “h) —v|aa,2) =6(1,2) + / a3 w(1,3)75 = (4.78)
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where
V(1) = o(1) +/ d3 w(1,3) (i (3)). (4.79)

Comparing this equation with the equation
[i0;, — h(1)]G(1,2) = 6(1,2) +/ d3 %(1,3)G(3,2) (4.80)

and using the definition of the vertex function, the self-energy can be expressed as

follows
5G’1(4, 2)

v(3)
Changes in the potential 6V are consequences of the changes in the external potential
ov plus changes in the particle density, i.e.,

N(1,2) = —@'/ d3d4 w(1,35)G(1, 4) (4.81)

5V(1):5v(1)+/ d3 w(1, 3)(6n(3)). (4.82)

This equation tells us that the change in the total single particle potential is important
not the changes in the external potential. Including the effective interaction of the
electrons we define the screened coulomb interaction as

W(1,2):/ d3 w(1,3)65‘:((§)). (4.83)

This describes the effect of test charge at point 2, including the polarization effects
to the potential at point 1. The form of this equation can be justified by thinking a
classical analogy where the screening is defined in terms of dielectric constant e as
Vind = Vext /€. Now the dielectric response is defined as

V()
< L2)=50

Using previous definitions and earlier derived equations one can readily convince her-
self /himself that this screened interaction can be expressed as

(4.84)

W(1,2) =w(1,2) +i/ d3d4 W(1,3)P(3,4)w(4,2), (4.85)
where we have defined the polarization propagator as
G~1(4,5) OG(1,1+4)
P(1 = 4 1,4)———~ 1M=— 4.
(1.3) = [ s 614 Tl 66.1) = T (4.86)

The exchange self-energy .. = X — ¥y can be rewritten in terms of the screened
interaction and vertex-function by applying the chain rule to the functional derivative

6G71(4,2)/6v(3). We obtain

Yee(1,2) :z'/ d3d4 W (1,37)G(1,4)T'(4,2;3). (4.87)
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This has the same form as the equation (4.72) without the Hartree-Fock part expect
the pare interaction is replaced by a screened interaction. The polarization propagator
can also be written with help of the vertex function

P(1,2) = —i / d3d4 G(2, 3)G(4, 27 )T(3,4: 1). (4.88)

We can now generate expansion to the I', ¥,. and P terms in W. For example zeroth
order in W gives

r0(1,2;3) = 6(1,2)6(1, 3) (4.89)
P°(1,2) = —iG(2,1)G(1,2") (4.90)
»(0(1,2) = iW(1F,2)G(1,2) (4.91)

and first order in W gives following equations
rW(1,2;3) =W (1",2)G(1,2)G(3,2) (4.92)
PY(1,2) = —@2/ d3d4 G(2,3)G(4,27)W(37,4)g(3,1)G(1,4) (4.93)
»@(1,2) = ¢2/ d3d4 W(1%,2)G(1,4)W(4T,2)G(4,3)G(3,2) (4.94)

Continuing this way we can generate infinite partial summations in W. Because all
the quantities W, ¥ and P are functionals of the Green function, these equations have
to be solved self-consistently with the equation of motion.

The first oder approximation for the screened interaction is
Wy(1,2) =w(1,2) = z/ d3d4 w(1,3) Py (3,4)Wy(4,2), (4.95)

which is the Dyson equation for the screened interaction. This can be solved by re-
peated substitution like the Dyson equation for the one-particle Green function. Writ-
ing it formally open

W =w+ wPWy =w+ wPyw + wPywPyw + ... (4.96)

If we substitute this in to the equation of self-energy ¥ with the definition of the
polarization propagator P, we get

YW (1,2) = iw(1,2)Go(1,2)

, (4.97)
+z/ d3d4 w(1,3)Go(3, 4)Go(4, Dw(4,2)Go(1,2) + .. ,

which contains second and higher order terms in the expansion of the self-energy in
the bare interaction. The use of screened interaction therefore picks a selected set of
self-energy terms and sums them up to finite order. The particles in the interacting
system respond to the potential, which includes the induced potential due to the
response of the system to the external potential.
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Figure 4.6: GW approximation self-energy (Feynman) diagrams.

4.3 Conserving approximations

For a given self-energy approximation we can define the Green function from the
Dyson equation or from the Kadanoff-Baym equations. From the obtained Green
function we can calculate all the single-particle expectation values like current. It is
important that these quantities obey the fundamental conservation laws like particle
conservation [15] which can be expressed via continuity equation

omn(r,t) = =V -j(r,t). (4.98)
If the self-energy is obtained from some approximate ®-functional according to

5O[G

=(1,2) = 5G(2,1)

(4.99)

then the calculated observables satisfy the macroscopic conservation laws. This was
proven by Baym [12, 13]. Luttinger and Ward showed that this kind of functional
could be constructed by summing over irreducible self-energy diagrams closed with
additional Green function line (k labels the ¥-diagrams and n labels the number of
interaction lines)

olc] =" %/ d1d2 2{"(1,2)G(2,17) = > %m« [E,S“G} . (4.100)
n,k nk

To derive the continuity equation from the Green function formalism [12, 13, 16] we
need the expectation values of the density and current density operator in terms of
the Green function

(n(1)) =4G(1,17), (4.101)
oy =-i{ |3 - 5] e m}w. (4.102)

21 21
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From the equations of motion of the Green function
[i@l - B(l)} G(1,2) = §(1,2) +/ d3%(1,3)G(2,3), (4.103)
[—z‘@ - h(2)} G(1,2) = §(1,2) +/ d3G(1,3)8(2,3), (4.104)

we can derive the condition that must be satisfied for the particle conservation (con-
tinuity equation). By subtracting previous equations and letting 2 — 17 we obtain

[@'al + 0 — h(1) + ﬁ(ﬁ)} G(1,1%)

- o - (4.105)
= /dl [2(1,1)G(1,17) — G(1,1)E(1,1h)] .
If the integral in the right hand side is zero, we have
[i0) +i0;+] G(1,17%) = [A(1) — h(1M)]G(1,17) (4.106)
which reduces to
[i0) +i0:+] G(1,17) = [(V1 + V1) (V1 — Vi+)|G(1,17), (4.107)
which then gives
01(n(1)) = =V1(j(1)). (4.108)
Therefore the continuity equation is satisfied provided that
/di [2(1,1)G(1,1%) = G(1,1)%(1,1%)] = 0. (4.109)

The continuity equation or number conservation follows from the gauge invariance of
®[G]. By performing a gauge transformation

A - A +VAQ), (4.110)
v o vV 4+, A1), (4.111)

where the vector potential A is written only for convenience although in this derivation
it is taken to be zero. The \ is a arbitrary function which satisfies the boundary
condition A(tg) = A(tg — ¢f3). Under this transformation the Hamiltonian is

|
h' = §[V+VA]2+U’+@)\—M. (4.112)

The Green function has to be transformed such as it satisfies the equation of motion
with the transformed Hamiltonian

(id, — h")G(1,2; \) = 6(1,2) +/ d32(1,3; M) G(3,2; \). (4.113)
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Starting from the noninteracting Green function, which satisfies the following equation
(i, — I)Go(1,2; X)) = 6(1,2), (4.114)

it can be seen that the noninteracting Green function need to transform as
Go(1,2; ) = e M Gy(1,2)e@, (4.115)

This can be seen by direct differentiation or by looking how the wave functions change
under the gauge transformation and the defining the transformed field operators and
defining the transformed Green function with these operators.

Using the equation (4.115) and Dyson equation for interacting Green function it is
seen that the interacting Green function and self-energy need also transform as

G(1,2;\) — e PNG(1,2)e?® (4.116)
2(1,2;0) — e ?Ux(1,2)er® (4.117)

which also follows from the particle conservation in the vertices [12, 13]. The change
in ®[G] when Green function is changed by 0G is [16]

§0[G] = Tr {S6G) = / d1d2 ¥(1,2)5G(2, 1). (4.118)
From the equation (4.116) the firs order change in G with respect to A is
SG(1,2) = —i(A(1) — A2))G(1,2) (4.119)
and therefore
50[G] = —z// d1d2 (1, 2)(A(2) — A(1))G(2, 1)
- z// d1d2[2(1,2)G(2,1) — G(L,2)S(2, VA1) (4.120)
this has o be true for all A and thus
/ 42[2(1,2)G(2,1) — G(1,2)2(2,1)] = 0, (4.121)

which implies the validity of continuity equation. The continuity equation is therefore
consequence of the gauge invariance of the ®[G] with the condition (4.99) satisfied.

The momentum conservation follows from the invariance of ®[G] under translations
whereas the angular momentum conservation is consequence of the invariance of ®[G]|
under rotations. The energy conservation follows from the invariance of ®[G] when
observer uses a flexible clock [12, 13].



5 Steady state current

5.1 Steady-state current directly from model Hamil-
tonian

At the beginning when people started to study quantum transport with Green function
techniques, the system were divided into three different partition; left lead, central
region and right lead [17, 18|, each with their own electrochemical potentials. At a
given time t; these three distinct parts are connected and the system reaches a non-
equilibrium steady state.

The system is described by a similar Hamiltonian as in the previous case, but the
the operators in the leads and central region belong to different spaces. Thus the
Hamiltonian can be broken into three pieces H = Heen + He + Heen int + Hy

H(t) = > eult)él,éio + ) lerara + Ua(t)] oy Crao + 3 Y WigmnllolhigrCiortno
lo ka 13, mn;o
+ ) Veailhaotio + Vikallytraol-

lkao

(5.1)

where H., describes the central region, Hee, int interactions in the central region, H,
the contacts and H; coupling between the leads and the central region. In the following
the diagonal terms are denoted for simplicity by one index only.

The current through left lead is by definition the ensemble averaged time derivative

of the number operator
L(t) = <(%Na> —i < [H Na} > (5.2)

The definition for the number operator is Na =>, ézaéka. Because the creation and
annihilation operators in the leads and in the central region belong to the different
Hilbert spaces, the commutator between the central region and interaction parts of
the Hamiltonian vanish. Because the lead part of the Hamiltonian is proportional to
the number operator in the lead, the commutator between the led Hamiltonian and

42
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the number operator vanish. Only contribution to the current comes from the coupling
part of the Hamiltonian and it is found to be

15 =3 [Vaadlcfatr) = Vikalclera)] (5.3)
Lk

To proceed we define the greater and lesser Green functions as

Giia(t,1) = ilcf (Da(t), (5.4)
Glia(t 1) = =ifa(t') e, (1)),
these are related through the relation G, ,(t,t) = —[G7,,(t,t)]*. The current can

therefore be written as

I =2Re | > VigaGro(t1)

kl

. (5.6)

Next thing is to find an equation for Gg,(t,t). This can be done as in chapter 3 by
calculating the commutator [¢,(t), H] and multiplying by &l _(¢'), time-ordering the
operators and taking the ensemble average. The last step is to identify the Green
functions and the result is

(10 — ko ()] Grau (t, 1) = Z VikaGur (t,1). (5.7)
]

Defining the lead Green function gx, which satisfies the equation (i0; — o) gra(t, ') =
d(t,t") we are able to write a Dyson equation for G, ,(t,t') as

Gka,l/ (t,t/) = Z/ dkaa,lGll’ (tﬂ?)gka(f, t/). (58)
l

Using the Langreth-rules [19] or proceeding in the same way as in chapter 3 we get
the equation for Gy, ,/(t,t') to be of the form

Gljoz,l’ (tv t/> - Z/ df‘/ka,l [Gﬁ (tv aglja(f’ t/> + Gl<l’ (t7 ﬂglfa(t_v t/)] . (59)
l

Inserting this equation to the equation of current

I = QRe{ Z V/Jm/ dt Viay [Gﬁ, (t, g, () + G (t, D gt (1, t’)] } (5.10)

Kl

and using the definitions of the lead Green functions

Gia(t, ) = if (ga)e ™o ora®, (5.11)
g (8, 1)) = 0t — t)e I dlena(D) (5.12)
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then we have
I* = 2Re{ Z / dt e” [/ diegalt [G”/(t,f)f(aka) +0(t — )G (¢, f))] } (5.13)

Defining the level broadening or level width function as (exa(t) = exa — Uka(t))

Fll' (57 t,a t) =2m Z 5(5 - €ka)vka,lv’,kaeii ftt/ d#Uka(®) (514)
we obtain a following equation for steady-state current

Io= —QIm{ Z/ dt/ e t)Fﬁ/(@f’t) X [ w(tt) +Gzz'<t7f>fa(5)] }

w
(5.15)
This equation appears in the paper of Jauho, Meir and Wingreen [18|. They prove
that in the time-independent limit when the line width I'" depends only on the energy
this equation becomes

> :i/dETr{I‘ ) [G(6) + fule) (GRE) — GAE)]),  (5.16)

which can be symmetrized to get the usual Meir-Wingreen formula [17].

5.2 Steady-state current from the Keldysh formalism

Next it is shown how the steady-state equation for the current, i.e, the Meir-Wingreen [17]
equation is reached from the Keldysh formalism. Starting from the equation

I,(t) = —2Re {Trc Uoo Gt DA o (E 1) + GEL(H DES o (E, )]
0 (5.17)

—iB
b [ Gl i)

and taking the limit ¢ — co. Assuming also that in this limit the Green function
depends only on the difference of its time arguments, and that the Green function
and self-energy vanishes if the separation between its time arguments goes to infinity.
By also using the definition of the embedding self-energy we have

[® = 2Re{Trc { / A[GE(t, DHeag (F, 1) Hoc
0
(5.18)

+ ch (ta E)Hcagéa(f, t)HOéC]:| }
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Using the definitions of the lead Green functions
g5 (t,t') = i f(Eq)e " J a0, (5.19)
gl (t,t) = i0(t — t)e v dBalD), (5.20)

and writing the matrices by using, indices we end up to a same equation as before
(Eq. (5.13))

I = 2Re{ S [ e OV Vi [G (0 1) + O0F ~ DG £.0)] }

Wk
(5.21)
The definition of the level broadening or level width function is as in equation (5.14).
Then the following equation for steady-state current is obtained

t —
I = —QIm{ > / dt / ;l—ge“(”)rﬁ,(a,ﬂ t)
o ™

v (5.22)
x (G (t, 1) + Gl (t, 1) fale)] }

which equals to equation (5.15). Therefore, the steady-state current given by Kadanoff-
Baym approach and Keldysh techniques equals the Meir-Wingreen steady state.

5.3 The non-interacting resonant level model

In this section the non-interacting resonant level model is studied. The analysis is
based on the article by Gianluca Stefanucci [10]. The resonant tunneling system is a
first approximation for a semiconductor heterostructure coupled to two metallic leads.
The metallic leads are the electron reservoirs. In this derivation we consider a system
of non-interacting electrons described by Hamiltonian

Hy =Y Tonéhén + (T)mn = Toun, (5.23)

Hy =Y Upn()éhén , [U®)]mn = Unn(?), (5.24)

where Hy describes a time-dependent disturbance.

First we need an expression for the lesser Green function which is the key quantity
when calculating the current. . We start by defining the Hamiltonian as

H(t) = Ho+ Hu(t) = Y em(t)ehlm + Y Viun(£)eh,én, (5.25)
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where &,,,(t) describes the on-site energy of the levels and V,,, is the off-diagonal
hopping element. The operators ¢f, ¢ are the usual creation and annihilation operators.
The equation of motion for the Green function reads now

i0,G(z,2') = d(z,2)+H(2)G(z2). (5.26)
In a similar way we can derive also the adjoint for the equation of motion
[—i0. — H(2)] G(z,2") = d(z,7). (5.27)

We will also need the greater / lesser and retarded / advanced components of the lead
Green function which has been derived already earlier. These components of the lead
Green function read as

g<(2,2) = if(E)e N7 =EE), (5.28)
g7(z,7) = i[f(€) — e )7 G (5.29)
ghA(t 1) = FO(LtFt)e €W, (5.30)

The uncontacted Green function or the lead Green function allows us to write

: /dzg(z, z)

/ dzg(z,2)[i0. — E(2) — V(2)] G(z,2) = gl ) (5.31)

[i0: —€(2) = V(2)] G(2,2) = 4(z))

the equation of motion in the integral form
Gz ) = gl )+ / dzg (2 H)V(5)G(Z, ). (5.32)

By using the Langreth rules [20] we can extract the greater and lesser components of
the Green function.

G = g=-(0+V-GY1gf-V.G<+gl xVxG/, (5.33)
G” = g (6+V-G")+g" V.-G +g « VG, (5.34)

where we have introduced the following short hand notation

B 00
*:z/ dr -=/ dt (5.35)
0 0

We can get an expression for the retarded and advanced component of the Green
function (see Appedinx G) Now we solve the equations (5.33) and (5.34) for G=

GE=({+V-GY.g2-(60+V-GH+(6+V -G glx VGl (5.36)
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which will eventually lead to (see Appendix G)

G2(t,t) = G&(t,0)G=(0,0)G*(0,t). (5.37)

Now if we include interactions and the full Hamiltonian is

N 1
H = Z Em(t)CmCm + Z Vinn (£)Emcn + 3 Z Winn, ki Cm ChCr € (5.38)

mn,kl

Now the equation of motion becomes
[10. —h(2)|G(z,2) = §(z,2)+ /th[G](z, 2)G(z, 2", (5.39)
Y

where h(z) = £(2)+V (2)+3%(2). Now we are trying to prove the following equation.
The following statement is proved for the lesser function (the greater function is proved
in a similar fashion)

G3(z,7) = Gf(2,0)G=(0,0)G*(0, 2') + AZ(z,7), (5.40)
where (GX = G> + G¥)

AZ(z,7) =iGR(2,0)G>(0,2) —iG=(z,0)G*(0, 2') — GF(2,0)GX(0,0)G*(0, 2
+[GF 22+ 2+« G* 21 - G (2, 7).
(5.41)

The Green function can be expressed with help of some reference Green function Gy,
which is usually noninteracting Green function, as a Dyson equation

G(z,7') = Go(z,2) + /dszGo(z, Z2)3(z,2)G(Z, 2). (5.42)

The lesser component of the Green function can be obtained by using Langreth the-
orem B
G<(z,7') =G§(z,72) +/ dzGl(z, 2)[ZG]~ (%, )
0

+ / " g ma) - / il zay (5.43)

=G5+ 2;{;2 [EGIT+ Gy - ([)EG]A + G+ [2G],

using the Langreth theorem again to the terms [SG]{<41 we get
G =Gy(0 -Gy -ZF -GN+ GE-2F. G+ (GE- =+ xlxxh. G4 (5.44)

+GE- T« G+ G+ =« G
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This equation can be solved for G<. Writing first

0+ GE-ZRG~=Gy(s - -GN + (G - =<+ xl«xN). G4

5.45
+GF -2« G+ Gl xZ G (5:45)

Using the definition of the retarded Green functions G¥(z,2") = 0(z — 2/)(G> (2, 2') —
G<(z, 7)) the factor in front of G> can be expressed as (§ — G- ) = GF(GH)~L,
For example

G -G~ =(G; -G+ g+ Gl -2 .G~ + Giz~c (5.46)
= G{(s + Z"GH). '

Then we have

GEGH) G =Gy(6 — G- 2B -GN + (GE - =<+ 2+ xh). g4

5.47
+GE - 2IxGl+ Gz x Gl (547)

Multiplying this equation from the right with (G{)~1G* which is according to Dyson
equation same as 0 + LRGE we get

G = (0 +ZRGHGF(6 -2 -G + 0+ =GR (GE - =< + =T« =l . gA
+(0+ZEGH)(GE . T« Gl + Gl xZ « G).

(5.48)
Using following identities this equation can be simplified further
G3(t.t) = GR(t,0)GE(0,0)GA(0,1), (5.49)
Go(7,t) = —iGo(7,0)G{(0,1), (5.50)
Go(t,7) = iGg(t,0)Go(0,7). (5.51)
we get
G< = G*(2,0)G<(0,0)G(0, 2). (5.52)
Using the Dyson equation for G(¢,7) and for G(r,7’)
G(7,7) = Go(7,7") + [Go x X * G|(7, '), (5.53)
G(r,t) = [GE -1« G)(1,t) + iGE(t,0)G(0, 7), (5.54)
G(t,7) = [G* Xl - GA(t,7) — iG(T,0)GA(0, 1). (5.55)
we end up to an equation
G- =GI.G- -G+ GE. [+« GxX(z,7) (5.56)

+iGE(2,0)[G x = - G4)(0, 2) — i[GF - BT« G](2,0)G4(0, 2).
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With the help of the Dyson equations we can write the last two terms as
iGE(2,0)[G* M- GA(0, 2 = iGR(2,0)G> (0, 2') — GR(2,0)G>(0,0)G*(0, ') (5.57)
and

—i[GF -2« G](2,0)GA(0, 2) = —iG<(2,0)G*(0, 2') — GF(2,0)G=(0,0)G*(0, 2').
(5.58)

This leads us to the final result
G3(z,2") = Gf(z,0)G=(0,0)G*(0, ) +iG"(2,0)G> (0, 2)
—iG<(2,0)G4(0, 2") — G%(z,0)G%(0,0)G*(0, %)
+[GE[Z2+ 21« G+ 2] - G (2,7)
= G®(2,0)G=(0,0)G4(0, ") + AZ(z, 7). (5.59)
If the Green functions vanish when the separation between their time-variables goes
to infinity we get
lim G=(t,t') = [GF- 22 - GY(t,1). (5.60)

t,t'—00

This equation is convenient for studying the long-time response of an interacting
system under an external time-dependent perturbation.

5.3.1 Noninteracting resonant tunneling systems

Now we study the time-dependent current response through a noninteracting resonant
tunneling system. The system is described by the Hamilronian

= Z 5ka02acka + 500800 + Z Via [c,taco + cgcka] = Z Tmncjﬂcn, (5.61)
ka ko

where m, n=collective indices for ka and 0. m o = L,R denotes the left or right lead.
The system is perturbed by the perturbation

Hy(t ZU’W ckacka—ka coco ZUm” ol ! Cn- (5.62)
ka

Before the perturbation the system is at thermodynamic equilibrium. The current
through the o contact can be calculated from the time derivative of the of the occu-
pation number operator N, of the a contact. The current is defined as

L) = —e / dr%n( n (5.63)
= QeZRe ok (1) Via

= 2 Z Re[GT(t,0)G<(0,0)G*(0, )]0 kaVia- (5.64)
k
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The matrix G<(0,0) can be written as

< B 7 B 7
G0.0) = 5= S (5.65)

dz 1 et
= [ 2 5.66
/,YZWZ—Heﬂijl ( )

dé 1 ens

- - . 5.67
Azwg—s—veﬂ£+1 (5.67)

The poles areat £ = ¢ — V. The factor €’ ensures the convergence, integrand — 0
faster than 1/|z| when |z| — oco. Now the current through the contact o can be written
as

L) = 2¢3° Re{[GR(L0)G(0,0)GA(0,1)],,, Vin}
k
= zeZRe{[GR (t,0) /;Zigf_(?e_nvaA(o,t’)L Vka}
= 2¢Re {/r %f(f)ngz {GR(t,O)g_E;_VGA(O,t’)]Ok Vka}

= wre{ [ SEreraun}, (5:69

where Qq(€.1) = 32, [GF(.0)G(€)GA(0,4)] ., Ve

Step-like modulation
Uka = Uaiphat Steady-state current

To keep things simple we look now only a step-like modulation where the bias voltage
is given as

Ui (t) = 0) Uy (5.69)
From the equation
GRAt, ) = F(£t F)S(t)ST(t) = GE(t,0) = —if(t)S(t) (5.70)
where (H =& +V +U)
S (t) = —Ope Jo 4HD (5.71)

it follows that

GR(t,O) _ _w(t)e—iﬁf dt‘(8+V+U) = / ;iw —zthR( ) (572)
s
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Since [G*(t,0)]" = G*(0,t) The device component of G4 (w) is
1
w— &g — XA +in’

where &) = g9 + U, and 24 (w) = 3 BEA(w) = 3 >, — im Retarded / ad-
vanced self-energy describes the induced by back and forth virtual hopping process
from the localized levels to the leads.

GRA( )

(5.73)

The retarded and advanced Green functions obey the equation of motion
0GR ) =16t —t') = H(t)GPA(t, 1), (5.74)

Since we are interested what happens after the bias is switched on we set t' = 0. The
hamiltonian after the bias has switched on is H = Hy + Hy, where €y = ¢ + Uy and
Eka = €ka + Uka- The Gy and G}, ; components of the retarded Green function are

i0,G(t,0) = 8(t) + EGE, ZVkaGkao(t 0), (5.75)

0GR o(t,0) = ékaGkRa,D(t,O)+VkaGng(t,0). (5.76)

These Green functions can be calculated by introducing the uncontacted Green func-
tion.

(0 — 20)gtk(t) = (1), (5.77)
(0 — E)gla(t) = (1), (5.78)

Then we get a Dyson like expressions for the G and G}, ; components of the retarded
Green function

GRALD) = Vi / T gRA (L - )GRA(, 0), (5.79)
Go\(t,0) = ) + Z Via / dt' g (t — )G A, 0). (5.80)
By Fourier transforming the uncontacted Green function we get
o) = (5:81)
) = (5.82)

The Fourier transform of the G’g  and GkR&’i) components of the retarded Green func-
tion are

Giiow) = vmg,’if‘( )Goi (W), (5.83)
Go(w) = vag (W) Gt (). (5.84)
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By using the expressions (5.81) and (5.82) we can introduce the self-energy as

V2
SEA(w REA V2 gt w), =y — ko 5.85
=X = Vel @ = ety 68

The self-energy describes the effects of the leads to the level at the central region.

In the following we will also need the Ggjos and G o component of the Green
function which satisfies the equations

Gt (W) = G (W)Viagi (W), (5.86)
G (@) = Srawar il (W) + g1 (W) ViaGon (@) Vi g (W), (5.87)

Now we can look at the long-time limit of the current. From the equation for the
current we see that we need to calculate lim; o, G(&,t). We will use the Riemann-
Lebesgue Lemma which states that, let f : R — C measurable function. If f € L' =
[ f@)e ™ dz — 0 as n — Foo.

We will make use of the following limits

: : dw —iw
tlggloGgo(t,O) = lim _Ooge ‘Gi(w)

* dw e Wt
S i ~0. 5.88
S | 2mw — 2 — DR(w) + i1 (5.88)

. . = dw —iw
tlirgo - Géka(tvo)vkoc = hm;/_(x, %6 tGA( )Vkagka( )sza

t—o0
% Jw ZA(w)e—iwt
= 1 — =0. 5.89
oo oo 2T w — g — XA (w) —in (589)
and
lim G (1,0) = lim | DGR (4
toyoo  Okar® t—oo J_ 27r 0.ka\&
_ * dw eTiwt Vie
= lim — — . p .
t—oo J_ o 2mw — &g — LB (w) +inw — ke + 11
= hm[ ZVkae el G (Era)]- (5.90)
. dw 7’Lw
i G0 0Ve = Jm 3 [ GGV

. dw —iw
- }E&;/m e Bt )

i (0) Vira G0 (@) Viaioa (©)] Via
= thm Z'Vk/aleiak""'t[(sa,a/ + Géo(ék’a’)zé(ék’a’)]- (591)
—00 ’
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Now we can take a look at limit of the kernel Q(&,1):
lim Q1) = lim[G"(£,0)G()G (0, t)]oka Vi

= lim ZG (t,0)Go0() G 1a(0,8)Via

t—o0

+ Z GEo(t,0)Gopar (€) G 1a(0,8)Via
k,k' o

+ ) Gl (t,0)Grrar 0(§) Gl (0,6) Via
kKo

+ Z G(Iik’a/ (t, O)Gk/a/7k”a” (g)GII?”a/’,ka(()? t)Vka (592)

k,kla/ ’k,llall

= t]i)]f{.]é kZ/ GO k' o / t 0 — gk, /G /,m(O, t)Vka
. V/ / VQ// "
+ hm GO k/ Ka k~a GO,()(f)G;?//a// la(O, t)Vk-a
t—o00 £ — €k/a/ g — EMma ’
kkl lk:// 1
V/ / . -
= ZGOO Ek'a +ZGOO Epar) T Gf)qo@k’ )25 (Brrar)
ko - €kl !
.~ V2 V2 N
: —t€r 1t YR (x . k'a’ k' €11 ot
+t1im kk’zo/:k// ‘ k GO,O(sk “ )5 - gk’a’ 5 - ék:”’oz G070(§>6 '
+ lim Z e—iék/a/tGR (ék’ /) Vk%o/ szua// G (f)G (5k” ”)2A<§k” ”)Aeiékua//
fmreo kk! o k" o 0.0 “ é - €~k’o/ § - gk”’ " 00 0.0 “ “ '
(5.93)
Introducing the line-widht function as
To(e) = —20m[Sf(e)] = 27 ) " 6(e — &) Vi, (5.94)
we can rewrite the limit for the kernel Q(&,t) as
de  Tal(e) /
li JEH) = 2 GE (¢ o G £)2x4
im e = [ o etatio+ X [ ot GO PAe)
++ lim G (é)/daF - Z/ G
11m -— /
100 0 o e —e+U, Fa §—e + Uy y
—zs "t
. R (.
+ Jim Goo(€ Z/ Par(£)Goo(= )§—€+Ua/
ds" et
x Z S Tar () Gilo () Bl e (5.95)

5 _ 5// + Ua”
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The last two terms will disappear according to Riemann-Lebesgue lemma. Finally we
get an expression for the steady-state current.
S _ _e/f I't(e)lr(e)

" 2m [ —eo — Ae))? — [I(e) /22
where () = Re[Ef(e)] and I'(e) = > Ta(e). This equation gives us the steady-
state current for a non-interacting system perturbed by a constant bias voltage, which
appears on the distribution function f and on the quantities I' and A.

[f(e =UL) — f(e = Ugr)], (5.96)

5.3.2 Generalization of formula (5.96) to n-level system

In this section the Meir-Wingreen formula for the steady-state current for the n-level
interacting system is derived. Leads are treated as non-interacting. Stefanucci has
derived the steady-state Meir-Wingreen current for the non-interacting one-level case
in his article Time-dependent partition free approach to resonant tunneling systems

[10].
We are considering the system described by Hamiltonian
H=Y el + ) erallulia+ Y Wijumntlehtntn+ Y Viailthat + & ral. (5.97)
! ka ijmn lka

The index « denotes the leads L, R. k is the energy levels in the leads and [, 4, j, m,n
are indexes for the central molecule . At t; the system is assumed to be at the ther-
modynamic equilibrium determined by inverse temperature 5 and chemical potential
1. At a some time t; the time-dependent perturbation

Hy(t) =Y Uak(t)éhyar + > Uit)elé (5.98)
ak l
is switched on.

Applying a time-dependent bias causes the single-particle energies to become time
dependent ¢ — £(t) = e + U(t). The application of the bias does not change the occu-
pation of the particular channel since the occupation is determined by an equilibrium
distribution function established in the distant past.

Using the Hamiltonian (5.97) one can derive the equation of motion for the Green
function

- HE)| G e+ [EREAGED. (69)
z Y
where
Erp, Vie O
H(z)=|Ver Ecc Ver (5.100)

0 Vre FEgrgr
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is the Hamiltonian matrix describing the central system, leads and the hopping be-
tween leads and the central system.

In the chapter 3 the formula for current was derived Eq. (3.16) (I,(2) = 2ReTr [G5o (2, 2) Hac])
The lesser Green function can be rewritten by using following formula (see Appendix
G)

G=3(z,7) = G(2,0)G=(0,0)G(0, 2') + AZ(z,2) (5.101)
where (GX = G~ + G<)

AZ(z,7) =iGR(2,0)G>(0,2) — iG<(2,0)G™(0, 2") — G®(z,0)G¥(0,0)G*(0, )
+[GF[E2+ 2« Gx 21 G (2,7)
(5.102)

If it is assumed that the Green functions vanish when the separation of their argu-
ments goes to infinity, the expression for the greater /lesser Green function approaches

following limit
lim G2(z,2') = G#(2,0)22(0,0)G*(0, ) (5.103)

z,2' =00
Let us look first a step-like modulation where the external perturbation is suddenly
switched on, Hy(t) = 0(t)Uy. Projecting the equation of motion for Green function
onto the central region and solving obtained equations with help of unconnected Green
functions gives us following set of equations.

GR(2,0) = / d=Viegh. (2, 2)GE A(2,0) (5.104)

ch(z’ O) - ggc(za O) + /dzva,cggc(zv 2)G§C<27 0)
(5.105)
+ / dzdzgl (2,2)Zcc(2,2)GEL(Z,0)

We can also project the EOM onto the ava-region and solving the projected equations
gives

GE (.0) = 8%, (2. 000 + [ dVicgl (2 20GE(20)  (5.10)

GE (2,0) = / dzVeagh (2,2)GE (2,0) (5.107)

Assuming that in the long time limit the Green function does not depends only on the
difference of the time arguments z — z’ we can Fourier transform the Green function

d ' p
G(z,2) = /—we_w(z_z)(}(w) (5.108)
2
Then we can solve the central Green function in terms of the uncontacted Green
function g¢ and self-energies.
1

ch =
w—FE.—Yen(w) — X(w) —in

(5.109)
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Another later useful relation is obtained solving G, in terms of the central Green
function G¢e

Goo (W) = 60,0/80(W) + 8a(w) Hoc How 8 (w) Gee (w) (5.110)

Next let us take a look at the expression for the current. Substituting Eq. (5.101)
to the current equation Eq. (3.16). Using the formula for A<(1,2) and recalling the
definition for GX we get
I,(t) = 2eReTr { [iG"(t,0)G™(0,t) — iG=(t,0)G*(0,t) — G(£,0)G~(0,0)G=(0, )
L GR [ + eG S G (0] Hew)
(5.111)

In the limit ¢ — oo the first two terms vanish since G2 — 0, when t — 0o, since the

separation of its time arguments goes to infinity. By looking the third term we observe
that we need to find the limits for the terms GE,(t,0), GE_(¢,0) GA,(0,t)Hoc and
G (0,t)Hqc

Assuming that both of the self-energies are smooth functions of w the the integrands in
the terms GE,(t,0) and G2, (0, t) H,c(excluding the exponential term) are absolutely
convergent i.e. € L. Because both of these functions are also measurable the Rieman-
Lebesque Lemma applies giving the limit ¢ — oo of both Green functions GE,(¢,0)
and G2, (0,t)H,c being equal to zero.

Next take look at the term GE_(¢,0). Performing the Fourier-transform and using the
equation G (w) = gf(w)Vea GE(a) we obtain

: R BT i —iEqt R
lim G, (¢,0) = lim [—ie Voo GEC(E)] (5.112)

Similarly the long-time limit for the term G2 ,(0,¢)H,¢ is found to be

Jim G (0,8) Hoe = lim [iVoae™ " [dao + 2 (Ba)Géc(E)]] (5.113)
— 00 —00 ’

The contribution to the current from the third term is then

[ 52 (LB O)GEE) + Tu|GE (B 08B (G114

2
where I'(E) = 271Veo Vacd(E — E,).
Taking the long-time limit in the last term we obtain

lim [G- [+ 215G« 2G4 (t,1) = lim [GE - =3 - G2 ]. (5.115)

t—o00 t—o00
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Fourier-transforming also this quantity gives

dE
G 25 GA Vo = [ SITMBIELENGEEIE  (110)
™

Combining all the terms we get a following expression for the steady-state current

I / g_f [Cu(B)gZ (0)GE(Ea) + Do GE(Ea) g2 (0) 22, (EL)]

. (5.117)
+ [ SoTu BB GE(E)
Finally substituting the expression for the greater lead Green function at ¢t = 0
(82(0) = f(ea) — 1) we found a following form for the steady-state current
dE R R 2324
IOé = % [FQ(E)GCC(E04> + FO/|GCC(EO/>| Za,em(EOé)]
dE
~ [ 5 CalEVHE)GE(E + Tl GAE P F(Ew) Bl (E)] (G.118)
dE
+ [ SoTu BB GE(E)

which looks a little bit different than equation (5.18). So there is mistake or several
mistakes somewhere.



6 Propagation of the Green function

Our transport problem is an interacting many-particle quantum statistical problem,
which can be solved using Keldysh Green function technique, where the equilibrium
(Matsubara) Green function is solved first in the imaginary track and then analytically
continuated to the real axis. In this chapter the propagation scheme of the Green
function is shortly explained. Implementation of this scheme was mainly done by Nils
Erik Dahlen.

The Hamiltonian in the site basis reads

th] jgcla + g 1]04 +51]U ( ) 0o ]aa E ’LUUCW ]glcjo“cia

ijo ij,00 zg oo’ (61)

+ Z V;ja [é;raczjag + djaacw]

ijoo

where the four-index dependence of the Coulomb interaction is reduced to the two-
index dependence.

6.1 Kadanoff-Baym equations

The Kadanoff-Baym equations are basically the equation of motion for the different
components (2, ], [) of the Green function. These equations can be found from the
basic EOM of the Green function

101 — H(1)] G(1,2) = §(1,2)1 + /dSZ(l, 3)G(3,2) (6.2)

v

and using the Langreth rules [19]. Th Kadanoff-Baym equations, which can be solved
by time-propagation for the given self-energy approximation, read as

58
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10,1 —H(1)]G2(1,2) = [ZF - G=+32.-G*+31xG)(1,2)

= TI3(1,2), (6.3)
[—i0,1 —H(2)]G3(1,2) = [G"-E2+G2-24+GlI«2M](1,2)

= I5(1,2), (6.4)

[i0,1-H(1)]G!(1,2) = [2F Gl+Z1xGM](1,2) =T1/(1,2),
[—i0,1 - H(2)]G(1,2) = [GI- =4+ GM«xl](1,2) =1(1,2),
[0, —H(1)]GY(1,2) = ié(n—7)+ [Z+xGY](1,2)

= i0(m — ) +1M(1,2), (6.7)
[0, —H1)]GY(1,2) = id(n—7)+ [Z¥+xGY](1,2)
= i0(m — 7o) +1M(1,2), (6.8)

where the following shorthand notation is used
oo B
A -B= / dtA(t)B(t), AxB= —z'/ dr A(7)B(7). (6.9)
0 0

The collision integrals (I-terms) include the history dependence and initial correla-
tions. For example for lesser Green function

[i0;, 1 —H(1)] G<(1,2) = /OO dt [ER(t,aGﬂt’, t) + 2<(t, H)GA(, 1)
’ (6.10)
—i / 473 (£, 7)G(7 1)

the real time integrals take into account the history of the system while the integration
over imaginary time includes the initial correlations.

6.2 Numerical procedure

Our system is initially at equilibrium, i.e., at the ground state. The system is per-
turbed out of the equilibrium by the applied bias voltage, which acts as an external
perturbation. The numerical procedure starts from the determination of the matsub-
ara component, the component defined in the imaginary axis, of the Green function,
which describes the ground state. In other words the initial Green function will be the
Hartree-Fock Green function defined on the imaginary axis. After the Green function
is initialized the Dyson equation is solved on the imaginary axis, we have the interact-
ing ground-state Green function at the HF, 2B or GW level. In the imaginary track
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the Green function depends only on the difference of the time coordinates and hence
it is possible to define a following simplifying notation

(:}M(T — 7)) = —iG(—iT, —it'), (6.11)

SM(r -7y = —i%(—ir, —it'), (6.12)

where GM and =M are now real quantities. The Matsubara component of the Green
function is determined by solving the Dyson equation self-consistently for the equilib-
rium system. The imaginary time Green function solves the Dyson equation

) 5o )
}&1—mﬁﬂ%u¢ﬁzﬁf—ﬂl+/<ﬁ2&—ﬂGMﬁ—%L (6.13)
0
which can be rewritten as
] 5 ]
}&1—mﬂﬂ%ﬁzaﬂ1+/<ﬁ2ﬁ—ﬂGMﬁ) (6.14)
0

By using a reference Green function Gy, the Dyson equation can be turned to following
integral form

_ _ s _ _
GMﬁ%=G0+/)m@ﬂ%h—wﬂEh—%ﬂﬂHﬂ. (6.15)

Because 7 and 7/ are in the interval [0, 8] in G(7 —7') the range of 7 in G(7) is [, §].
The Kubo-Martin-Schwinger boundary conditions for Green function and self-energy
are

G(r+p8) = —G(r), (6.16)
N(r+8) = =3(7), (6.17)
reduce the range where we need to describe functions on the half the range [—2, f].

This range is chosen to be [—, 0]. The reference Hartree-Fock Green function satisfies
the following equation of motion

P&l—h—i@édﬂzéhﬂ, (6.18)
where 3 (r, r'; 7) = 0(7)3(r, r'). Choosing the molecular orbitals ¢; such that [21]
h(r)e;(r) +/ dr'So(r, ') (r') = ;4(r), (6.19)
the G?, is then found to be

ng (1) = dij(n; — 1)6_(8i_M)T9(7’) + (5i]‘ni€_(€i_u)T6(_7—), (6.20)
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where n; = (€#=#) 4+ 1)7L. The reference Green function in the range [0, —f] in the
molecular orbital basis is then

eT(Eifﬂ)

Gy = 6; (6.21)

Uor(ei—n) — 1
which is anti-periodic Go(7) = —Go(T — ).

The discretisation of the imaginary time interval is done on a so-called uniform power-
mesh grid. The even spaced mesh is not practical because the Green function is peaked
at the ends of this time-interval (exponential terms e7=#)) whereas around 3/2 the
Green function is acting more smoothly. Therefore it is more useful to use a grid,
which is denser at the ends of the interval and contains less grid-points at the middle
than uniformly distributed grid. A grid suitable for this purpose is a uniform power-
mesh, which is defined by three different parameters; 5, v and p. The number of grid
points is M = 2up + 1, largest grid spacing is A7,.. = (/(4u) while the smallest
distance between the grid points is A7, = 0.58/(2P " u) [22].

After the Dyson equation is solved and the equilibrium Green function is obtained it is
time to start to propagate the Green function to the real time-axis. The propagation
is done according to the Kadanoff-Baym equations. The KKB-equations are obtained
from the equation of motion of the Green function by using Langreth rules [19]. In
principle what it is reached by using Langreth rules is that the EOM is analytically
continuated to the real time axis.

The matsubara component of the Green function GM is antiperiodic if the reference
Green function Gq is antiperiodic thus by using the the symmetry relations of the

Green function [é%(l, 2)} = —GZ2(2,1) and é’fj(t,t)—éfj(t,t) = —id;; only G>(1,2)

for t; > ty and G<(1, 2) for t; < t3 need to be calculated and only following KB-
equations need to be solved [22]

[0, —h(1)]G7(1,2) =17(1,2)  [—id, —h(2)]G=(1,2) = I5(1,2) (6.22)
[i0, —h(1)]G(1,2) =1'(1,2)  [-id, —h(2)]GI(1,2) =1/(1,2) (6.23)

In order to start the propagation we need to specify the initial conditions. They are
given by following

G=<(0,0) =iGM(07) G>(0,0) = iGM(0T) (6.24)
Gl(t,7) =iGM(-7) Gl(r,t) =iGM(r) (6.25)
The collision integrals are possessing following symmetry relations
2(,t) = — [, 0] (6.26)
1(—ir,t) = [1(t,—i(8—7))]
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Before the propagation of Green function starts the embedding self-energy ., is
solved and the self-energy appearing in the previous equations contains both the
many-body self-energy and the embedding self-energy arising from the contacts.

The time-stepping is done by writing the Green function as

G2(t,t) = U@)g(t,t"\U(t), (6.28)
Gl(t,—ir") = U@)gl(t,—ir"), (6.29)
Gl(—ir,t) = gl(—ir,t)U(¢) (6.30)

the matrix U(t) satisfies the equation
i0,U(t) = hyp(t)U(t), (6.31)

or in the other hand U(t) = e~™#r! where hyp = h + Xy p. Using the equations of
motion

i0g” (t,t) = UNHLU(®Y) (6.32)
—i0,g<(t',t) = U(HILU({), (6.33)
gl (t, —it) = UTBI(t, —ir), (6.34)

—iogl (—ir',t) = Il(—ir,t)U(2.) (6.35)

With help of these equations the time-stepping can be performed [22|. Time-stepping
for greater and lesser Green function is

g7 (T+AtY) = UN)g (T,1) - h_jm (1 —e 2Py I7(¢) (6.36)

g, T+A) = g~(,T)U'(A) -I7(t) (1 —emiahnr) (6.37)

hHF

Time-stepping for diagonal element:

g(T+A,T+A)=U(A)g<(T,T)U'(A)

—iU(A) { / i dt UT(Z)IfZU(t)} U'(A)

0 (6.38)
=U(A) [g5(T.T) + Y _C"| U(A)
n=0
where C" = 22 [hypC" ).
Time-stepping for the mixed terms:
1 .
gl(—ir,t' +A) = gl(—ir,t"\UN(A) - — (1 — 2Py Il (—ir’)  (6.39)
HF

1 )
glit+ A —ir") = UA)gl(t, —ir') — — (1 —e 2P TH(—i7")  (6.40)
HF
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Where it is assumed that the Green functions are know for times ¢,¢ < T and A is a
small time-step. For a more detailed discussion of the numerical procedure I refer to

the thesis of Karsten Balzer [22].



7 Results

In this work I studied the electron transport through molecular chains of different
length modeled with tight binding approximation. The system is connected to the
macroscopic one-dimensional tight-binding electrodes. The main properties being in-
vestigated were the effect of different self-energy approximations to the transient and
steady-state currents and the effect of the conductivity of the central molecule to the
current. All the results are presented in atomic units.

NOOOOQZCOOOq:bOOOON

Figure 7.1: Schematic picture of the system.

The parameters characterizing the leads are tight-binding parameters a and b, which
will be denoted in future simply by ajeaq and beaq. These describe the on-site repulsion
and the hopping probability between the sites. The aj.q-parameter is taken to equal to
the chemical potential resulting half-filled lead energy continuum, whereas bje,q=—2.0.
The central molecule has its own ace, and b, parameters. In the following ac.,=0.
The strength of the coupling of the molecule to the leads is denoted by parameter V.

The electron-electron interactions in the code are reduced to depend only of two
indices wjjp = 0yd;kvi; where v;; = u/(2]i — j|) if i # j and v; = w. I took u=2.0
The length of the time-step t., is 0.05. The spectral functions are presented up to a
normalization factor.

There are three different ways to switch on the applied bias voltage, and in addition
we can also use an oscillating AC field. First bias type is sudden switch on where
the bias voltage is switched at ¢ = ¢, to some constant value U. The second type is
sinusoidal switching where the bias follows sine to the power of two function until it
reaches it maximum amplitude

Usin?(wt) t< Z
UL(t):{U ) - (7.1)
2w
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and the bias of the right lead is Ug(t) = —UL(t). The third way to switch the bias on
is to use error-function

Uerf(wt) t< &
Up(t) = 2w 7.2
L) {U o (7:2)
and the bias of the right lead is Ug(t)=-UL(t).
The AC-bias is characterized by the following equations
UL(t) = Usin(wt), (7.3)

Ugr(t) = —Usin(wt).

7.1 One-level system

The standard example of the transport in the literature is the resonant level model,
which is consisting of one level between the leads. As an example of the result given
by KB-code, the current through this model is calculated with two different couplings
between the leads and central region.

Although, the interacting region is consisting only of one site the current given by
2B and GW self-energy approximations differs from the current given by HF self-
energy approximation. The Hartree-Fock approximation gives highest value for the
steady-state current because the area under the spectral peak inside the bias window,
[1.001, 3.001], is largest. Also, the area inside the bias window for GW spectral peak
is a little bit larger than the area inside the bias window for 2B spectral peak and,
therefore, the value of the steady state current is larger with GW approximation than
with the 2B approximation.

Next we loo at the IV-curves. The IV-curve of the HF approximation has the steepest
slope because the area under the spectral peak inside the bias window increases most
rapidly compared to the other self-energy approximations. The 2B and GW IV-curves
are quite similar because their spectral functions are almost the same.

The coupling does not affect to the difference in the steady-state value of current
with different self-energy approximations. The Hartree-Fock approximation gives the
highest current whereas the second Born and GW approximations give smaller current.
The increase of the coupling between leads and central system causes only a higher
value for the steady-state current compared to its value with weaker coupling.
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Figure 7.2: Coupling V=0.5 bias voltage U=1.0, bias type:

sin?, central system hopping parameter

—1.0. Top left: Current through the right lead. Top right: IV-curve. Bottom left: Spectral function
up to a normalization factor. Bottom right: Site density.

£0.08

0.04

0.00 L L . ! . A
0 5 10 15 . 20 25 30
50.00 ; . . , ,
4 2B
i HF -
40.00 i GW —oeee- i
30,00 ¥ 4
3 3
< 20,00} P i
10.00 i
0.00
-2

Figure 7.3: Coupling V

0.08

=0.3 bias voltage U = 1.0, bias type: sin?, central system hopping parameter

—1.0.Top left: Current through the right lead. Top right: IV-curve. Bottom left: Spectral function up

to a normalization factor. Bottom right: Site density.
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7.2 Two-level system

Next example is a system, which consist of two sites. This system is studied with the
same method by Myohénen et.al [23] where it is shown that the oscillations of the
transient current and of the site densities correspond to electron transitions between
the lead and the central sites. The steady-state current depends also on the memory,
i.e., which self-energy approximation is used. In the transient regime they show that
neglecting the initial correlations produces a completely different current although the
long time limits with and without initial correlations produce the same nonequilibrium
steady-state current.

The purpose of the next few results is to show how the conductivity of the central
region, i.e., the magnitude of the tight-binding hopping parameter between the central
sites affects to the site densities and to the polarization of the system. In the figure
7.4 is an example of transient currents with hopping parameters —0.3 and —0.6.

The steady-state value of the current is highest with the Hartree-Fock approximation
which is because the spectral weight inside the bias window [1, 3] is largest with HF
compared to 2B and GW - approximations whose spectral functions are broader.
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Figure 7.4: Coupling V=0.5 bias voltage U=1.0, bias type: sin?, central region hopping parameter
—1.0. Top left: Current through the right lead. Top right: IV-curve. Bottom left: Spectral function
up to a normalization factor. Bottom right: Site density.
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In the figure 7.5 the site densities for 2B-approximation are shown with four differ-
ent hopping parameter b, between the central sites {—0.3, —0.4, —0,5, —0.6}. If
|been| <V, where V denotes the strength of the coupling, the density accumulates to
the first site. By increasing the magnitude of the tight-binding hopping parameter,
the density accumulates to the second site if |been| >V. The oscillations of the site
densities are also lasting longer when the central system becomes more conductive.

With five site system the effect of hopping parameter b, between the central sites is
investigated more and with more larger magnitudes of be.,. Also the effect of different
bias-voltages and switching of voltages is investigated.
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Figure 7.5: Coupling V=0.3 bias voltage U=1.0, bias type: sin?, central region hopping parameter
—1.0.Top left: Density of the sites, bee, = —0.3. Top right: Density of the sites, bee,, = —0.4. Bottom
left: Density of the sites, bee, = —0.5. Bottom right: Density of the sites, b, = —0.6.
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7.3 Five-level system

The final system consists of five sites in the central region. The effect of different bias
voltages to the steady state current is investigated. Also the effect of initial correlations
and history dependence (different self-energy approximations) to the steady-state cur-
rent is studied. The conductivity properties of the central region and its effects to the
site densities is another topic.

The difference between the different electron self-energy approximations to the tran-
sient and steady-state current is presented on top left of the figure 7.6, where the
coupling between the leads is 0.3 and amplitude of the bias is 0.8. The Hartree-Fock
approximation gives a lot smaller current compared to the 2B and GW approxima-
tions. The reason for this is that in the HF spectral function the spectral weight inside
the bias window ([ — U, u + U] = [3.92,5.52]) is smaller compared to 2B and GW
approximations (see top right of Fig. 7.6). In the HF-approximation the quasiparticle
states are just outside of the bias window when in the 2B and GW approximations
the HOMO/LUMO-states are just inside the bias window.
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Figure 7.6: Coupling V=0.3, amplitude of the bias U=0.8, bias type sin?, w=1.0, central-area hop-
ping term been = —1.0. Top left: Current through right lead by using different self-energy approxima-
tions. Top right: Spectral functions with different self-energy approximations (up to a normalization
factor). Bottom left: The site density of the first site with different self-energy approximations Bottom
right: The effect of the initial correlations to the current.
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The oscillations of the current are consequence of the oscillations of the site densities,
the largest contribution coming from the oscillations in the first and last site (see Fig.
7.7 and the bottom left of Fig. 7.6). The frequency of the oscillations can be identified
to correspond the transition of electrons from the lead to the central system and vice
versa. The frequency corresponding this transition is given as

wrf=¢—-pu+U, (7.4)
where U is the amplitude of the applied bias voltage, i is the chemical potential and
¢ is the energy of the quasi-particle state.

Chemical potential of the system is at u=4.72, so that there is three orbitals occupied
and two are unoccupied. The highest occupied state within HF approximation is at
eRMo—3-85 and the lowest unoccupied state is at el 0=5.56. Within 2B approx-
imation the corresponding states are at e3e,;0=4.07 and £%,,,=5.28. The highest
peaks in the Fourier transforms of current occur at frequencies corresponding the tran-
sition between leads and the HOMO/LUMO-states (wi'' ~ 0.04, wi® ~ 1.67 wi® ~
0.24, w3B ~ 1.45). The oscillations of the site densities have a frequency, which also
corresponds to these transitions. The possible transitions are shown in the figures 7.8

and 7.9.

The occupation of the levels at different instants of time helps us to draw conclusions of
which quasiparticle states are contributing to the transmission. In this case the trans-
mission occurs mainly through HOMO /LUMO-states. The lowest two states, which
are fully occupied at the beginning, remain occupied during the propagation. The high-
est state, which is unoccupied at the beginning, remains practically unoccupied during
the propagation. The Fourier-transform of the current supports this picture, the two
highest peaks are corresponding to the transitions to/from the HOMO/LUMO-states.

The electron density does not spread uniformly between the central region sites. The
density of electrons per spin is highest in the first and last sites whereas in the second
and fourth sites the density is smallest. This is a consequence of the fact that electrons
are trying to minimize their coulomb repulsion. Applying a bias voltage increases this
difference. When the applied bias voltage is weak the difference between distinct
sites is biggest. Increasing the bias voltage causes the electrons to distribute to more
smoothly.

The amplitude of the site density oscillations depends on several things. Firstly they
depend on the coupling between the leads and the central region. If the coupling
constant is small compared to the tight-binding hopping parameter in the central
area, the probability for reflection at the central-area/lead boundary is higher than
transmission. The electron density is, therefore, oscillating back and forth a longer
time, before it has dissipated its energy to the leads; energy which was gained when
the electron has hopped from the lead to the central-region state.
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By using the HF approximation the quasiparticle states are sharper and more distinct
compared to 2B and GW approximations. The oscillations in the site densities are
bigger when the peaks in the spectral function are sharper. For example changing the
central molecule hopping parameter we can make the central molecule quasiparticle
states more degenerate by decreasing the hopping parameter and by increasing a more
separated.

The oscillations of the site densities increase with increasing the central molecule tight-
binding hopping parameter. Decreasing the bee, (increasing |been|) we make the central
region more conducting and the frequency of the oscillations increases. The increase of
the frequency is on the other hand consequence of the fact the HOMO/LUMO-states
further from the bias-window edge but also the ease for electrons to bounce back and
forth could increase the frequency of the oscillations.

When the value of b, is small the central-area states come closer together and with
second Born and GW-approximations it is not possible to talk of distinct states any
more. Analysing the occupation of the orbital-states and comparing the frequencies
obtained from the Fourier-transforms of the current and site-densities, it is seen that
all of the orbitals are involved in the transmission. In Hartree-Fock approximation only
the HOMO/LUMO-states are involved in the transport of electrons. If bee,=—1.0 or
larger only the HOMO/LUMO-states are used in the transport with all of the self-
energy approximations.
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Figure 7.10: Coupling V=0.3, amplitude of the bias U=0.8, bias type sin?, w=1.0. Left up: Current
through the system, bge,=—0.5. In the inset is Fourier-transform of the current. Right up: Spec-
tral functions up to a normalization factor, been=—0.5. Left down: Current through the system,
been=—1.5. In the inset is Fourier-transform of the current. Right down: Spectral functions up to a
normalization factor, been=—1.5.
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Figure 7.11: Coupling V=0.3, amplitude of the bias U=0.8, central-area hopping term bce,=—0.5.
Top left: Electron density for sites one and five using Hartree-Fock approximation. Top right:Electron
density for sites one and five using second Born approximation. Bottom left: Electron density for sites
one and five using GW approximation. Bottom right: Fourier-transforms of site densities.
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Figure 7.12: Coupling V=0.3, amplitude of the bias U=0.8, central-area hopping term bee,=—1.5.
Top left: Electron density for sites one and five using Hartree-Fock approximation. Top right:Electron
density for sites one and five using second Born approximation. Bottom left: Electron density for sites
one and five using GW approximation. Bottom right: Fourier-transforms of site densities.
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The amplitude of the oscillations depends also on the applied bias voltage. If we have
small coupling to the leads and small bias voltage the oscillations in the site densities
have larger amplitude compared to the situation with larger bias voltage. This is
natural since the larger potential difference between the electrodes will prefer the flow
of electrons through the system while with small voltages the electrons will more likely

bounce back and forth if the central region if the coupling is weak enough.
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Figure 7.13: Top left: Current through right lead with different coupling constants using 2B approx-
imation U=0.8, bias type sin?, w=1.0. Top right: Spectral function up to a normalization factor with
different coupling constants. Bottom left: Electron density of first and fifth sites. Coupling constant
is 0.5 Bottom right: Electron density of first and fifth sites. Coupling constant is 1.0.

In the bottom left of the figure 7.6 the effect of the initial correlations to the current
is investigated. 2B is the full second Born calculation when in the 2B0 calculation the
initial correlations are excluded i.e. both the many-body and embedding the terms
»l/] are not taken into account. In 2B1 calculation only the many-bod t

MB/em : Y y-body par

ZML of the initial correlations is excluded. The same naming conventipm applies also

for the Hartree-Fock approximation but in that case there is no ZML terms. In the
Hartree-Fock and second Born approximations with and without initial correlations
approach same steady-state value for the current respectively. This is accordance with
the memory-loss theorem, which says that the current is independent of the initial-
state [10].
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In Fig. 7.14 the bias voltage is applied in a different ways. First the effect of different
types of switching of bias voltage to the transient current is shown in top left of the
figure 7.14, where the applied bias is switched on using sudden switch-on, sin*-type
and erf-type of switching. The amplitude of the voltage is 0.8 while the couplings
between the leads are 0.3. The effect of type of bias voltage to the transient current is
how smoothly the steady-state current develops. With all the calculated parameters
the steady-state current is same regardless of the applied bias.

The type of bias affects to the overshoot effect in the transient current and after the
system reaches the nonequilibrium steady state the system has forgotten how the bias
was switched on. Highest overshoot effect is obtained with the sudden switching since
response of the electron velocity to the abrupt change in the voltage is larger than the
response of the electron energy. After energy relaxation time 7 the system relaxates
toward equilibrium. Switching on the bias more smoothly can reduce this overshoot
effect. Decreasing the value of the w parameter gives the system more time to relax
and therefore the overshoot disappears.

The bias is also switched on at different times and the bias voltage is also applied
using different frequency. In all these cases the steady-state currents have a same
value respectively. In the inset of top right of figure 7.14 are initial and final spectral
distribution for w=1.0. The spectral distribution at the end of the propagation is
more broaden and also the HOMO/LUMO-gap has decreased compared to the initial
spectral distribution. In the bottom right of the Fig. 7.14 is a example of satisfaction
of the continuity equation. The change of particles in the central area equals to the
sum of the left and right currents.

Applying the bias voltage causes the system to become polarized; the charge density
is higher at right side of the chain if the absolute value of the ratio between coupling
constant and central-hopping parameter is larger than one; approximately |been/V| >
1. If [been/V| < 1 the density will be higher on the left side of the chain. Where the
polarization of the central system changes depends also from the amplitude of the
applied bias voltage. The polarization is higher if the bias voltage is small, because
then he larger amplitudes of the voltage will prefer the flow of electrons through the
system instead of accumulation of the density.

In figure 7.15 the density of first and fifth site is plotted for four different central system
hopping parameters. For small hopping parameters the electron density accumulates
to the left, while with larger hopping parameters, the density accumulates to the right.
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Figure 7.14: Top left: Different type of bias voltages with 2B-approximation. Top right: Switching
the sin-type of bias with different values of w, 2B. Bottom left: Current through right lead, switching
the bias on at different times, 2B. Bottom right: The validity of continuity equation.
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Figure 7.15: Coupling: 0.5, U=1.0, bias type: sin® with w=1.0. Top left: Density of first and fifth
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fifth site, been = 1.0. Bottom right: I Density of first and fifth site, been=1.5.
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Figure 7.16: (t,U,I)-contour, second Born
approximation, coupling between leads

V=0.5.
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Figure 7.18: IU-curve, Second Born approx-
imation, coupling between leads V=0.5.
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Figure 7.20: (t,U,I)-contour, Hartree-Fock
approximation, coupling between leads
V=0.1.
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Figure 7.17: (t,U,I)-contour, Hartree-Fock
approximation, coupling between leads
V=0.5.
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Figure 7.19: IU-curve, Hartree-Fock approx-
imation, coupling between leads V=0.5.
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Figure 7.21: [U-curve, Hartree-Fock approx-
imation, coupling between leads V=0.1.
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Sweeping the voltage values for certain range we can make a contour plot in the (t,U,I)-
space. In the Hartree-Fock approximations we can see the step-structure, the current
increases step-like fashion when new quasiparticle states move into the bias window.
Because in the Hartree-Fock approximation the quasiparticle state are sharper com-
pared to second Born and GW-approximations, the steps are appearing more clearly.
Especially in Fig. 7.20 where the coupling between the leads is 0.1, i.e. the central
region states are perturbed as little as possible we have a very clear staircase structure.

In the figure 7.20 it is possible to see the formation of the plateaus. For example in
the formation of the zero current and first plateaus around U=1 the current flows at
small times but the long-time limit of the current is zero. At slightly larger voltages
the long-time limit of the current goes to the first plateaus.

Taking the values of current and voltage and the end of the propagation we are able
to plot the (I,U)-curves, from which the steps in the Hartree-Fock approximations are
seen more clearly.



8 Summary & Outlook

The nonequilibrium Green functions and Kadanoff-Baym equations made it possible to
study the time-dependent currents through an interacting quantum system. The Green
function is defined as an expectation value of time-ordered product of an annihilation
and creation field operator. This expectation value can be expressed on the Keldysh-
contour by using the time-evolution operator. After the derivation of equation of
motion for Green function and extracting the different components, we end up to the
KB-equations, which include the history dependence and initial correlations.

Defining the embedding self-energy, which takes care of the leads, we turned the
problem of open quantum system to a closed one. Therefore only the central system
Green function is needed to be solved to obtain the current through the lead a. The
equation of motion for the central system Green function includes both the many-body
self-energy and the embedding self-energy. The most important thing when choosing
the many-body self-energy approximation is that it has to be ®-derivable in order to
satisfy the macroscopic conservation laws.

The current in the transient regime shows oscillations, which are consequence of the
oscillations of the site-densities. In addition the oscillations in the site densities turned
out to be consequence of transition of the electrons from the lead to the central-area
and vice versa. The steady-state value of the current depends on the history i.e. used
self-energy approximation. The steady-state values for current calculated with the
second Born or GW-approximations are usually close each other whereas the Hartree-
Fock approximation gives sometimes higher value for the steady-state current and
sometimes lower.

The system becomes polarized during the time-propagation. The electron density is
accumulating to the right if approximately |been/V| > 1 otherwise the density is
accumulating to the left. The switching the bias different ways does not seem to
affect to the steady state, at least with the calculated parameters. Neglecting initial
correlations affect to the transient current but the steady-state current is same.

This same method can be improved to transport problems with two or three dimen-
sional leads. By including more sites into the central region it is also possible to
construct an interacting tips connected to the linear-chain or benzene ring. The ben-
zene ring calculations with one-dimensional chain are one of the future tasks what
one should to.
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Including spin of the electron is a step forward because now we are dealing with
spin-polarized systems. Including magnetic fields and studying transport under a both
electric and magnetic fields is an interesting future problem. Another way to proceed is
the time-dependent density functional theory and derivation of new functionals using
the Green function theory, which are suitable to describe the transport problem. The
currents calculated via TDDFT are also more comparable to the experimental results
than KB-calculations with used basis.



Appendix A:
Gell-Mann and Low theorem and
adiabatic switching on

In the adiabatic switching of the interactions the exact eigenstates of the interacting
system are generated from the eigenstates of the noninteracting system.

H = Hy+ et (A.1)
where € > 0. If t = 00 we have soluble noninteracting problem. At ¢ = 0 we have a

interacting system.

In the Schrodinger picture
(1)) = Ue(t, t0)| (o)) (A.2)

where the time-evolution operator is given by

o0 _.n t t . .
Ue(t,to):z( i) / dt;... / dt e~ I HDTI (1) H ()] (A.3)
n=1 to to

n!

In the limit ¢ — #+o00 the interaction picture state vector reduces to
Wi(to)) = ™o [ Ws(to)) = | D) (A.4)

i.e. the interaction state vector becomes time-independent. Everything develops fine
and remains meaningful if |{| < ¢! and the question is what happens when ¢ — 0. In
this limit the Gell-Mann and Low theorem provides that we get meaningful results.

Gell-Man and Low theorem states that if the following quantity exists to all order in
perturbation theory

A

Ue(()? _OO) |¢0>

im - (A.5)
120 (D|Ue(0, —00)|Po)

then it is a eigenstate of H
H ’\I’0> — B |\II0> (A6)

(@[ Vo) (Do[Wo)
Using this theorem we can generate the eigenstates of the interacting system adiabat-
ically from |®) as the interaction is turned on.
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Appendix B:
Useful commutator relations

This chapter is meant to be a short review of second quantization and the main
purpose of this is to present the proofs for commutators appearing in the derivation
of the equation of motion of the Green function.

Using the language of second quantization where particles can be interpreted as a
excitations of the field e.g. fermions are the excitations of the fermion-field. The field
operators are defined as follows

Pla) =) ¢ (@)e(t) ) =) dla)en(t) (B.1)

where ¢7(t) and é(¢) are the creation and annihilation operators in the suitable basis.
These operators obey anti-commutator relations for fermions and commutator rela-
tions for bosons. Therefore the field operators obey the same relations. For example,
for fermion-field operators the anti-commutator relations reads as

{1 (2), ¥(2')} = d(x — )
(0 (@), Pt (@)} = {d(2), d(2)} = 0.

We can express also operators in the second quantized form. For example, the one
body operator in the second quantized form is

0= Y owr) = [ dei()o(o)i (o) (B.3)

%

(B.2)

Proof.
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In a similar way we can define expressions for kinetic, potential and particle density
operator, which are

T--3 %v? _ —% / da () V2 (x) (B.4)
V(t) = Zv(a:,t) = / dzp (X )v(x, ) (z) (B.5)
n(z) = Z S(a —y) = d(2)d! (x) (B.6)

The Hamiltonian in the second quantized form is as follows

() = [ ol @hta,)ita) + ;5 [ dedyil @b o )d)ite). (B

Using following commutator relations this can be proved. First we calculate a com-
mutator between arbitrary one particle operator and destruction operator ¢ (x).

[9(x).0] = O(@)i(x) (B.8)

Proof.

Next we calculate the commutator between two-particle interaction and operator zﬁ(x)

(@) 7] = [ dzuty, 20 @i (B9
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Proof.

000).5 [ dudut 0 )3 )]
=5 [ vz [5@). 5@ 600 w2
=5 [ vz [5(a = ) + 8l - 25 WD) w2
= Sdzuly, 2) [F1()9(E)00) + 9 (E)00)]

_ / dyw(y, )02 (2)d(y)

In the previous proof we used a following commutator relation

~ ~ ~ ~

(@), )0 ()P )Py) | = 8z — )t (2)d(2)d(y)

L (B.10)
+6(x — ) (W)U (Y)Y(2).

In a similar way the commutator relations between the creation operator 1&*(1‘) can
also be derived. The results are

01(2),0] = ~O(@)i' () (B.11)

and between two-particle interaction

@] = - [ dewte, 201 (@)1 ()50), (B.12)

The equation of motion for the field operator () is then

~ ~

01(w) = [i(e). HO)] = ha)ile) + [ dyo(e)dtb@i@.  (B13)



Appendix C:
Properties of time-evolution operator

C.1  Properties of U

Unitary property reads as . R
Ul(t,to) = U (t, to). (C.1)
From the unitary property it follows that
Ut to) Ut to) = UL, to) U (t, 1) = 1, (C.2)

which in some cases is taken to be the definition of the unitary property.

Time-evolution at equal time arguments is equal to one
(U (t) = U, )W (t)) = [¥(1))

= U(t,t) = 1. (©3)

Because the time-evolution operators form a group, a multiplication of two group
members gives a new member of the group i.e.

A~ A A

U(tl,tg)U(tz,tg) = U(tl,tg). (04)

The adjoint of U ) ) R )
Ul(t, to)U(to,t) = 1 = Ulto, t) = UT(t, 1) (C.5)

C.2  Proof of equation (2.6)

Differentiate first the equation |U(t)) = U(t,¢)|¥(t')) with respect to ¢. This gives
following

O (1)) = —iH ()| ¥(1)) = iH(t)U (1, ) (
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because the state |U(¢)) was arbitrary. Differentiation with respect to ¢’ gives
U(t,t") = —U(t,t"H(t) (C.7)

As a conclusion the time-evolution operator satisfies the following set of equations
with the boundary condition.

QU (t,t) = HHU(t, 1) (C.8)
WOy Ut 1) = —U(t, ¢ H(t) C.9
Ut,t) =1 (C.10)

Integrating equation (C.8) from ¢ to t' gives (t > t')

t t
z/ dtU(t,t) =U(t,t') -1 :/ dtH (U (¢, 1)
t/ t/

. (C.11)
= Ut,t") =1 —@'/ diH)U(E,t).
t/
This equation can be iterated further to get an infinite series
t
Ut.t) =1 —i/ diy H(E)U (F,, 1 / dtl/ diyH (8 H (%)
(C.12)
/ dtl/ dtg/ Ay L (E) FE (B B (F) + .
Next look for example the second order term, it can be rewritten as follows
t 5 t~1 o .
/ i, / i (52 FL(5) U (i, ') =
¥ v (C.13)

t t~1 n o t _ 1?1 o "
t/ t t +

Changing the name of dummy integration variables gives the second term as follows

t t t ts L
/ i, / A F1 () F () = / i / diy FI () FI (). (C.14)
t t t t

This gives for the result

/ i, / " () ()0 ()
t It # (C.15)
:/ d£1/ di, [H(tl,tg)[:[(fl)f:f(fz)+0(t2;t1)ﬁ(t~2)f{(£1)]'
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Writing this by using the time-ordering operator 7¢ on the contour
t o t et L
/ di, / A1 (1) L (E) = / di, / LT AGB).  (C16)
% % % %

Straightforward generalization gives the final result

n!

Ut t) = 1+§: (=) /tdfl //tdt}...//tdfn%[ﬁ(ﬂ)..f[(fn])]. (C.17)



Appendix D:
Kubo-Martin-Schwinger boundary
conditions

We define the Green functions as an ensemble average of the time-ordered product of
of annihilation and creation operators as

Gon(z,2) = Z<T[cm(z)én(z')}> (D.1)

The time-ordering is done on the Keldysh contorur « (see Fig. 2.1). The variable
z =t+ 7 € Cis running on 7, t = Relz] and 7 = Im[z] and A, B are endpoints
of the contour 7. ¢,,(z) and ¢,(z) are Heisenberg operators defined by nonunitary
evolution operator for complex times z. On the vertical track H,(t) = 0 (Hy(t) =
S Upn@men = 0if t <0) = K(1) =T+ U(7) = T = K(0) independent of 7.

The Green function satisfies the Kubo-Martin-Schwinger boundary conditions

v { e BE=N)T e (AVé, (2
G(A.Z) = @<T[cm<A)an<z'>}>:z~T{ T{eg(f;‘i =1}

Tr {C(A)e_ﬁ(k_“mé(z’)} Tr {e‘ﬁkc(B)ekBe_ﬁkeﬁ“NE(z’)}
ZG ZG
Tr {e‘Kﬁe“(N“)ﬁc(B)E(z/)}

= 1 ZG
= —G(B,?) (D.2)

88



Kubo-Martin-Schwinger boundary conditions 89

and
Ty {G*ﬁ(K*uN)T[cm(z)En(A)] }
Ty {efB(K*uN)}

T {E<A)e_5(f<—u1\7)c(z)} o {@—BRC( B)ekﬁe—ﬁffeﬁpﬁfdz)}

G(z,A) = i<T[cm(z)En(A)]>:i

ZG ZG
Tr { e PEeAHN-D5(B) (2
. { (B)e(2)} s
Za
= —e¢P'G(z,B), (D.4)

where we used following information (ZG =Tr {e‘ﬁ(k_“m}>, ¢f(N) = f(N + 1)¢
and ¢'f(N) = f(N — 1)ét.



Appendix E:

Proofs for equations appearing in the

derivation of 2B approximation

E.1  Proof of equation (4.62)

Action is defined as

S —iln [U(to —ig, to)}

Ut,t") = Tc {exp (—i /t/t df[:[(f))}

The equation of motion for time-evolution operator were

where

A~ ~ A

U (t,t') = H(t)U(t,t)
OpU(t,t") = —U(t,t")H(t")
Ut,t) =1
Small perturbation 6V ()
i0,0U (t,1') = 6H(t
i0yoU (t, 1) = —6U
SU(t,t) =0

VO, t) + H(t)oU (¢, 1)
(tVH() = Ut t)oH(t)

multiply with U(#',t)
WU, YoU (1) = U )6V (U (t, 1) + U, t)H(t)dU (¢, 1)
= U, )0V (UL, t) —id U, t)U(L,t)

WU, )T (t, )] = U, )V (£)U(t, 1)

A~

SU(t,t) = / t drU(t,7)8V (1)U (7, t')

90

(E.9)

(E.10)

(E.11)
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E.2 Proof of equation (4.64)

We will need to calculate functional derivatives respect to perturbation v, therefore
we firs work it out.

5U(t0 —iBty)) 6 to—if | o
su(xt)  ou(at) /t drU(ty —iB, )0V (U (7. t0)  (E.12)

Assuming that the perturbation has a form

SV (t) = / dydv(yt)i(y) (E.13)
we get
w(?v(_xif’to _ / o / Ayl (to — iB, )7 (y)5(x — v)3(r, 15T (7, to)
(F.14)
so that we have
SU(t0 —i810) _ i1y i () t0) = D(t — iy (). (E.15)

dv(xt)

Next we prove that the change of the expectation value of the time-ordered product
of two operators is

S(T[AVBQR)]) _

50(3) —i(Te[A()B2)A(3))) + i(T[AMBE))(AB))  (E.16)

Nevertheless the change of expectation value of an arbitrary operator O(t) is proven
just because it simpler to type. The previous result follows from the following deriva-
tion straightforwardly.

50W) _Tr{U(to — i3, t2)(2)U (£, £1)O(ty )U(tl,to>}9(t2 o)
ov(3) T {0ty — 6, o) } ’
T {0t —18,1)0(t)0 (11, 12)3(2)0 (12.10) }
_ 0(t1, 1) (E.17)

Tr{U(to—zﬁ )0 (41, o }

it

Tr{ (to — if3, to) }
™ {01

+ to — i, t2)n(2 )ﬁ(h,to)}
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Writing operators back to Heisenberg representation gives

) Tr Ulto — B, t0)nu (2)On (t1)
6553((;)» - { Tr {U(to - z’ﬁ,to)} }9(t2,t1)
Te {0t — 18, t0)On ()i (2) |
Tr {U(to — zﬂ,to)}
+Tr {0@0 B, tO)OH(tl)} Tr {U(to B, to)ﬁH(Q)}
Tr {U(to — z‘ﬁ,to)} Tr {U(to — z‘ﬁ,to)}

O(t1,ts) (E.18)

or shortly written

5(0(1))

dv(3) = —i0(t1,2) (O (t1)n (2)) — i0(ts, 11) (e (2) O (t1))

+i(On (t)) (7 (2))

(E.19)

Next we define fluctuation/deviation operator which measures the deviations away
from the average

AOy (zt) = O (xt) — (Og(xt)) (E.20)

Using this definiton we have

O — 01, 1(AOu 1) S (2) 0, 5) (SO (1)) 2
—i0(t1, £2) (O (t1))(Aivgr (2)) — i6(t1, 1) {On (1)) (o (2)) (E.21)
—i@(tg,t1)<AOH(t1)AﬁH(2)) —i0(ta, t1){(ny 2)><A0H(t1)>
—i6(ts, 11)(Aiv(2)) (O (1)) — i6(t, 1) (A (2))(On (1))
Simplifying we finally get
5§f(§;> = <TC [AOH(tl)AﬁH(Q)D (E.22)



Appendix F:
Proofs for equations appearing in the
derivation of GW approximation

F.1 Form of screened interaction, polarization prop-
agator and self-energy

Starting from the equation definition of the screened Coulomb interaction and using
the definition of V' we have

W(1,2) = /d3w(1,3)55‘;g))
) (F.1)
_ /d3w(1,3)5v<3> {v@) —z’/d4w(2,4)G(4,4+)
Simplifying a little
W,2) = /d3w(1,3)5(2,3) —z'/d3d4w(2,4)5C’:5(j(’;+)w<1,3>
o (F.2)
— w(1,3) +z’/d3d4d5d6w(1,3)w(2,4)G(4,5)wT8®G(6,4+).

With the help of the following identity

5o() ) So(1) 5V ()
we get
—w(1,2) / d3d4dsw(1, 3)w(2, 4)G(4, 5) / d7 ((3)) Wl%ﬁ)a(o’,zﬁ)
)i / d3d4dsdTw(2, )W (1, TG4, 5)° — E?)6)G(6,4+)
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Thus the screened interaction has the form
W(1,2) =w(1,2) + i/d3d4d5d7w(2, HW(1,7)P(4,7) (F.5)

where we have defined the polarization propagator as

P(4,7) = / d5d6G (4, 5)%2%6)(}(6, 4", (F.6)

Writing self-energy in terms of vertex-function and screened interaction is quite straight-
forward

2(1,2)=—i/d3d4w(1,3)g(1 p2e— 42

5003)
5G-1(4,2) 6V (3%) (1)

_@'/d3d4w(1,3) SV (3+)  ov(3)

with use of definitions of I' and W

r(12;3) = —(SG(;U—(%’@ (F.8)
W(1,2):/d3w<1,3>f5‘:((§; (F.9)

we get
%(1,2) :z’/d3d4W(1,3+)G(1,4)F(42; 3) (F.10)

F.2  Functional derivatives of G and W respect to
potential V'

Let us first calculate what is 6G/6V

0G(1,2)  0G(1,2) dv(3) 0G71(4,5) dv(3)
T / 5G9 B G . T (R
from this it follows that
5G 1 2

71
dadsG(1,0) 0645 5y

/ G (F.12)
/

d4d5G (1, 4)T(4, 5;3)5v(3)G(1, 5).



F.2 Functional derivatives of G and W respect to potential V'

95

Next we calculate what is W/ /0V .
W(1,2) = w(1,2) +i/d3d4d5d7w(2,4)W(1,7)P(4, 7)

Writing the equation of W formally as
W(1,2) =w(1,2) + W(1,3)P(3,4)w(4,2) = W =w + WPw

Let us write this a little bit differently

(F.13)

(F.14)

Wl —Pw)=w=W=wl-Pw) "= Wwl—-Pw) 7' =WW=1 (F.15)

Differentiating WW ! respect to V'

SWW-Y oW SWt
N% N 5VW +W v 0
5W — _W(S_WW

= — = :
ov oV
From this it follows with definition W~ = w~1(1 — Pw) that

oW w1 — Pw) oP
v Wy W W

The derivative of W respect to V' is therefore

SW(1,2)

SP(4,)
3V (3)

W(5,2).

(F.16)

(F.17)

(F.18)



Appendix G:
G Proofs for equations appearing in
derivation of steady-state current

G.1 Langreth Rules

By using the Langreth rules [20] we can extract the greater and lesser components of
the Green function. Let’s do the lesser component as an example.

z z

G<(z,7) = g<(z,z')+/0 d5g>(z,2)V(2)G<(z,z’)+/

z

dzg<(2,2)V(2)G=<(z, 7))
0 —if
+ [ AVEEE) ¢ [ drg i V-inG (i)

LGt = gLt + / dig (L DVHG (1) + / " e (1. DV (G ()

+ /Odfg<(t,E)V(f)G>(E,t’)+/ ﬂdi’g<(t,—z'?)V(—ﬁ)G>(—i7",t').

0

(G.1)
Performing a change of variables d7 = —id7 we get
t - %
Gi(tt) = g (t)+ [ At EOVOGT(EH) + [ dig (L OVOG (L)
0 t
0 B
+ [Laeavoe @ s [ dgt e ovee e (G
% 0

= g )+ [ il () - g L DIVIE (D

- [ aE vl - e+ [ argl e vieGl )
(G.3)
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On a next step we need to use the relations between retarded / advanced Green
function and the greater / lesser Green functions

Gt = 0@t —t)[G™(t,t') — G=(t,1)] (G.4
G = 0 —1t)[G<(t,t') — GZ(t,1)]. (G.5)

oo B
G<(t,t) = / dt[g” (t,1) — g<(t, 1)V @G<(t,t)+z'/ drgl(t, 7)V(r)GI(r, 1)

-

= /OO <(t,1) [6 tt’)+V(ﬂGA(t,t’)}+/Oodt+gR(t,tV(f))G<(t,t’)

0

8

Q

t0(t, t)g=(t,1) [6(¢, )0, )V (DG (1, ') — G~ (¢, 1)]] (G.6)

+ 2/0 drg!(t, 7)V(1)GI(r,1). (G.7)

By introducing the following short hand notation

B o0
*x = z/ dr - = / dt (G.8)
0 0

the result can be written as

G =g~ - (0+V-GH+ght - V.G +glxV«Gl. (G.9)
The greater component can be obtained in a similar way and the result is

G =g - (0+V-GYHY+gh - V.G" +glx VGl (G.10)
Retarded and advanced components:

G = £0(£t F1)[G™ (1)) — G=(t,1)] (G.11)
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Combining the equations (G.9) and (G.10) and assuming that t > t' we get
G”(t,t) - G=(t,t) = g (t,t)—g~(t,t)+ /Ot dtg"(t, )V (£)[G~ (¢,t') — G=(¢,1)]
+ /Otl dt[g” (t,t) — g~ (t, )] V()G (L, 1) (G.12)
= g7 (t,t) —g~(t, )+ /Ot/ dtg"(t, ) V(1) [G~ (t,t') — G=(t,1)]

v [ aigh. v e t) - 6]

t

+ /Ot/ dt[g” (t,7) — g~(t, )| V() GA(%, 1) (G.13)
= g>(t,t’)—g<(t,t’)+/dt+/0t/ dig"(t, )V (D)0t — t')G (L, 1)
- /otl dig"(t, HV(O)GA(L )0(—t + 1)
n /0 ' dig"(t, V()G (L, t)0(—t + 1)

. / " dig (L DV (HGR(E ) (G.14)
= gl . (0+V.-GH (G.15)

In a similar fashion we can derive the expression for —G~(¢,t') + G=<(t,t') which
together with Eq. (G.15) lead to

GRA = ghd 4 oAy . GhA (G.16)

The equations (G.9) and (G.10) can be solved for the G=(t,t') respectively. For ex-
ample for the G~ (t,t") we start by multiplying the equation (G.10) from the left with
§—ght-Vv
=0-g"V)GZ = (5-g" V)gZ-(6+V-G?

+gft V. GT+ (5 —gf - V)glxVx Gl (G.17)
The expression § — g* - V can be shown to be equivalent with g - (G)~! as follows
GR,A — gR,A + GR7A .V - GR,A
Gi=gf+GF.V.G"
GE_—gf.V.GR=gR
06—g® V). G =g (G"™
(0—gt-Vv)=g"-(GH)™". (G.18)

¢l
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Now we just need to simplify a bit and we arrive to the final formula

=gl (GM™ .G = g (0+V-GY+glx VGl .G". (gM)!

= (6+V-GH (G.19)

=G (g")"-g" (GMT'-G = G- (g7 g0+ V-GY)
+GI . (gt gl x VG (G.20)

=G = (0+V-G").g“ (6+V- -G
+(6+ V-GN - glx VGl (G.21)

A similar derivation applies also for G< and the final result can be compactly written
as

GE=(04+V-GYg2- (6+V-GH+(+V-GY-gl«xV«Gl. (C.22

We can analyze this equation a bit further. The uncontacted Green function at (¢,t")
can be expressed with the help or retarded and advanced components as

g=(t,t) = g"(t,0)g%(0,0)"(0,1). (G.23)
The mixed-components of the uncontacted Green function are defined as follows
g(r,t) = —ile(r)e(t)) = —i{c(r)eST (t)) = —igl(r,0)g?(0.1), (G.24)
g(t,7) = i(e(7)c(t) (= iS)e(r)c(0)) = igh(t, 0)g!(0, 7). (G.25)
After some manipulations we get

G2(t,t) = (0+V- -G .ght0) g% -g10,t)(6+V-GY
+i(6 + V- GPghi(t,0) - gl(0, T)* V% G/
= G®(t,0)g2(0,00G(0,t") + iGE(t,0)g!(0,7) » V x GI
= Gf(t,0g%(0,00G*(0,#') +iGE(t,0)[g! + V x G)(0,1)
[ 2(0,0)GA(0, 1) +ilg] +V*Gf](o,t)]
27(0,0) +ilg! + V* GlJ(7,1)| GA(0, 1)
G=(0,0)G*(0,?), (G.26)

G.2  Proof for equations (5.104) and (5.106)

The Hamiltonian was

H = Z 5lCl ¢+ Z 5kackacka + Z wj, mnc el epln + Z Viaa[€ C/mCl + ¢ cka] (G.27)

ij,mn lka



100 Appendix G

We need in the derivation following commutator relations
(65, &) = 104 (G.28)
(G, é1el Gicn] = &6 616005 — E1¢j¢n0um. (G.29)

Calculatin the commutator [¢,(t), H] and multiplying by &) (t') we obtain

i)l () = et () > ViaslraOEE) + D wijmath i (H)ea(t)e) (1),

ka jmn
(G.30)
where by time-ordering and ensemble averaging we get an equation of motion for
Green function Gyp

10:Gyy (t, t/) =Gy (t, t,) + Z Vit Grarr (t, t/) + /dtleu(t, ﬂGl”l’ (LT, t/) + 5(t, t/).
ko v

(G.31)
Checking all the combinations we found following

Gll’ = gl<t7 t/) + Z W,ka / dfgl (tv aGka,l(ﬂ t,) + /dt_gl(t7 t_)[z ) G]ll’(ﬂ t,) (G32)

Gira = ZVlka/dtgl (t,t)Grara (t, 1) (G.33)
Graka = Oaoralt,t') + Z Viai / dtgra(t, )Gy ralt, t) (G.34)
Gioy = Z‘/kal/dtgka (t, )G (L, ). (G.35)

Rewriting in the matrix from we have

G = go(t, ) + / dtg.(t, D)V Gac(t, ') + / ditg.t, t2..(t,1)Ge(t, 1)) (G.36)

Go(t, 1)) = / g (t, Ve Goalt, ¥) (G.37)
G (1,1) = St 1) + / (£, D) Ve G (7, 1) (G.38)
Gt 1) = / (1, D) Vi G o (,1). (G.39)

We could also have considered the commutator between the Hamiltonian and creation
operator. This would have let us to obtain more expressions for different components

of G.
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G.3  Proof of equation (5.101)

Here the following equation is proved. The following statement is proved for the lesser
function (the greater function is proved in a similar fashion)

G=3(z,7) = G®(2,0)G=(0,0)G(0, 2') + AZ(z,2) (G.40)
where (GF = G~ + G<)

AZ(z,7) =iGR(2,0)G>(0,2) — iG<(2,0)G*(0, 2") — G¥(z,0)G¥(0,0)G*(0, )

+[GF[22+ 2« G+ 2] - G (2,7)
(G.41)
The Green function can be expressed with help of some reference Green function Gy,
which is usually noninteracting Green function, as a Dyson equation

Gz 2) = Go(2,2) + / J2d5C (2, 2)5(Z, )G 5, 2) (G.42)
The lesse component of the Green function can be obtained by using Langreth theorem

G(2,2)=G§(z,72) + /OZ dzGl(z,2)[2G]~(z,7)

- / il dzG§[2G) + / v drG)[2G] (G-43)
=G +0Ggf [ZGIT + G§ -O[EG]A +Glx[zq)
using the Langreth theorem again to the terms [EG{<A[F we get
G =Gy(6 -Gy - .G+ GE-2R. G+ (GE . =<+l xh). G4
+GF T« G+ Gl x =« G (G44)
This equation can be solved for G<. Writing first
6+ GE-ZRG< =G0 —ZF.GN + (G . =<+ 3l xh). G4 (C.45)

+GE T« G+ G+ =« Gf

Using the definition of the retarded Green functions G (z,2') = 0(z — 2/)(G> (2, 2') —
G<(z, 7)) the factor in front of G> can be expressed as (§ — G¥¥ - Bf)) = GF(GF)~L,
E.g.

G” -G =(Gj —G{)(6+3* G+ G - =7 .G~ + G=~G*

G.46
= G (0 + =7GH) (G46)
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Then we have
GEGH) G =Gy(6 — G- 8. G + (GE - =<+ 2« xN) . g4

G.A47
+GE -2+ Gl+GlxZx Gl ( )

Multiplying this equation from the right with (G{)~1G* which is according to Dyson
equation same as 6 + XFGH we get

G = (0 +ZFfGHGF(6 -2 - GYH + 0+ =GR (GE - =<+ =T« xh).GA
+(0+ZEGH)(GE . 2T« G+ G+ =« GD).

(G.48)
Using following identities this equation can be simplified further
Gy (t.1') = G{(t,0)G§ (0,0)G{(0, ) (G-49)
Go(7,t) = —iGo(1,0)G{(0,1) (G.50)
Go(t,7) = iG{(t,0)Go(0, 7) (G.51)
we get
G< = G®(2,0)G<(0,0)G*(0, 2). (G.52)
Using the Dyson equation for G(¢,7) and for G(r,7’)
G(7,7") = Go(r, ) + [Go x X * G](7, 7") (G.53)
G(r,t) = [G - 21« G|(7,t) + iGE(t,0)G(0, 7) (G.54)
G(t,7) =[G+ Xl GA(t, 1) — iG(r,0)G*(0,1) (G.55)
we end up to an equation
G =GF.G-G'"+GE. [+ xGx2N(z,

+iGR(2,0)[G+ = - GA(0, 2) — i[GF - B« G](2,0)GA(0, 2')
with help of the Dyson equations we can write the last two terms as
iGf(2,0)[G+2"-G4(0, 2/ = iGE(2,0)G™ (0, 2) — GE(2,0)G>(0,0)G*(0, 2') (G.57)
and
—i[GER - 2% G](2,0)0GA(0, 2') = —iG<(2,0)GA(0, 2') — GF(2,0)G=(0,0)G*(0, /).
(G.58)
This leads us to the final result
G=3(z,7) = Gf(2,0)G=(0,0)G*(0, 2') + iG®(2,0)G> (0, 2')
iG<(2,0)G*(0,2") — Gf(2,0)0G*(0,0)G*(0, 2) (G.59)
+[GF[B22+ 2T« G+ 2] - G (2, 7).
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