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Abstract

In this thesis, I report the development and application of a symbolic derivation
tool named “SymGF” - standing for Symbolic Green’s Function, that can auto-
matically and analytically derive quantum transport expressions and the asso-
ciated Keldysh nonequilibrium Green’s functions (NEGF). Quantum transport
happens in open systems consisting of a scattering region coupled to external
electrodes. When there are strong electron-electron interactions in the scatter-
ing region, analytical derivations of the Green’s functions can be very tedious
and error prone[6]. Running on a personal computer, SymGF derives the nec-
essary analytical formulas at a level of correlation specified by the user, using
the equation of motion (EOM) method. The input to SymGF are the second
quantized form the device Hamiltonian, the (anti)commutators of the operators
that appear in the Hamiltonian, and a truncation rule for the correlators which
determines the accuracy of the final outcome. The output of SymGF are the
analytical expressions of transport properties such as electric current and con-
ductance in terms of various Green’s functions; as well as the Green’s functions
themselves in terms of the unperturbed non-interacting Green’s functions that
can be obtained straightforwardly.

For systems where electron-electron interaction can be neglected, the trans-

port problems can be easily solved and SymGF is not necessary - even though

xiii



Abstract xiv

SymGF gives the same answer; but for interacting systems SymGF drastically
reduces the mathematical burden of analytical derivations. We have tested
SymGF for several transport problems involving Kondo resonances where ana-
lytical derivations were done by humans: exactly the same results were obtained
by SymGF but in a tiny fraction of time. We have applied SymGF to new and
very hard problems that resist analytical derivations by hand, including quan-
tum transport in a double quantum dot system|[7]; transport through a single
quantum dot in parallel to a direct lead-to-lead tunneling. Finally, at the post-
analysis level, we have combined SymGF with an ab initio numerical modeling
method to calculate quantum transport features involving atomistic degrees of

freedom.



Résumé

Dans cette these, je présente le développement et les applications d’un outil de
calcul symbolique connu sous le nom de ”SymGF” (Symbolic Green’s Functions)
qui permet d’obtenir des expressions analytiques pour le transport quantique et
les fonctions de Green de Keldysh pour les systemes hors équilibre (FGHE). Le
transport quantique survient dans les systemes ouverts constitués d'une région
diffusante couplée a des électrodes externes. Lorsque les interactions électrons-
électrons sont importantes dans cette région, la dérivation analytique des fonc-
tions de Green peut devenir fastidieuse et propice aux erreurs. Par contre, a
I’aide d’un ordinateur personnel, la méthode SymGF permet d’obtenir rapide-
ment les formules analytiques nécessaires, en utilisant les équations du mouve-
ment (EOM) du systeme, a un niveau de corrélation spécifié par 'utilisateur.
Les entrées nécessaires a la méthode SymGF sont I’Hamiltonien en seconde
quantification du systeme, les relations d’anti-commutation des opérateurs im-
pliqués et les regles de coupure pour les fonctions de corrélation, ce qui détermine
la précision du résultat final. Les sorties sont les expressions analytiques des
propriétés de transport tels que le courant électrique et la conductance en fonc-
tion des différentes fonctions de Green en plus de I’expression de ces dernieres en
fonction des fonctions de Green du systeme non perturbé et sans interactions,

pouvant étre calculées directement.
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Résumé xvi

Pour les systemes ot les interactions électrons-électrons peuvent étre négligés,
le transport peut étre étudié plus facilement et la méthode SymGF n’est plus
nécessaire, meéme si elle reste toujours aussi juste. Par contre, pour les systemes
avec interactions, elle permet de réduire drastiquement les difficultés mathématiques
reliées a la dérivation analytique. Nous I'avons testée pour plusieurs situations
impliquant des résonances de Kondo, ou les dérivations analytiques avaient déja
été effectuées, et les résultats furent reproduis parfaitement en une fraction du
temps. Nous avons aussi appliqué cette méthode a de nouveaux problemes
tres compliqués qui résistaient toujours au traitement analytique; tels le trans-
port quantique dans un double point quantique et le transport dans un point
quantique en parallele avec une simple jonction tunnel. Finalement, en vue
d’analyses futures, nous avons combiné la méthode SymGF avec un méthode de
simulation numérique ab initio afin de calculer les caractéristiques du transport

quantique impliquant des degrés de liberté atomiques.



Statement of Originality

In this thesis I presented the developement of SymGF, the symbolic tool for
transport theory based on the Keldysgh NEGF method, as well as its applica-

tions to various physical problems. My contribution to this work include:

e The implementation of SymGF based on Mathematical[8], the function of
which contains the automatic derivation of equations of motion (EOMs)

and solving the EOMs.

e Proposing two new algorithms of solving EOMs, namely, the graph aided
solution and the extension of Gaussian elimination of regular matrices to

block matrices. They are both implemented in SymGF.

e Extension of the established binomial inverse theorem to multi-term situa-
tion, which is needed for the analytical inversion of matrices in a specified

form. It is implemented in SymGF.

e Extension of the established Plemelj formula to multi-pole situation, which
is needed for the analytical solution of self-energies. It is also implemented
in SymGF.

e Application of SymGF to the T-shaped double quantum dot transport
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system to a higher order[7]. I have obtained unprecedented formulas of this
system. Terms relating to Kondo resonance are directly identified. This
result has been compared to experiments and quantitative agreements are

achieved.



Acknowledgments

I thank my supervisor Professor Hong Guo who introduced to me this exciting
field and whose expertise has guided me throughout my entire graduate study.
And I thank Dr. Sun QingFeng whose idea of preconditioned iteration helped
with the production of new results from SymGF'. I would also like to thank Dr.
Liu DongPing, Dr. Ji Wei and Dr. Hu Yibin, whose constructive discussions
with me helped with the extension of SymGF. I'm grateful to PHD candidates
Zhang Xiangwen and Lei Tao for their constructive discussions about the algo-

rithms regarding to Gaussian elimination of equation of motion set.

Xix



1

Introduction

For the past four decades, the development of electronic devices has followed the
Moore’s law which observes a steady decrease of device feature size by roughly
a factor of two every eighteen months. According to the International Technol-
ogy Roadmap for Semiconductors (ITRS), 11 nano-meter transistor would be
achieved by 2016[9]. This relentless device miniaturization has brought physi-
cal systems into a new realm where quantum transport phenomena become very
important.

Experimentally, people have been investigating many configurations in quan-
tum transport systems. Specifically the quantum dot system, since their po-
tential use as quantum computers, received a lot attention during the past few
years [10, 11, 12, 13, 14, 15, 16, 17]. Refs.[10, 11, 12, 13, 14] did triple dots,
Refs.[15, 16, 17] did double dots. All the dots are coupled and are interacting.
By doing these very interesting experiments, we have the conductance curves as
the results. Still, it requires further theoretical work to understand those curves,

as the reasons behind the curves can’t be explained just with numerical compu-
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tations. For example, the Kondo effect[18] has a physical picture elaborated in
Fig.4.3. To do theory, one needs to derive formulas for a certain model. When
strong interaction or strong correlation is present, deriving the corresponding
formulas can be extremely difficult. This difficulty has prevented theoretical
investigations of transport problems to a high order where interesting physics
like Kondo effect can be revealed. It is in the hope of being able to investigate
high order processes that we developed the computer program that automati-
cally derives the formulas for quantum transport problem. This program is also
the main subject of this thesis.

Conventionally, quantum transport problems can be modeled with a lead-
device-lead structure[19] shown in Fig.1.1. The current is assumed to flow from
one lead to the other, through the central scattering region (device). The lead
in the model is non-interacting since, in reality, leads are made of good conduc-
tors where electron-electron interactions are largely screened. The lead in the
model is assumed to be connected to an infinitely large reservoir of electrons
in equilibrium so that its statistics doesn’t change with respect to any changes
in the device scattering region. The lead can have its own electronic structure,
and its electrochemical potential ;1 can be tuned by an applied potential bias.
A prototypical scattering region (also referred as device, central device, cen-
tral region etc.) can be modeled by a quantum dot that has its own electronic
structure. The quantum dot can be non-interacting or interacting. One usually

further assumes that the interaction on the quantum dot, if any, does not affect
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Left Lead ] Quantum Dot Right Lead

Figure 1.1: Schematic layout of a lead-device-lead system. A quantum dot is connected with
two leads. The coupling between them is represented by a solid line.

the leads. Finally, in this model we have the coupling between the quantum dot
and the leads. The coupling describes the probability amplitude of the electron
hopping from the leads into the quantum dot and wice versa.

The transport system of Fig.1.1 can be described by the following general

Hamiltonian:

H=> carclican+ > adidn + > Unnipdhdididy + Y tagnclydn + hoc.
ak n mnlp akn

(1.1)
where ¢, annihilates an electron in state k in lead-«, d,, annihilates an electron
in state n in the quantunm dot, and ¢, is the coupling constants. Since there
is no observables corresponding to the operators c,; and d,, we don’t write
them as ¢y, or dn, to simplify our notation. An on-site interaction U, is
assumed on the quantum dot, and this is the source of almost all the tedious
and lengthy algebra. The central task of quantum transport theory is to solve

for the electric current. The operator of current is defined as the rate of change
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of the total number of electrons of one of the leads (here we denote this lead as

lead-«):

I(t)=e o (1.2)
where Na =y, clkcak is the number operator of the electrons in lead-o. The
expectation of the current operator gives the current.

Theoretically, predicting nonlinear and nonequilibrium quantum transport
properties of various nanostructures is a serious challenge, especially if strong
electron-electron interaction is taken into account. There are two major ways
to solve for electric current described by the Hamiltonian Eq.(1.1). One is the
scattering matrix theory formalism (SMT)[20, 21| and the other the Keldysh
nonequilibrium Green’s function (NEGF) formalism[22]. SMT is more phe-
nomenogical while NEGF is essentially exact except the adiabatic approxima-
tion that it used as its foundation. Both methods have been applied very suc-
cessfully to a wide scope of problems in quantum transport problems[23]. SMT
is usually applied to problems without interaction. Meanwhile, rich physics
found in quantum dots such as spin blockade, Coulomb blockade and Kondo
effect, etc., all hinge upon interactions between electrons. Also, due to the usu-
ally small number of electrons confined in a quantum dot, the interactions are
usually strong and this prevents mean-field theory (MFT) from giving accurate
results. Since NEGF is naturally applied in many-body physics, it is the method
of choice in many theoretical works. In fact, it might be the most popular and

powerful theoretical method. In the past decade, NEGF has also been combined
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with material theory such as the density functional theory (DFT), for quanti-
tative and parameter-free calculations of nonequilibrium quantum transport in
realistic nanoelectronic devices[24, 25, 26, 27].

In a NEGF analysis of transport in nanostructures, one starts from the
second quantized form of the device Hamiltonian like Eq.(1.1) which is usually
partitioned into terms corresponding to the central device, the device leads and
the coupling between the scattering region and the leads[23]. The interactions
can be included inside the device scattering region. The analysis proceeds by
deriving various Green’s functions from the Hamiltonian which are needed for
calculating the transport properties such as the conductance, electric current
and DOS. While NEGF has been widely used in the community of quantum
transport theory, it can be a tedious mathematical procedure to derive the nec-
essary Green’s functions for interacting systems[23]. It would be useful if such
procedure can be carried out symbolically by a computer. While tremendously
successful in sub-atomic physics[28], symbolic computation in solid state physics
is far less developed. A reason, perhaps, is due to the much wider range of prob-
lems (the Hamiltonian) each having its own solution method/approximation in
solid state physics. Nevertheless, for quantum transport theory using NEGF,
we believe it is possible to develop a symbolic technique that can be applied to
solve difficult problems. It is the purpose of this thesis to develop it and apply
it to some hard problems.

Our symbolic tool, called SymGF (standing for symbolic Green’s functions),
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is developed with Mathematica[8]. There are three sets of input to SymGF: (i)
the second quantized form of the device Hamiltonian, (i) the commutators of
the creation and annihilation operators, and (iii) the truncation rules for the
correlators. Here, (ii) is necessary because SymGF needs to know whether the
particles are Fermions or Bosons and if the various creation and annihilation
operators belong to the same Hilbert space. Concerning (iii): SymGF uses the
equation of motion (EOM) method[23, 29, 30, 31] to iteratively solve the Green’s
function, therefore for interacting systems (short range interaction model, where
the on-site interaction does not affect the electronic structure of the leads or
any other quantum dots) one needs to tell SymGF how to truncate the higher
order correlators in order to close the set of EOMs[32]. With these three sets
of inputs, SymGF symbolically derives the formula for current, conductance
and various Green’s functions in terms of the unperturbed Green’s functions
of the device scattering region. It also identifies expressions of the self-energy
due to device leads. Afterward, numerical results and plots are obtained for the
transport properties by evaluating the symbolic formula derived by SymGF.
For non-interacting systems in steady-state transport, one can easily derive
the NEGF by hand and, of course, SymGF obtains exactly the same results. For
interacting systems where there is no exact solution, we have tested SymGF on
many problems by comparing its derived analytical expressions with published
literature[33, 34, 35, 36, 37] and, again, exactly the same results were obtained.

The power of SymGF is evident: for the rather complicated problem of Kondo
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resonance in a magnetic tunnel junction[33], SymGF derives all the Green’s
functions analytically in less than a minute on a desktop personal computer.

The rest of the thesis is organized as follows.

Chapter 2 reviews the derivation of current formula. Then we show how
one can solve transport problems with equation of motion (EOM). Examples
include a simple transport problem with non-interacting single quantum dot
and a problem with an interacting single quantum dot as the central device.

Chapter 3 presents the development of SymGF. We start with the scope of
this tool, then we elaborate on the algorithms SymGF uses. And after that we
present some technical details that deals with the self-energies. A few problems
where manual derivation is easy are presented in the end, as verifications of
SymGF. Obviously SymGF has passed all these tests as it gave the identical
results.

Chapter 4 presents the first real problem SymGF has solved - the dou-
ble quantum dot transport problem at Kondo level. Results at this level is
qualitatively different from results at Hartree-Fock level. With the formulas
SymGF derived, we can directly check which term(s) contribute to the Kondo
effect that aroused in the system. We also show that with appropriately chosen
parameters, its numerical results is comparable to the experiments.

Chapter 5 presents the results for the interacting single quantum dot trans-
port system with direct lead-lead contact. Results of both low and high order

are shown, and we again see qualitative difference between them.
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In Chapter 6, we seek the possibility of using SymGF to ab initio calcula-
tions with the example of NanoDCal[27].

In Chapter 7 we briefly summarize this thesis.

Finally in the Appendices we present the formulas involved in various

derivations presented in the main text.



2

Quantum Transport Theory with Non-Equilibrium Green's Function

In this chapter, we develop the basic formulation of quantum transport theory
within the nonequilibrium Green’s function (NEGF) formalism following the
well documented theoretical approach of Ref.[23]. We start by deriving the
formula for electric current in terms of various NEGFs. Two different device
models will be considered. The first is that shown in Fig.1.1 that the two leads
are separated by the quantum dot and have no direct contact. The second is
where the two leads have a direct transport link connecting them (see Fig.2.1).
Since these derivations are standard NEGF manipulations well documented in
the literature[23], we shall only illustrate the main steps and refer interested
readers to the original papers. We then illustrate the theoretical procedure by
solving two very simple transport problems using the equation of motion (EOM)

method.
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2.1 Current Formula without Direct Lead-Lead Con-

tact

Given the Hamiltonian Eq.(1.1) and the definition of the electric current Eq.(1.2),
we proceed to deriving the current formula using the Heisenberg equation of mo-
tion method:

dN, PSR .
o= —i[N,, H| = _szto‘k”cjlkd” + h.c.

where we have set h = 1 for simplicity of notations. Then the current I(¢) is

obtained by applying the current operator I (t) in Eq.(1.2) to the ground state

~

of the total system governed by H,
I(t) = =€ tarnGra(t.t) + hoc. (2.1)
kn

where we have defined the lesser Green’s function

man(t: ) = il (1) dn(2)).

and in Eq.(2.1) both time in G

n,ak

(t1,t2) are at t (t; = to = t). The correspond-

t

nak(t: 1) can be written as

ing time-ordered Green’s function G

Lt t) =00t =G, )+ 0t — )G (¢ 1) (2.2)

n,ak n,ak n,ak

where G . (t,t) = —i(cl, (t')d,(t)). One of the conceptual tool that NEGF
formulism uses to define the initial/final state is the complex time contour,
where time comes from —oo to present, and when physical processes finish,

goes back to —oo[23]. It has been shown that Green’s function defined on the
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complex time contours are formally the same as Green’s functions defined on
real time axis[23], which means replacing ¢ (on real time axis) with 7 (on time
contour), we obtain the expression for nonequilibrium current. Furthermore,

with EOM method it has been shown that[23]

Gl (1, 7) = =i{T[dn ()l (7)]) = Z/dﬁGnm(ﬂ T )takmJak(T1, ')

where the superscript ¢ means it is a time-ordered Green’s function and 7
represents the time ordering operator on the time contour and the integration

of 71 is over the entire contour, and

Gnm(7_7 T/) = _i<Tc[dn(7)dIz¢<T/)]>

9ar(7,7') = —UTelcan(7) ey (7))

In order to do actual practical calculations, one usually transforms the integra-
tion over the complex time contour into an integration over real time axis, by

using the analytical continuation theorem[23]. The result is:

’rf,ak(u t,) = Z / dtl (G:zm(t’ tl)tkagtjk(tl? t/) + Gsm(tv tl)t:zkmgguk (th t,))

where superscript r and a indicates the retarded and advanced Green’s function,
respectively.

For steady state transport problems which is the concern of this thesis, only
the difference in time, ¢t — ¢/, appears in the formulation. Namely the two-time
dependence of all the Green’s functions G(t,t") becomes G(t — t'). Therefore

it is easier to work in the Fourier space by transforming G(t — ') — G(w).
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Substituting the Fourier transformed G ,;(w) back into Eq.(2.1), we obtain

L == [ 52T (67 (0) - () Z5(w) + 67() (E4(w) - Z @) (23)

where we have defined the self-energies of the lead labeled by « as

22 mn Z tkamgka )tka

and their Fourier transform as:

ot —ta) = X8 (w) .

a,mn a,mn

In this way, Eq.(2.3) gives the steady-state electric current flowing in lead-a.
Since it does not contain convolution, it is computationally more favorable.
This formula is valid as long as the two leads connect to the central scattering
region and nothing else; it is not valid if the leads also connects to anything
else, for example the case where left and right leads have direct coupling (see
next section or Chapter 5).

When the external bias voltage is small, we expect a linear response from
the system. In this case, we are more interested in calculating the conductance
which can be obtained by the derivative of current with respect to the bias. The

result is[38]:

QFL (u)) r
e e ) 2:4)

where I',, is the linewidth function of lead—a, defined as
[y =30 (w) — 3% (w) .

Since Eq.(2.4) comes from the current formula Eq.(2.3), they both have the

same range of validity.



2: Quantum Transport Theory with Non-Equilibrium Green's Function 13

Quantum Dot

Left Lead Right Lead

Figure 2.1: Schmetic layout of the transport system with direct lead-lead contact. A quantum
dot is coupled to two leads, while there is also direct coupling between the two leads. Couplings
are represented by a solid line.

2.2 Current Formula with Direct Lead-Lead Contact

The lead-device-lead model of Fig.1.1 is the most studied system, but there are
more device structures being fabricated and investigated in recently years. For
instance, there could be a direct contact between the two leads in parallel to
the link through the quantum dot: the current formula changes as a result.
Such situations occur in recent experiments where tunneling from a STM tip to
a molecular quantum dot assembled on a substrate, is accompanied by direct
tunneling from the same STM tip to the substrate[39, 40], like what’s shown in
Fig.2.1. The derivation of the current formula for the device model of Fig.2.1
is somewhat complicated and we put the details in the Appendix. Here we just

present the results.
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Let’s consider the device model of Fig.2.1 where the quantum dot has a
single non-degenerate energy level ¢€,, where ¢ indicates the spin. The system

can be described by the following Hamiltonian:

H=Y"codid, + Udldd}dy + > €aoiChopCaot +

aock
(Z takciwkd(, + h.c) + (Z vkleCTLgklcRakz + h.c.) , (2.5)
ack okiko

where dI and d, are operators of the central dot. With the direct transport link
between the two leads (see Fig.2.1), we write down the lead-lead coupling term
Zakl ky Uk1k cTLa,ﬂcRo.k2 + h.c.. This extra link changes transport significantly and
the current formula is different from Eq.(2.3) as expected.

To derive a new current formula for the device model of Fig.2.1, we define
the number operator of the electrons with spin labeled by ¢ in the left lead as

A

Nie =), cTLUkcLUk. The current is then:

7 dNLO’
1, = ) 2.
e— (2.6)

Using the Heisenberg equation of motion to calculate the right hand side

of Eq.(2.6) following a similar procedure as that in the last section, we obtain
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(with details summarized in Appendix A):

dw
I = _6/%2/01‘31]4"26;;]61]{32 + hC

kiko
dw
—e / g ; thGEo'k -+ h.c

dw

B _6(/ %(Z( Rokik ks T Ghonaw Shaw) +

ki1k'

Z ( rRaklzzvakl + GI<%0'k1 %volﬁ) >> + h.C

k1
dw <
_e/g ;thGLcrk -+ h.c . (27)

There are five different Green’s functions in the above expression and we need
to evaluate them one by one.
First, we evaluate the third term of Eq.(2.7) >, GrorXipor- AS shown in

Appendix A (Eq.(8.26) ), it is
> G Ziuor = O 2miG i fL(w)vu it
k k

= 2mify (W), Gl X Y < — ATt LV, G ok Vo + LR Rk Vo T
k

-3 2 2

(20 thvw,w U* gr v T tvaw,w ’U* gr v
w,k — w,k

1 WQUE;,M w,kIRok 1+7T2U3)7w w,kIRok

= 2mifr(w)t] Gh X ( — Tt LV — 1Tt RV +

(2.8)

4 4 3 2
T LW, i tRw%,wa,w)
2,2 2,2
1+ m2vg 1+ 72,

Now, the only unknown is the Green’s function of the central quantum dot,

namely the quantity G, in the above expression. It’s derivation can be compli-

cated and tedious if higher order correlations due to the interaction U is taken
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into account. Thus the next step would be to derive the quantity G (in fact
G5 as well). We however stop here since in the following chapters, they will be
derived by SymGF. So, as far as this thesis is concerned, the above form is final
for the purpose of the current formula.

Next, we evaluate the fourth term of Eq.(2.7) >, G5,.X¢

Lvo

. in Eq.(2.7). Tt
is (see Eq.(8.27)):

1Tty

G< ya — Lw
Zk: Rok“~Lvok 1+ ﬂ_gvaw
(21006 (fnlw) = Ful)2 ~ P0G 02 -
QWiG;fR<w)tm’Uw’w + iﬂG;tRwUMw -+

252G () — ol X B)

where B is defined in Eq.(8.21).
Third, we evaluate the first term in Eq.(2.7) >, Ghope - 1t 1s (see

Eq.(8.28)):

s < - T *
E :GRakk’Zkk’ = 2mi fr(w) E GRakk'Uw,k%,k'

o Kk
: 1 r *
= 2mi fr(w) ; m (gRak%,k +

r . * * 2 * 2
GRUk (_Z’/Ttvaw,w -m thvw,UJ) )Uw,k

. 1 .
= 27T’LfL (C&))W< — ZWUZ’W +

T . * * 2% 2
E :Gngvw,k (_Zﬂ—tvaw,w -7 thvw,w) >
k
where the summation ), G%, V., has been contained in the evaluation of

Eq.(2.8).
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Fourth, we evaluate the second term in Eq.(2.7) >, Growe Shope- 1t 1S

(see Eq.(8.29)):

< a _ < . *
E G Rokr Xk —E GRakk/WUw,k%,k'

kk' kk'

_ 1+:r—7;vgw %: F b, K0 0
= 27 fr(w)0l o + 27 (fr(w) = fL(@) 020 Y Zrvuk +
k
2°ts  (fr(w) — fr(w)) Ui,w Z G rokVok +
k
23 f ()t D CroVik + TVt D GtV —
k k
TV ) Gkt
k
In the above expression, all the summations have been evaluated in previous

terms except ), Zyv, , which turns out to be (see Eq.(8.30) and Eq.(8.22)):

s 2 S * T
E :ZkUW,k = < T UMV — Zﬂ-tRwa,w E :GRUkUUJJf -
k k

1

2,2
1+ 72,

7-[_Qt*Lwvf},w Z G%G‘k’vak>
K
The last term of Eq.(2.7) is Y, G1,xt5x- It is found to be (see Eq.(8.31)):

D Gioptrin = 20 Gt put} Vuw (fL(W) = fR(W)) = Ttrot} 000Gy +
k 2mi fr (w)t3,,Gh + 277 (fr(w) — fr(W)) vyt GO +
ity G + WZGZtvafW (fr(w) — fr(w)) — WQtvaZMG(f +
2mi fr(w)trovy, .Gy + 2% (fr(w) — fr(w)) vivaZC +

intr,v,, Gy
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where we have defined

4,4 3,2
TV, tRe AT Uw,w%,thw>

+ +
1+ 7202, L+ 722,

— 2 2 : *
C= <—7r LRV, 4 — 1TV,

Putting these expressions back in the current formula Eq.(2.7), we express
the current in terms of the Green’s functions (G2 and G5) of the central quan-
tum dot . The next step is to derive G” and G either by hand or by SymGF
using the equation of motion method. We shall use SymGF to be introduced in

the following chapters of the thesis.

2.3 The Equation of Motion Method

Among the methods that can be used to calculate the Green’s function of the
central quantum dot, we choose the equation of motion (EOM) method. This
is because EOM is very systematic and easy to implement on a computer. It
also gives very reasonable results if one goes to a high enough order of the EOM
iterations.

To derive an EOM for the Green’s function (or correlator) ((A(t)B(t'))) =
(T[A(t)B(t")]), we differentiate with respect to the time variable:

d

S AOBE)) = ({AR), BO1(t =) —i(([A{), HIB())

where H is the Hamiltonian and Heisenberg equation of motion has been ap-

plied. The commutator [A(t), H] usually generates more terms at time ¢, this

LA related derivation of current formula can be found in Ref.[41], but here we are giving a more
general formula as the lesser Green’s functions, which represent non-equilibrium statistics,

enter the current formula.
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implies that on the right hand side of the above equation, there are even more
Green’s functions. In this way, the original Green’s function ((A(t)B(t'))) is re-
lated to other Green’s functions. Clearly, if there is no interaction, for example
without the Uy, term in Eq.(1.1), the Hamiltonian is quadratic in terms of
its operators and the EOM can be solved exactly. If the Hamiltonian H does
contain interaction (e.g. Eq.(2.15)), in principle there can be an infinite num-
ber of EOMs and the problem can not be solved exactly. This requires that we
artificially bring a closure to these EOMs, i.e., make approximations. Once we
obtain a finite set of equations, it is straightforward to solve them.

To close the set of equations at certain level brings approximations to the
theory which affects the final result. If we close it early, the result will be
crude; if we close it late enough, the result is more accurate but the derivation
becomes more tedious. This “early” and “late” closing can be done in many
ways. For example if we require the maximum number of the equations to be
100, then further Green’s functions will be approximated with either 0 or an-
other easily accessible number or expression. Or, we can refine this rule and
require that a group of Green’s functions containing operators of the leads can
have a maximum of 50 equations. Each of the closing method represents its
own approximation. The most accessible way we found is to count the maxi-
mum number of operators belonging to different parts of the transport system:
when this type of operators exceeds a specified limit in a Green’s function, that

Green’s function then is approximated with the product of an equal time cor-
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relator and a Green’s function that contains the rest of the operators. The
particular choice of the limit of each kind of operators is called a truncation
rule or decoupling scheme.

In the following sections, we shall exemplify the use of EOM by two exam-

ples, one without truncation and the other with it.

2.4 Example I: Single Non-Interacting Quantum Dot

We wish to demonstrate the usual mathematical procedure for solving transport
problems with some simple examples. In this section we consider a single-leveled
single quantum dot without the on-site interaction term U, and the quantum

dot is connected to two leads, i.e. Fig.1.1. We write the Hamiltonian here:

H= Z eakchcak +ed'd+ Z takclkd + h.c. (2.9)
ak ak

Since there is no interaction, this Hamiltonian is quadratic in terms of the
operators and can be solved exactly by several methods. Here we do it with
EOM in preparation for our subsequent development of the SymGF. We wish
to find the expression of the Green’s function ((d(t)d'(t'))), where again {({---))
is the time-ordered correlator or Green’s function, or in its Fourier transformed
form (dd'(w)).

We know from the previous section that for the Green’s function (d(t)d'(t'))

where ¢, are time indexes, taking its temporal derivative one obtains,

d

S () = ({d(), d' (Rt )

—i{([d(t), H]|d"(t'))) (2.10)
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In Fourier space this is
w(dd! (@)= 1 - i{(d, H]d'(@)) , (2.11)

where we have used the fact that {d,d'} = 1. By explicitly evaluating the
commutator between the operator d and the Hamiltonian H in Eq.(2.9), e.g.

[d, H], we obtain an algebraic equation for the Green’s function (dd') as

w(dd'(w)) = e(dd'(w)) + 1+ Y (card (W)t -
ak

After a little manipulation:

(dd' (w)) = - 1_ - <1 + Z(aade(w»t;k) : (2.12)

ak
We find that in Eq.(2.12) there is a new Green’s function (c,.d'(w)). We shall

derive an EOM for it. This time we directly work in Fourier space and have:
W(Card'(w)) = =i([car, H]d'(w)) |

where we used the fact that {cok, d'} = 0, as these operators belong to different
parts of the transport system. Explicitly evaluating the commutator [c.x, H],

we obtain:

w{card (W) = eaqp(Card (W) + (dd'(w))tar

or in a neater form:

(coud! (@) = ——— (! )} o (2.13)



2: Quantum Transport Theory with Non-Equilibrium Green's Function 22

In Eq.(2.13), no new Green’s function is present, thus Eq.(2.12) and Eq.(2.13)

form a complete set of EOMs for this transport system. Rewriting them here:

(dd(w) = — <1+Z<Cade(w)>t2k>

w—¢€
ak
1
(card!(w)) = (0 () tor ———
and solving them, we have:
i 1
(dd"(w)) = (2.14)

W= e+ im Y tauth,
And this Green’s function is what we are interested in. It represents a density
of states (DOS) that is shown in Fig.2.2. When we made this numerical plot, we
used the wide-band limit (WBL) approximation[23, 38] such that the coupling
parameters t, are assumed to be energy independent (independent of k) and
the real part of the self-energies due to the device leads are neglected. WBL
approximation amounts to neglecting the electronic structure of the device leads
by assuming constant DOS of the leads and constant coupling leads/central cou-
pling. For leads made of metals as is the case for many experimental situations,
the DOS of the leads around the Fermi level do not vary significantly so that
WBL is a reasonable approximation. Discussions about the validity of WBL is
elaborated in Ref.[38]. In addition, we also assume the leads to be symmetric
so that t;, = tgr, which is common in experimental setups. The choice of the
energy level € is arbitrary. This DOS plot shows that there is a peak at w = e.
Finally, once we put Eq.(2.14) back into the current or conductance formula

[Eq.(2.3) or Eq.(2.4)], we obtain the desired transport properties (not shown).
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Density of States [arb. units]

Energy [t;]

Figure 2.2: Density of states of the interaction-free central dot with wide-band limit approx-
imation. The leads are assumed to be symmetric, ¢, = tg. Arbitrary units for ordinate.
Abscissa is in units of £7. The energy level of the central dot € is set to be zero.

2.5 Example II: Transport with On-Site Interaction

As a second example, let’s consider a problem with a strong on-site interaction
U in the quantum dot of Fig.1.1. The Hamiltonian of the device is no longer

quadratic due to the U term. We assume an Anderson form:

H=>€aroChisCoro + 3 €odbds + Udldrdld; +

ako o
(Z takeC . dy + h.c.> (2.15)
ako

where d! and d, are operators for the central quantum dot and subscript o
represents the spin (1 or |).

Such a Hamiltonian cannot be solved exactly because of the existence of
the on-site interaction. Approximations have to be used and the choice of

approximation certainly affect the final results. Here as an example of the
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derivation procedure we present a Hartree-Fock calculation, where four operator
sequence d;deId | is approximated with a sequence of half the operators times
the expectation value of the other half of the operators, as chT(dId 1)

Just like that in the previous section, we write down the desired Green’s

function (dd') and start deriving its EOM. Firstly, we have

(dod} (@) = ———— (14 Cena (R )t + (oK) )t —
Uldodydbdi (w))) , (2.16)

where a ¢ means the opposite spin of 0. In Eq.(2.16) we have 3 new Green’s
functions. Secondly, we deal with the ones with operators that belong to the

leads. With the same method as we obtained Eq.(2.16), we have

1

W —€Lo

1

W — €ERs

(cLo(k)dl (w)) = (dod] (w))tr (k)

(o (k)dl (w)) = (dod] (w))tr (k)

(2.17)

In Eqs.(2.17), there are no new Green’s functions, therefore the only one left
is (dydsdidl (w)). If we derive its EOM, (d,d,dld}(w)) will generate another
6 Green’s functions. Each of these 6 Green’s functions can generate 5 Green’s
functions, and so on. This is the reason why we cannot solve Eq.(2.15) exactly:
the EOMs keep expanding without closures. This is also why we need a rule
to truncate some of the Green’s functions. In this example of a single quantum
dot with finite on-site interaction, we require that the total number of d,’s and

d’s do not exceed two and Green’s functions with extra operators should be
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truncated with the following rules:

(dld,0) ~ N,{(O) (2.18)

(el cawO) = fo(k)O(k — K){O) . (2.19)

In particular, we apply rule (2.18) when the number of di, plus the number of
d, exceeds 2; and we apply rule (2.19) when the number of CLk plus the number
of cq exceeds 1. These truncation rules completely determines the order and
accuracy of the final formula. We associate the number 2 to rule (2.18) because
this gives the Hartree-Fock approximation. In this way, the EOM (d,dyd.d} (w))
is no longer evaluated with the Heisenberg equation of motion, but with the

truncation rule (2.18) as:
(dodgdyd] (w)) = (1= No){dod} (w)) - (2.20)

Now, all the Green’s functions have an EOM and Egs.(2.16,2.17,2.20) form a
complete and closed set of equations.

We rewrite the EOMs here:

(dodf (w)) = m(l + (cLo(k)dE (W) g + (cro(R)df (W)t —

U(d,d,dd (w)))

(dyddbdl(w)) = (1= No){dodf(w))
1

W — €Ly
1

(JJ_ERO-.

(cro(k)d](w)) = (dodf(w))tL (k)

(cro(k)dl(w)) = (dod] (w))tr (k)

(2.21)
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Figure 2.3: Non-self-consistent density of states of central dot with on-site interaction. Wide-
band limit approximation is used and we assume symmetric leads t;, = tg. Arbitrary unit for
the ordinate; units for the horizontal axis is ¢t1,. The energy level of the central dot € is set to
zero. The on-site interaction U = 8ty and occupation number N, = 0.5¢,.

We emphasize that it is the strict truncation rule (2.18) that made the second
EOM in Eq.(2.21) (with the left hand side (d,dsdLd!(w))) not producing any
further correlators. Solving the above closed EOM (2.21), we obtain:

1
W—€;— N,U+1m Y taully,

(dodf (w)) = (2.22)

Comparing this with Eq.(2.14), we see that the only difference is that the energy
level € is now replaced by an effective energy level €, + N,U, where the shift of
the energy level is proportional to the occupation number N,. This is a general
feature of the Hartree-Fock approximation where the averaged interactions shift
the original energy levels. We plot in Fig.2.3 the imaginary part of Eq.(2.22),
which is the DOS of the quantum dot.

In plotting Fig.2.3, we used WBL approximation and all the parameters

are chosen to be the same as in Fig.2.2 - except the new parameters U and N,.
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We see from both figures that the peak is shifted by N,U, just as Eq.(2.22)
described. This features the Hartree-Fock approximation which is a mean-field
theory, meaning every particle moves in the average potential produced by all
the other particles. In our case, the average is the occupation number N, and
therefore it gives a shift of N,U.

By putting Eq.(2.22) back into Eq.(2.4) (as G"(w)) we get the conductance

formula for this single dot system at Hartree-Fock level.

2.6 Summary

In this chapter we presented the central quantity that quantum transport theory
has to solve for, i.e., the current and/or conductance. We demonstrated that the
current formula varies with different layouts of the device structures. We also
demonstrated the standard procedure of solving steady state quantum transport
problems within the NEGF formalism, and discussed the iterative procedure of
the EOM for solving the Green’s functions. The following steps summarize the

procedure for solving a quantum transport problem.

Step 1. For a given physical problem, make a model - meaning proposes a Hamil-

tonian in the second quantized form. Physical intuition is necessary.

Step 2. Write down the required Green’s function (usually the Green’s function

of the central quantum dot). This is the starting point.

Step 3. Derive the EOMs for the Green’s functions.
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Step 4.

Step 5.

For each of the new Green’s functions produced by older Green’s functions
after the EOM iteration, check if it has reached the number of operators

in our truncation rules. If yes, truncate it; if not, repeat Step 3 for it.

Repeat Step 3 and Step 4 until all Green’s functions has an EOM and
a closure is reached. Then, the required Green’s function can be solved

from the final set of linear algebraic equations.



3

The Development of SymGF

In Chapter 2, the formula for electric current and conductance of transport junc-
tions were derived in terms of the Green’s function of the scattering region (e.g.
the quantum dot). Two simple examples were discussed in Section 2.4 and 2.5
where equation of motion method was applied to derive the Green’s functions.
Once the Green’s functions were derived and plugged into Eqs.(2.3,2.4), the
transport results are essentially obtained if the integrations in these equations
can be carried out. In most cases, the final integrals are done numerically and
will not be the main concern of this thesis. The main concern is to derive the
Green’s functions for interacting systems to higher order correlations so that
phenomenon such as the Kondo effects, can be investigated. Experimentally,
the devices can be much more complicated than those shown in Figs.1.1 and
2.1, for instance double and triple quantum dot devices are not uncommon in
recent literature[42, 43, 44, 45, 46, 47, 48]. Correlated transport physics in these
systems are interesting and important, but their theoretical analysis is routinely

impeded by the complexity of the problem.

29
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As we discussed in Chapter 2, while EOM can in principle be iterated to any
order by hand and, indeed, many heroic works have been done that way[6, 33|,
but the algebra quickly becomes unbearable and error prone. On the other
hand, the examples in Chapter 2 showed that the mathematical procedure of
EOM is actually rather mechanical: by brute force iterations with the help of the
truncation rules. With this in mind, it would be extremely helpful to quantum
transport theory if we could develop a software that symbolically derives the
Green’s functions on a computer.

This chapter presents the development of such a symbolic software package
SymGF, standing for symbolic Green’s function, for deriving Green’s functions
that appear in the transport formula such as those in Eqs.(2.3,2.7). The rest of
this chapter discusses the technical details of SymGF, including the algorithms
it adopts and its implementation. Our discussion will be targeted on general
interacting systems where U # 0. For problems without interaction, as we
mentioned in Chapter 2, the Green’s functions can always be derived exactly as
there are just a finite number of equations of motion, and, of course, SymGF

will obtain the exact result as well.

3.1 The Goal of SymGF and its Input/Output

In quantum transport theory, a most critical step is to write down the Hamil-
tonian for a problem, such as Eq.(2.5) for the device in Fig.(2.1), and Eq.(2.15)

for that in Fig.1.1. This step is motivated by the physical phenomenon and
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by physical intuition where the computers cannot help. After the Hamiltonian
is determined and EOMs are iterated as that presented in Section 2.3, trunca-
tion rules are needed. These rules are also motivated by physical phenomenon
and intuition. For instance, as discussed in Fig.4.3, the Kondo resonance in-
volves virtual processes of co-tunneling, so that two particle dynamics must be
included. This requirement suggests certain truncation rules and also certain
order of the EOM iteration (see Chapter 4 below). These considerations cannot
be done by a computer.

Therefore, the three important inputs to SymGF are: (i) the second quan-
tized form of the Hamiltonian; (ii) the commutation rules of the operators in-
volved in the Hamiltonian; (iii) the truncation rule for the operators. What we
wish SymGF to do is to take these three sets of inputs, derive the analytical
formula of the Green’s functions of the device scattering region without further
human involvement. Moreover, we also wish to be able to control the accuracy
of the SymGF formula and observe how higher order formula affects the results.
The present version of SymGF has fulfilled these design goals.

For simplification of the symbolic code, the present version of SymGF is
helped a little by inputting a list of summation scripts and a list of preserved
operators. We now explain them in the following. The list of summation scripts
tells SymGF which subscrips are summed over. For example, in the lead’s
Hamiltonian (see Eq.(2.15), for example), one usually has 3, clcx, where k can

be discrete or continuous; hence k is in the list of summation scripts to ensure
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SymGF does not treat k as an independent variable. This list can be removed in
a future version of SymGF by a language parser subroutine which finds all the
summed variables and put them into the list automatically before the SymGF
run. The list of preserved operators is needed because there is a freedom of
choosing which operator in a Green’s function should be differentiated when
EOM is iterated. Namely, for a Green’s function ((A(t)B(t'))), we can either
differentiate the variable t or ¢/, thus creating new correlators at time ¢ or t'.
We often wish to preserve the operators with simpler forms. This list can be
removed in a future version of SymGF by an automatic preprocessing routine
that will make an educated “guess”, so that the resulting equation of motion
has less subscripts, etc.. These issues are purely technical and not essential for
the works of SymGF.

After a SymGF run, it gives a series of outputs. First, it outputs a complete
set of EOMs in terms of a set of self-energies defined automatically by SymGF.
Second, SymGF outputs the solved Green’s functions we demanded, also in
terms of the automatically defined self-energies. Third, it outputs the list of
definitions of the self-energies. Depending on the problem, the self-energies can
be simple or very complicated. We made significant effort in order for SymGF
to identify the self-energies in clever and natural fashion. By inspecting the
analytical solutions provided by SymGF, we can easily tell what and which
processes and transitions are considered in the calculations. In Chapter 4 we

will show an example where we could identify the terms that contribute to
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the Kondo effect by examining the list of non-zero Green’s functions given by

SymGF.

3.2  Deriving EOMs and Truncation of Correlators

The first function of SymGF is to derive the equations of motion. Section 2.3
presented the EOM methodology. A simple example was presented in Section
2.5 for derivations up to the Hartree-Fock level. Here we focus on how the
set of EOMs are closed by applying the truncation rules to arbitrary level of
correlators.

As already discussed in Chapter 2, when interaction is present, EOMs will
iterate further and further to higher orders indefinitely, ending up with infinite
number of EOMs. To solve them we need to close the set at some point. The
way to close is to apply the mean field approximation when we have had high
enough orders of Green’s functions. How high is high enough? This question is
determined by physics. For instance, 2nd order iteration will give Hartree-Fock
level of physics; 3rd order iteration will give the basic Kondo physics (but not
very accurate); and so on.

The order of Green’s functions is presented by the number of operators
of each kind (each subspace of the Hamiltonian). In SymGF, we input the
truncation rules that provide the maximum allowed number of operators in any
Green’s function. Whenever SymGF has derived a Green’s function (correlator)

whose operators of that particular kind has exceeded the maximum number,
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SymGF uses the truncation rule to “cut oft” the extra operators in the correlator
by essentially a mean-field approximation. When this happens, the “long”,
high order correlator is replaced by an equal-time correlator multiplied by a
lower order correlator. In Section 2.5, we have seen such truncation rules like
Eqgs.(2.18,2.19); and later in Section 3.6.1 we shall see rules like Eq.(3.16).

If a Green’s function on the right-hand side of an EOM is a new one, SymGF
goes on to derive an EOM for this new Green’s function. This process is iter-
ated until no new Green’s functions are found. At that moment, SymGF has

completed the EOM derivation and it proceeds to solve the set of EOMs.

3.3 Algorithm for Solving EOMs

Once the set of EOM is obtained, SymGF solves them to obtain the desired
Green’s functions. Solving an array of equations is generally much more difficult
than deriving them. Here we require SymGF to have the ability of solving the
EOMs with none or minimal human interference.

If we simply consider each Green’s function as one single unknown, then
the EOMs are standard linear equations for these unknowns. Solving an array
of linear equations has a well established methodology and most of them are
very reliable, robust and efficient. Unfortunately, due to the extra degrees
of freedom that Green’s functions may have, they cannot usually be viewed
as regular variables. For example, suppose a Green’s function is defined as

G(k) = (¢'(k)d), where ¢ and d are operators, and k is a subscript representing
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energy. Then the EOM with this Green’s function on the left-hand side actually
represents a set of (uncountably) infinite number of equations, as for each value
of k there is a G(k), and therefore the Green’s function G(k) cannot be viewed
as just one unknown variable.

Therefore, solving the EOMs requires special attention, and most of the
development was devoted to this task. In the following subsections, we shall

discuss all the methods we implemented into SymGF for solving the EOMs.

3.3.1 Direct Iteration

Direct iteration is to substitute the right hand side of an EOM into other EOMs.

For example, suppose we have the following set of EOMs,

G1=Ci+ Y Cy(k)Ga(k)+ Y Cs(k)Gs(K) (3.1)
Gy(k) = 04(@51 ' (3.2)
Gs(k) = C5(k)Gy (3.3)

where the Green’s function (¢; is a number, G5 and G3 depend on subscript &,
which is an abstract representation of some quantum number, C’s are coeffi-
cients, and we wish to solve for G;. What we can do is to substitute Eq.(3.2)
and Eq.(3.3) into Eq.(3.1), sum over all the necessary subscripts, and obtain an

algebraic equation of a singe variable G, as
Gi=Ci+ Y Cy(k)Ca(k)G1+ > Cs(K)C5(K)Gh
k k!

Here, it is natural to see quantities ), Co(k)Cy(k) and >_,, C5(k")C5(K') as

self-energies. In this way, (G; is solved.
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This method of solution is the most straightforward and in principle it can
solve all the algebraic equations. However, when EOMs become more compli-
cated, we will have serious problems for recognizing self-energies symbolically
by the computer. In addition, when more subscripts are present, recognizing
each kind of summation subscripts and correctly sum them up symbolically
is not simple. One often ends up with a series of expressions which have the
same subscript but different ordering and range of summation. Of course, in
principle this can still be solved by inventing very delicate symbolic algorithms.
Indeed, human eyes can usually quickly identify - from within very complicated
expressions, which factors belong to which self-energy. SymGF has not reached
that level of patten recognition. Hence, even though SymGF has a direct itera-
tion method, we do not recommend the use of direct iteration until very smart
algorithms can be invented in the future. Instead, we recommend the use of
Gaussian Elimination method described in Section 3.3.4, which is a lot more

powerful and elegant.

3.3.2 Graph-Aided Solution

The idea of graph-aided solution came from the observation that for a single-
level quantum dot problem, the Anderson model Hamiltonian (see Eq.2.15)
gives EOMs in a special way. Namely, the Green’s functions that can be repre-
sented by a c-number (dimension 1 x 1 matrix) and Green’s functions that have
a continuous subscript (for example the k in Eq.(2.17), hereafter termed contin-

uous Green’s function), alternate in the sequence of EOMs. In other words, an
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EOM always states that a Green’s function of dimension 1 x 1 is equal to the
product of a continuous Green’s function and a coefficient that depends on the
same continuous subscript summed over, like G; = >, C(k)G;(k). On the other
hand a continuous Green’s function is equal to the product of a coefficient which
depends on a continuous subscript and a Green’s function of dimension 1 x 1.
For example, in the equations of motion that SymGF derives, the following is

always true:

Gi=>_ Ci(k)Gi(k) + ...

Gi(k) = Co(k)G, + ...

In the first EOM, the left hand side G is an 1 x 1 Green’s function; the right
hand side is a coefficient C; multiplied by a continuous Green’s function G;
- both ' and G; depend on the same continuous index k. Then, in the next
EOM, the left hand side is a continuous Green’s function with index k, the right
hand side is a coefficient C5 - having the same index k, multiplied by an 1 x 1
Green’s function.

The above observation allows us to use a graph to represent the EOMs. If
we denote a Green’s function by a vertex, denote the coefficients (e.g. Cy,Cs)
as the weight on the directed edges connecting the vertices, then the resulting
graph completely describes the set of EOMs. Consequently, solving the EOMs is
equivalent to solving the graph, whose steps are shown in the following example.
Let’s consider a partial graph shown in Fig.3.1. In this figure, the number in the

circles are the serial number (the index) of each Green’s functions. For example
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Figure 3.1: A simplified part of a graph representing a whole set of EOMs. The numbers in
the circles represent the serial number of the Green’s functions. The letter “k” following some
of the numbers means that Green’s function is dependent on subscript “k”. Each out-going
edge of a circle (a Green’s function) represent a term of the EOM of that Green’s function,
which is the product of the weight of the edge and the Green’s function at the destination of
that edge.

the circle on the upper-left corner with “G;” inside, it represents the Green’s
function (G; which is our starting point of EOMs and it is probably the Green’s
function we are trying to solve. If a Green’s function is followed by k, it means
this Green’s function depend on the subscript k. For example right below the
circle of G, we have the circle for Green’s function G4(k). Each out-going edge
from a circle (a Green’s function) represents a term on the right hand side of
the EOM corresponding to that Green’s function, which is the product of the
Green’s function at the destination of the edge and the weight of the edge itself.
For example, we have an edge from Gy to G4(k), and the weight is ¢}, then we
know the EOM for G, has a term t;G4(k), where we have assumed that the

subscript k is to be summed over. Therefore, Fig.3.1 represents the following
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EOMs:

Gi=1+> t;Gi(k)+ Y _ tGs(k) — UG,
Ga(k) = t,Gy ' '
G3(k) = .Gy
Gy = t;Go(k)+ Y txGs(k)
Ge(k) = t:Gg '
Gs(k) = t:Ga + t,G7

Note that to emphasize the use of mean-field approximation, the weight of the
edge from Green’s function 7 and 1 is an equal time correlator which is usually
an occupation number, as shown in Fig.3.1, which is usually dtermined self-
consistently later.

With this graph, and actually all the graphs corresponding to the single dot
Anderson Model, we can conclude that, beginning from the Green’s function G,
following through the directed edges, each two steps contributes a self-energy; if
a weight of an edge is the on-site interaction, then that edge does not contribute
to a self-energy and self-energy begins from the next edge. For example in
Fig.3.1, the path G; — G3(k) — G; gives a self-energy >, t;t;. From G; to
(G5, the weight of the edge is the on-site interaction —U, so this one does not
form a self-energy for GG; or GGy, but of course this U has an impact, although

not through a self-energy. But beginning from G, the path Go — G5(k) — G~
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gives a self-energy in the same way as the path G; — G3(k) — Gi.

With this criteria, one then keeps the Green’s functions connected by self-
energies or on-site interactions and can re-write another set of equations. This
new set of equations are now linear equations and can be solved immediately.
For Fig.3.1, what will be left in the new set of equations would be G, G5, and

G, as:

G1=14+TG,+T'G, — UG,
G2 - FGQ +FGQ —|—FG7

G, = NG, (3.5)

where for simplicity we have chose such an example so that there is only one
self-energy I' = ), t;t; for all equations.

The above graph method reproduces very efficiently the results reported in
Ref.[33], as a benchmark of the SymGF algorithm. Despite the success of this
method on the single quantum dot problem, it does not work on systems with
multiple quantum dots such as the side-coupled double quantum dot device of
Fig.3.3. We therefore developed another method to be discussed in the next

subsection.

3.3.3 Conditioned Iteration
We have stated in Section 3.3.1 that direct iteration can in principle solve all
the EOMs. The problem is the difficulty for recognizing self-energies symboli-

cally. In the context of single level Anderson model Hamiltonian Eq.(3.24), this
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problem can be avoided by iterating not the Green’s function itself, but the
product and summation that comes with it.

Suppose we have a set of EOMs like Eq.(3.1-3.3), we can try to substitute
> . C2(k)Ga(k) as a whole and not just Ga(k) alone. In particular, suppose
in Eq.(3.1) we wish to remove Ga(k), then the direct iteration method takes
Eq.(3.2) - Go(k) = C4(k)G; and put it back in Eq.(3.1). Conditioned iteration
method, on the other hand, applies the following precondition first: since the
term containing Go(k) in Eq.(3.1) has the form ), Cy(k)G2(k), we multiply

Eq.(3.2) by Cy(k) and sum over k. We then have

Y Co(k)Ga(k) = Co(k)Ca(k)Gr - (3.6)

The entire left hand side of Eq.(3.6) can be substituted back in Eq.(3.1). This
approach is the conditioned iteration.

In this way, everything will have the same dimension as the first Green’s
function G (in this case a scalar), and hence anything that has extra dimensions
(for example, if they depend on k) is an unfinished self-energy. Therefore the
recognition of self-energies is made much easier and this is the main advantage
of the conditioned iteration method.

Of course, there are always “loops” in the graphs of the EOMs which means
if we blindly iterate the Green’s functions, we may fall into an infinite recursion
of the ever increasing lump of expressions. When we meet “loops”, we should
immediately solve the vertex that leads the loop, i.e., the Green’s function with

the smallest serial number in the loop. For example, in Fig.3.1, we see that
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(G5 is the sum of terms that contain G; and Gs, so if we blindly iterate over
(G, then the iteration will not stop as G5 is related to Go. In this case, we
must solve for Gy as soon as the “loop” is formed, i.e., when G4 is expressed
in terms of Gy, G7 and Gy itself (G5(k) and Gg(k) will not appear here, as the
iteration goes on there), we should stop iterating and solve for G5 so that it is
now expressed in terms of G and G7 only. With such an expression for G,
we will not have “dead recursions” when we iterate the Green’s functions. We
have used this algorithm to obtain the higher order results of the side-coupled
quantum dot system to be discussed in Chapter 4[7]. As far as we know, this is
the first time that such higher order results were obtained for such a physical
system.

We have so far limited ourselves to discussing the the most prototypical
problem of single level Anderson model. It is very desirable to be able to deal

with multiple energy levels as well. This is the point where we need yet another

solution of the EOMs.

3.3.4 Gaussian Elimination

The reason that the EOMs are not regular linear equations is that they may con-
tain extra degrees of freedom so that one EOM actually represents an infinitely
many EOMs. For instance G(k) has a continuous index k such that G(k;) and
G(ky) are different variables if k; # ko. Since k is continuous, we thus have
infinite number of variables even though G is just one Green’s function. What

happens if we just enumerate them all so that they look like a regular array
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of linear equations? For instance, we may imagine discretizing the continuous
k into infinitely many points {k;},j = 1,2,--- ,00 and treat each G(k;) as a
variable. Can the resulting EOMs become regular linear equations now? The
answer is Yes. They can be treated as regular linear equations once we overcome
a little more complications induced by the infinity.

Arrays of linear equations are usually calculated in the language of matrix
algebra, here we shall do the same. When Green’s functions have more degrees
of freedom, they, as well as their coefficients, become matrices themselves. A
Green’s function denoted by G;(k) may be seen as a vector (1 X oo matrix);
and another one denoted by G,(k,l) may be seen as a oo x oo matrix due
to the two continuous indices k,l. The key is to hypothetically rearrange the
elements of each of the Green’s function so that each element is in a position of
an independent variable. If a Green’s function is a vector, then enumerate all
its elements in a row besides the 1 x 1 Green’s function. If it is a matrix, then
enumerate the first row, and then enumerate the second row !, and so on until

all rows are finished. If it is a multi-dimensional array, the procedure is easily

1Strictly speaking, we can’t reach the second row as there are alreadhy infinitely many elements
in the first row. But if we consider the elements’ growing into infinitely many to be a limiting

case, then we can always formally write down the all the rows as if they have finite lengths.
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Table 3.1: The matrix corresponding to EOMs (3.7-3.9). Contents above the horizontal line
and to the left of the frist vertical line are indices indicating the meaning of each position and

they are not part of the matrix itself.

44

G1 Gg(l) G2(2) Gg(l,l) G3(1,2> G3(2,1) rhs
G1 1 Ca(1) Cy(2) ... 0 0 0 4
G (1) 0 1 0 .. Cu(1,1,1) C4(1,1,2) Cu(1,2,1) 0
G2 (2) 0 0 1 . Cu(2,1,1) Cy(2,1,2) Cu(2,2,1) 0
Gs(1,1) | C5(1,1) 0 0o . 1 0 0 0
G3(1,2) | C5(1,2) 0 0o . 0 1 0 0
G3(2,1) | C5(2,1) 0 0o . 0 0 1 0
extended. For example, if we have a set of EOMs as
G1 = C1 + Cy(k)Go (k) (3.7)
Ga(k) = Cy(k, K K" G3(K k") (3.8)
Gs(k, k') = Cs(k, KGy | (3.9)

then its corresponding matrix can be (hypothetically, since k’s can be continuous

thus having infinite possible values) written as in Tab.3.1. In Tab.3.1,every

element of the matrix is a number, thus the matrix is just a regular matrix which

can be solved with Gaussian elimination or any other methods. Nevertheless,

since this matrix has infinite rows and columns, it still cannot be solved. We
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emphasize here that the matrix is still analytic as the elements are given in
abstract symbols.

In order to solve this infinite matrix, we extend the Gaussian elimination
method to matrices composed of block matrices. To do so, let’s rewrite the

matrix in Tab.3.1 into the following form:

Ia A 0 e
M=10 " Iy B 0

D0 dwiwixwien 0

where Iy, is the unit matrix of size n X n, zeros represent zero matrices in
their respective size (since M is a block matrix, not indicating their size will
not lead to confusion), |k| is the number of possible values of the subscript k
which we assume to be infinity. The block matrices in M are composed of the
coefficients in the EOMs. In particular, A is a 1 x |k| matrix whose element
Ap = Cy(k); B is a |k| x |K'||k”| matrix and By g = Cy(k, k', k"), note that
we have “flattened” the intuitively multi-dimensional array Cy(k, k', k") into a
matrix B; and finally C'is a |K'||k”| x 1 matrix and Dy = Cs(k', k). This is
how our matrix should be established. We can now move on to do the Gaussian
elimination.

Without loss of generality, we exemplify the idea of Gaussian elimination

with a 2 X 2 matrix M whose elements are all blocks. We write it down as:
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Then our goal is to use row transformation to eliminate the upper triangle (here
it’s just B). Denoting the first and second row as r; and 75, we can achieve this

by doing 7 — BD~!r,. Then the new matrix would be:

A—BD7'C 0
M = ,
C D

this completes the Gaussian elimination process since the upper right corner of
the M matrix is now eliminated.

There is a problem, however. In the above procedure we have assumed that
we can readily obtain the inverse of block D. The problem is that inverting
an (generally) infinitely large matrix is not well defined, if ever possible. For-
tunately, such blocks D is made up with coefficients from the EOMs that can
always be written as the sum of an identity matrix and a “factored” matrix,
i.e., their elements can always be written as D;; = I + a;b;, where a and b are

vectors. This enables us to use the binomial inverse theorem[49] which states:

CLZ'bj

I+ab)yt=1—— 9
( ta J> 1—|—Zkakbk

(3.10)

The above theorem works for the cases where there is only one non-diagonal
term, i.e. a;b;.

There are still a few situations for which we endd up with the need of
finding the inverse of matrices that involve multiple terms, e.g. we need to find

the inverse of the following matrix:

I + U1V1T + 112V2T + ...+ unvnT (311)
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where u; and v;j are both column vectors and the superscript 7" means transpose.

To find its inverse, we assume the inverse to have the following form:
I+ Cpuvi’ 4+ Craugve” + . 4+ Craug vy’ 4+ Coiugvy” + . 4 Copig vy (3.12)

where Cj; is the coefficient for uiva which is to be determined. Since a matrix

multiplied by its inverse must be equal to the unit matrix, we obtain:

(I + 011111V1T -+ 012111V2T + ...+ C’lnulvnT + 021112V1T + ...+ C’,munvnT)

X (I +uyvit Fuave! 4.+ unVnT) =1

Expanding the above equation and letting coefficients of all terms with w;v;”

to be zero, we obtain

V]_Tul V2Tu1 cee VnTul Cll —1
viluy volug ... v, us Cla 0
V1T1_I3 V2TU3 VnTllg 013 = 0
vilu, volu, ... valuy Cin 0
and
vilu; voluy ... vulug Coy 0
VlTu2 V2TUQ . VnTle 022 —1
VlTU3 V2TU3 e VnTU3 023 = 0

vilu, volu, ... vulug Co, 0
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and so on, until

V1Tu1 V2Tu1 . VnTLll Cnl 0
V1TU2 V2Tu2 . VnTU2 Cn2 0
vilug volug ... vplug Cws| =10
vilu, volu, ... vplug Chn —1

where, again, n is the number of terms involved in Eq.(3.11). Solving all these
matrix equations, we obtain all the coefficients needed for the inverse; and thus
the inverse matrix can be obtained. In this way, an inverse of a matrix of the
special form can be obtained by matrix algebra, allowing Gaussian elimination
to work. From our experience, the method in this section is the most general

one for solving the EOMs.

3.4 Self-Energies

When we calculate Green’s functions of a quantum dot (or any system that
has coupling or interaction with other parties), we necessarily will generate self-
energies due to the interaction. Self-energies embody the impact from other
parts of the total Hamiltonian, and they are crucial to almost all the interesting
physics that a Green’s function can reveal. During the calculation of Green’s
functions by means of EOM, identifying the self-energies represent the most
serious challenge of this work. I dedicate this section to self-energies for both

of their importance and SymGF’s weakness in identifying them.
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3.4.1 Recognition and Evaluation of Selt-Energies

In terms of solving a set of EOMs, the self-energies arise naturally as we sub-
stitute the higher order Green’s functions with their EOMs. In a single level
quantum dot model with continuous lead states (see, for example Hamiltonian
Eq.(2.15)), they usually have the form of integration over the continuous quan-
tum number. However, this cannot be used as a criterion for recognition of
self-energies. It is quite likely that a self-energy has the impact from yet an-
other self-energy, then in this case, there can be confusions when we need to
decide which subscript(s) to be integrated first or should it (they) be integrated
together with other subscripts represented by the same name (the simple strat-
egy of direct iteration has this problem). Eq.(8.45) in the Appendix shows a
complicated self-energy. As we see the integration over k affects up to three
variables in Eq.(8.45). We could not and would not have refined this self-energy
with just the direct iteration approach.

In the implementation of conditioned iteration method (see Section 3.3.3),
integration of extra degree of freedom can be used as a criterion as it has unified
the dimension of the unknowns with the desired Green’s function that we are
trying to solve. The problem of identifying self-energies is most elegantly and
downrightly solved by the Gaussian elimination method. In Eq.(3.10), the self-
energy arises as the trace of the original matrix on the denominator of the

second term on the right hand side:

L+ agby . (3.13)
k
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The identity matrix or number 1 in Eq.(3.13) is not part of the self-energy
but that does not affect our argument. This has made a clearer picture that a
self-energy helps finding a partial/temporary solution to the final result. Inter-
estingly, “inverse” itself is a means of solving for the unknowns of equations in
general.

Evaluating self-energies is not trivial. If we are to deal with a self-energy
from a lead which has continuous states, then an integration over the continuous
quantum number is imperative. If we have just one pole in the real axis, then
the Plemelj formula[50] can be used for the integration which states —i— =
PL xind(x), where 6 is the Dirac é-function. In this way, the integration can
be carried out. When the system gets more complicated, for example a double
quantum dot system, then the self-energies can have many poles on the real
energy axis to cause trouble in the integration. In this scenario, we first observe
that the Plemelj formula can be derived by choosing the integration contour
in such a way that at the pole, the contour surrounds it in the half plane that
doesn’t contain the pole (although it is infinitesimally close to the real axis)
followed by a direct use of Cauchy integration theorem. To do exactly the same
to the self-energies with more poles, i.e., bypass the poles with surrounding
contour into the analytic plane, we can extend the Plemelj formula to meet
our needs. The example of side-couple double quantum dot to be presented in
Chapter 4 used this method for evaluating self-energies.

When we adopt the Gaussian elimination method, the self-energies have a
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very obvious form, i.e., it is the trace as part of the denominator in Eq.(3.10) and
the like. The forms are identical to their counterpart in conditioned iteration

method.

3.4.2 Other Considerations about Self-Energies

Having established an approach to get the self-energies as discussed in the last
subsection, here we discuss some general thoughts which may point to better
approaches in the future.

First of all, it is quite reasonable to think that if we grasp the general form
of the self-energy, perhaps we can just write them down or even write down the
Green’s functions in a systematic way without a tedious calculation. Self energy
arising from EOM may have quite a genreal structure. For the many transport
problems we have investigated using SymGF, the self-energies all roughly have

the following form:

So(w) = —im Y ta(w)th(w)
= (3.14)

where n represents the order of that self-energy (the order during the EOM
iteration). While this relation is not accurate, it seems that the existing self-
energies fall into this form with only a few exceptions. An interesting further
investigation is to do more analysis in order to have a solid conclusion.

Next, can we always derive analytical forms of the self-energies? This ap-

pears to be difficult. Clearly, if the self-energies have a simple form like > in
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Eq.(3.14), they definitely can be written in a analytic form. Unfortunately, for
more complicated self-energies, what we usually obtain is an expression having
an integration that cannot be done analytically. To do such integrations analyt-
ically, one has to find the poles on the real energy axis in order to evaluate their
residues. The equation that determines the poles are algebraic but may have
any order, for example an order of five or more: such a highly nonlinear root
finding problem does not have an analytical solution in general. The present
version of SymGF derives all the self-energy expressions but may not be able
to complete the final integration. Therefore, for practical problems one has to
evaluate these self-energies numerically during the plotting of the final transport
results.

Finally, by doing a lot of analysis with SymGF, it appears empirically that
most of the high order algebraic equations in the EOM analysis has at most
three real solutions, thus higher order than three contains extraneous roots.
If, by investigating the equation for determining the poles, we can rule out
in advance the extraneous roots, we may end up with an algebraic root finding
equation of order 3 that can then be solved analytically to find all the poles. This
would allow self-energies to be derived completely analytically. The pole finding
equations have been implemented in SymGF, but it works only for some special
cases. A more general implementation requires significant further research and

represents a future direction for SymGF.
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3.5 Implementation of SymGF

We have developed SymGF using the symbolic language Mathematica[8]. SymGF
relies heavily on Mathematica’s powerful ability of pattern recognition and list
manipulation. In terms of functions, SymGF can be divided into two parts: the
derivation of EOMs, and solving the EOMs. For now, everything we do are in
Fourier space.

The evaluation of commutators and anti-commutators is central to the
derivation of EOMs. As we have seen in Section 2.3, EOM method requires
frequent evaluation of commutators. Meanwhile, since we are mostly dealing
with Fermions, what is given to SymGF is a list of anti-commutators. For this

reason we make use of the following relation:

A[B,C] - [C, A|B
[AB,C] = (3.15)

A{B,C} —{C,A}B

where the evaluation of the left hand side with commutators or anti-commutators
have the same form. So that it would be much easier to carry out the Heisen-
berg equation of motion as we no longer need to worry about whether we have
a commutator or anti-commutator. What is done in SymGF is just a recursive
use of Eq.(3.15).

As stated in the previous section, the present version of SymGF uses Gaus-
sian elimination to solve the desired Green’s functions. The algorithm is quite
straightforward, but during block matrix multiplication or block matrix inver-

sion, there is room for optimization as we need summation over the row/column



3: The Development of SymGF 54

index, which is an integration. This is how self-energies are created in Gaus-
sian elimination. When SymGF encounters such an integration, it keeps the
integration unevaluated and substitutes with a new symbol indicating that this
is a self-energy. When the SymGF run is finished, the user can choose his/her
favorite methods to carry out the integrations. If we have progress in dealing
with self-energies in the future, we can implement the automatic evaluation of
such self-energies.

Mathematica provides a numerical calculus package that provides the func-
tion “NResidue”, which numerically calculate the residue at a given point. We
used this function and a regular numerical integration command “NIntegrate”
during the calculation of the T-shaped double quantum dot transport system
(see Chapter 4). Whether this function will be integrated into SymGF depend

on our future research on the self-energies.

3.6 Verification of SymGF

SymGF is a very complicated symbolic program which requires serious verifica-
tion. We verify it by comparing results for both simple and rather complicated
problems whose Green’s functions were derived by hand. Reproducing the same
results gives us confidence that SymGF can be used to assist real research. The
ultimate test is to compare physical results to experiments which will be the

contents of the subsequent chapter.
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3.6.1 Verification I: Non-Interacting Single Quantum Dot

We begin by verifying SymGF for the simplest transport problem, i.e., a single
quantum dot connected to two leads and there is no interaction. The Hamilto-
nian is in Eq.(2.9). We have solved this system in Chapter 2.

To verify that SymGF produces the same results, we provide the following
inputs in addition to the Hamiltonian. First, the anti-commutation relations,

in SymGEF’s form, are:

{d,d", 1}
{cr(ky), e} (o), 6(ky — k2)}

{ca(k1), ch(ks), 6(ky — k2)}

The first item, for example, means {d,d'} = 1; and it is similar for the rest
where 0 denotes the Dirac d-function. Usually one has to provide the truncation
rules, although it is unnecessary for this non-interacting problem, we provide it

anyway as this is one of the most important input to SymGF

{d,d",3,{d",d, N;}}
{CL(k)> CE(k)v CR(k>7 Cg(k)v 17 {CL(kl)Ta CL(kQ)a fL(kl)é(kl - k2>}7

{CR(kl)T7 CR(k2)a fR(kl)(S(kl - k2)}}

The above list is written in SymGEF’s style, in conventional way it would be:

(dtdO) ~ N (O)

(ch(k)ca(K)O) ~ fa(k)d(k — K'){O) (3.16)
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where whenever SymGF sees a total of more than 3 d’s or d’s in a single Green’s
function (for example one d and two d'’s), SymGF truncates this Green’s func-
tion by replacing the sequence d'd with N; and approximate the original Green’s
function with Ny times the (shorter) Green’s function which consists of the rest
of the operators. So is true if total number of c,; or c:;k exceeds 1, then the
sequences cjlkcak/ will be replaced by f,(k)d(k—k'), where f, is the Fermi distri-
bution function of the lead marked by a. It should be noted that the numbers
above only counts operators at one of the two times. For example, for a Green’s
function (A(t)B(t)C(t), D(t')), SymGF only counts the number of operators
within A(w)B(w)C(w) (since we are working in Fourier space). As we can see
from a manual derivation, these truncation rules are not actually used, as it is
mathematically not possible for the consequent Green’s functions to have that
many operators.

SymGF gave the identical result as the manual derivation Eq.(2.14). This

is the first verification of SymGF.

3.6.2 Verification II: Single Dot with Interaction

Now we proceed to the single level single dot device with an nonzero on-site
interaction U. The system is essentially Fig.1.1 and its Hamiltonian is in
Eq.(2.15). It has been solved in Chapter 2 at the Hartree-Fock level. A higher
level result can be found in Ref.[34]. We compare SymGF’s results to both of
them.

To reproduce the Hartree-Fock result by SymGF, we apply the following
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truncation rule (whose meaning will be explained later)

{dy,di,1,{d",d, N, }}
{CL(k)J CE(kL CR(k>7 Ck(k)v 17 {CL(kl)Tu CL(kQ)J fL(kl)(s(kl - k2>}7

{cr(k)t, cr(ks), fr(k)d(ky — k2)}} (3.17)

And for higher order formula we should allow more operators in a single Green’s

function, namely (in SymGF syntax):

{d,,d!,3,{d",d, N,}}
{CL(k)a CEU{;)? CR(k>7 lez(k’)a 1’ {CL(kl)Tv CL(k2>7 fL(kl)é(kl - k?)}a

{cr(k1)', cr(ks), fr(k1)6(ky — k2)}} . (3.18)

In conventional form, the above means:

(d'd,O) ~ N,(O) (3.19)

(ch(k)ca(K)O) = fa(k)d(k — K)(O) (3.20)

and Rule (3.19) is applied whenever SymGF finds more than 1 [in Rule (3.17)]
or 3 [in Rule (3.18)] di’s or d,’s in a Green’s function; Rule (3.20) is applied
with more than one cf (k) or c,(k).

From the above examples we have used different truncation rules for dif-
ferent operators. Usually we allow more operaotors if that kind of operators
represent the physics we are more interested in. This only affects the approxi-

mations that we make.
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In this subsection, lowest order (Hartree-Fock) results refers to the formula
obtained with Rule (3.17), and higher order results refer to the formula obtained
with Rule (3.18). At the Hartree-Fock level, SymGF gave identical results as in
Eq.(2.22).

Ref.[34] addresses the same system at the high order and we shall use the
result as a test to SymGF. For the higher order calculation using the Rule (3.18),

SymGF gives:
G (w) = (dodf(w))
= (—4(=1+ Np)U — 4w — 2i(2T; +Ty) + 46¢)/<(2w 4Dy — 2¢))
(2U — 2w — i(2T1 + Ta) 4 2¢)) + 20UT (f(w + &4 — €)) +

f(U—w—l—eT%—ei))) . (3.21)

In Ref.[34], the formula for (d,d](w)) (Eq.(8) in Ref. [34]) reads:

1 — N;
Go(w) = = +
W= € — (SO2 o w7607U71§027S32>
Nz

(JJ—GU—U—(SOQ—F%)

w—€s—Sp2—S32

where
I,
S(]Q = —27
I's
Sio = —i;(f(w — €t €)+ fles+ e+ U —w))
I's

Soy = —i?(Q—f(w—eU—l—ea) —f(65+eg+U—w))
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and where I"’s are the linewidth function defined in Ref.[34]. The authors of
Ref.[34] arranged their formula in the above way to demonstrate the resonant
levels. Even though the formula produced by SymGF has a less neat form,
by simple mathematical rearrangements one can prove that the SymGF result
Eq.(3.21) is indeed identical to Eq.(3.22).

The imaginary part of Eq.(3.21) (or Eq.(3.22)) is plotted in Fig.3.2 with
occupation numbers N4 and N, as input parameters. The results with a self-
consistently determined N, is identical with Fig.1 in Ref.[34]. To obtain N,,

one bears in mind that

— 1 [ $2(dbdo )
EIm/—G<(w) (3.22)

where the second and third equations are written in energy space. Therefore,
after SymGF symbolically derived the Green’s functions and transport formula,
to obtain numerical curves one still needs to calculate the occupation num-
bers. In principle, one should derive another set of EOMs for the lesser Green’s

function G< = ((d'd(w))). G< satisfies the Keldysh equation[23]
Gs =G"S~G",

hence solving G=< requires the solution of the lesser self-energy <. Here we
present a commonly used ansatz reported in Ref.[51] which is suitable for small

biases and leads made of good conductors. This ansatz was shown to produce
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results in qualitative agreement with experiments[52]. The ansatz has the ad-
vantage that the current is automatically conserved and it states:

x5

N = 0
26— 25

[(GHT = (@), (3.23)

where Y5 (w) = = g (Sh(w) — 3§(w)) falw). Here the subscript 0 in-
dicates quantities obtained at interaction strength U = 0. In this way, the
occupation numbers are obtained self-consistently in the eventual numerical
computation of the derived analytical expressions for transport features with
reasonable accuracy[51, 52]. In particular, if the system is in equilibrium, i.e.,
when we calculate transport properties in the zero bias limit, (3.23) reduces to

the fluctuation-dissipation theorem|23]
G5 (w) = =2if (W) Im[G"(w)] ,

where f(w) is the Fermi distribution function of the system at equilibrium. We
shall discuss the feasibility of this way of solving G< in Section 8.3 (Appendix
C).

3.6.3 Verification III: Side Coupled Double-Dot at Low Order

In this subsection we present calculations of a side-coupled double quantum
dot (DQD) model at the Hartree-Fock level. The device structure is shown in
Fig.3.3. This system has been calculated at Hartree-Fock level in Ref.[36] and
provides another good test for SymGF. A higher order calculation is presented

in the next chapter as it is much more complicated.
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Figure 3.2: Non-self-consistent density of states of central dot with on-site interaction. Wide-
band limit approximation is used and symmetric leads are assumed (t;, = tg). Arbitrary
units for ordinate. Abscissa in units of U. t;, = tg = 0.01U. Occupation number N, is set to
0.5.

Left Lead Right Lead

Figure 3.3: The layout of the side-coupled double quantum dot system. There is an on-site
interaction U present in the dangling dot QD-2.
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The model assumes an interaction-free central dot and a dangling dot cou-
pled to it, with an on-site interaction U inside the dangling dot (see Fig.3.3).

The Hamiltonian can be written as

H= Z eakclkgca;w + Z eoa:r,aa + Z egdida
g

ako o
+ Z (takcl,waa + h.c.) + Z (tai,dg + h.c)
ako o
+Udldydld, . (3.24)

Here, the annihilation (creation) operator of electrons in QD-1 is a, (al), in
QD-2 is d, (df), respectively. In the lead labeled by a, it is care (¢!, ) where
a can be left or right, £ is the continuous quantum number characterizing the
leads. The index o =T, ] represents spin-up and -down channels, respectively.
The parameter t,; describes coupling of lead o to QD-1, and ¢ for coupling
between the two dots. In this Hamiltonian, parameter U accounts for the on-

site interaction strength in QD-2.

Next, the anti-commutators are:

{cakoy CLk/U/} = 5aﬁ5kk'5ao'
{aaa aZ'/} = 500"

{dy,d!,} = 0pgr (3.25)

and operators c,rs, @, and d, anti-commute with each other since they corre-
spond to particles living in different regions of the device.
Finally, we specify the truncation rule. Since we are doing a Hartree-Fock

calculation, we ask the maximum allowed number of operators of the dangling
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dot to be 2. Green’s functions with extra operators will be truncated in the

following way:

(d}ds0) ~ Ng(O)

(e CoprerO) = fo(K)S(k — k)o(0,0")(O) (3.26)

where, again, O represents any sequence of operators. In this way, extra corre-
lations are approximated by the corresponding equal time correlators.
With Rule (3.26), SymGF derived the retarded Green’s function of the

central dot QD-1 as:

1
)= —1i , 3.27
e s S

where Y, and X, g are the self-energies of left and right lead respectively:
Yoa = —Tlaketing,- In the wide-band limit, X,, is a pure imaginary constant.
Eq.(3.27) is a special case of Eq.(3) of Ref.[36] when the on-site interaction of the
central quantum dot is zero (since in our QD-1 there is no on-site interaction).
This is also a very convincing comparison as the equivalence is exact at this
order.

Eq.(3.27) shows that the DOS of spin state ¢ in QD-1 is related to the
occupation number N¢ of the state in QD-2 having opposite spin (o =1, ;5 =/
,17). Hence, when Nf and NTd of QD-2 are different, DOS of spin states in
QD-1 are also different. That is why there are two curves in Fig.3.4. Each
curve has two peaks corresponding to bonding and anti-bonding states due to

the coupling of the two dots, i.e. the hybridization of ¢y and €;. There is a
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DOS dip between the two peaks - going all the way to zero, indicating an anti-
resonance behavior. For transmissive systems, anti-resonance is indeed often
seen|[35, 36, 37, 53, 54, 55, 56]. In a electron density calculation of a molecular
system of the same layout (replace quantum dots here with molecules) presented
by Mark Ratner at Universite de Montreal, we can see almost all the non-zero
density of electrons are on the central molecules and none on the connection to
the leads. When the on-site interaction U of QD-2 is zero, the anti-resonance
occurs exactly at e;. The effect of U at the Hartree-Fock level is to shift this
anti-resonance by an amount of N2U as seen in the denominator of Eq.(3.27).
This picture is clearly observed in Fig.3.4 where the dip shifts by the value of
N2U. The figures of DOS have the same features as that of Fig.2 in Ref.[36].

When calculating the conductance of the DQD system, contributions from
both spin channels are summed hence there will be two dips in the conductance
curve, as we shall see later.

Next, we shall calculate the equilibrium conductance according to Eq.(2.4).
In the numerical computation, we apply the wide-band limit (WBL) approximation[23,
38] such that the coupling parameters t,., and t are assumed to be energy-
independent and the real part of the self-energies due to the device leads are
neglected. WBL approximation amounts to neglecting the electronic structure
of the device leads by assuming constant DOS and constant coupling to the
central device. For leads made of metals as is the case for many experimental

situations, the DOS of the leads around the Fermi level do not vary significantly
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Figure 3.4: Density of states (DOS) in QD-1 versus energy obtained at Hartree-Fock level
with U = 2t and e¢; = —2t. Wide-band limit approximation is used. Solid line (with its dip
on the right) is for Ni* = 0.9; dashed line (with its dip on the left) is for N = 0.1.
so that WBL is a reasonable approximation. Discussions about WBL is elabo-
rated in Ref.[38]. We emphasize that WBL is only used during the numerical
computation while SymGF does not assume WBL when formulas are derived.
Involved in the retarded Green’s function is the occupation number N¢, and
we resort to the fluctuation-dissipation theorem for its self-consistent solution.
Fig.3.5 shows the self-consistently calculated occupation number N¢ of QD-2
as a function of ¢;. Fig.3.5(a,b) are for U = 5t and U = 1.3t respectively.
When U > 1.5t and ¢4 < —U, both spin-up and spin-down states are well
occupied as shown in Fig.3.5(a) and Ni' = N{. When ¢; is between —U and
the Fermi level of the leads, the occupation numbers of the two spin states

differ: only one state is well occupied while the occupation of the other state
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Figure 3.5: Occupation number N9 of QD-2 as a function of €4 at temperature T' = 0.1t. U
is set to be: (a) U = 5t and (b) U = 1.3t. The two lines in each sub-figure represent spin-up
and spin-down.

rapidly drops. This is expected because in this case, ¢, +U > Ey. Finally when
eqa > Ey, NTd = Nf again but taking low values. In Fig.3.5(b), N¢ is plotted for
smaller U = 1.3t: the region of N, N{ splitting is significantly narrowed and
the maximum difference between them is much smaller. Reducing U further,
the splitting disappears. The splitting between N d,Nf has consequences in
conductance at the Hartree-Fock level, as shown below. We confirm that this
splitting is just a low order effect, in reality or higher order calculation, the spin
splitting does not exist.

Conductance is obtained from Eq.(2.4). Fig.3.6(a) shows the total conduc-
tance of the DQD. Fig.3.6(b,c) are the conductances of the spin-up and spin-

down channels, versus €;. These are obtained at the HF level. For U > 1.5¢ and
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Figure 3.6: (a) Zero-bias total conductance obtained from HF formula as a function of ¢4
with various U. (b) Conductance of spin-up channel; (¢) conductance of spin-down channel.
(b,c) add up to (a). For all plots, the dotted lines are for U = 0, the dashed lines are for
U =t, the dash-dotted lines for U = 1.5¢, and thick solid lines for U = 2¢t. When U = 0, the
Hartree-Fock formula reduces to the exact results. For all curves the temperature is set at
T = 0.1t. For large U, the curves have two dips in (a).

due to the splitting of N¢, Nf (see Fig.3.4), the total conductance curve has two
dips having equal depth. Each dip is contributed by one spin channel. When
U is small, for example U = ¢ (dashed line in Fig.3.6), the conductance of both
spin channels are equal hence they add up to a total conductance having only
one dip. This is because at U = t, there is no splitting in N¢, Nf. Note, how-
ever, spin dependent conductance is only a feature of low order approximation,

and it disappears in the higher order results as expected (see Chapter 4).
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3.7 Summary

In this chapter we presented the ideas behind the implementation of SymGF.
It is essentially a tool that automatically derives the EOMs and automatically
solves them. While deriving the EOMs is not very complicated, solving them is
quite difficult since we wish to go to arbitrary levels of correlations. We have im-
plemented several methods, direct iteration, graph-aided solution, conditioned
iteraction and, most elegantly, the Gaussian elimination of block matrices. We
have tested SymGF against solved systems and three such verifications were
presented in this chapter. We have also applied SymGF to more complicated
verifications, in particular to a magnetic tunnel junction where an interacting
quantum dot is contacted by two ferromagnetic electrodes[33], for this prob-
lem analytical formula were derived to reveal the Kondo resonance[33]. Again,
SymGF produced exactly the same expressions for the Green’s functions. These
verifications strongly suggest that SymGF is reliable. Finally, we mention that
while SymGF is developed to solve quantum transport problems, it cannot tell
if the input Hamiltonian is for transport or not. This means the applicability of
this symbolic should be much wider than just transport theory as long as the

Hamiltonian of the system can be represented by Anderson model.
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Quantum Transport in Side-Coupled Double Quantum Dots

In this chapter we present higher order calculations of the T-shaped double
quantum dot (DQD) with on-site interaction on the dangling quantum dot
shown in Fig.3.3. We already analyzed this device at the Hartree-Fock level
in Section 3.6. Using SymGF, we can easily derive formulas to the order of
correlation high enough to reveal the Kondo resonancel[7].

Kondo effect is named after Jun Kondo[18] for his pioneering work on ex-
plaining an abnormal conductance trend of certain materials at low tempera-
tures. The key idea is that a spin-impurity exist in a bulk material and couples
to the rest of the material. So when the temperaturs is low enough to allow
multiple quantum transitions, this extra coupling increases the resistance of the
material. In quantum dot transport, people have borrowed this term to de-
scribe the high order co-tunneling process that takes place for some situations
where interaction is present. Fig.4.3 sketches the process featuring Kondo ef-
fect. Later in this section we’ll see high order transitions not between the central

dot and the leads like those in Fig.4.3, but between the two quantum dots of
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consideration, which is also seen as a Kondo effect.

Both theoretical and experimental attentions have been devoted to quan-
tum trasport in various double quantum dot (DQD) [57, 58, 59, 5, 1, 60, 61, 62,
63, 64, 65, 66, 67] in recent years. The quantum transport system we investigate
in Fig.3.3 features a T-shaped DQD device where QD-1 directly couples to the
device leads while QD-2 does not and has a strong on-site interaction energy
U. Experimentally, conductance through a DQD having a central dot with a
side-coupled dot, was reported in Ref.[5]. The measured transport features were
attributed to a Fano-Kondo interplay and, by tuning gate voltages, alternating
Kondo valley and non-Kondo valley in the conductance curve was observed[5].
Another interesting device was reported in Ref.[1] where a quantum dot was
side-coupled to a quantum wire and conductance of the wire was measured. Here
the conductance features were attributed to the Fano-Kondo antiresonance. On
the theoretical side, side-coupled DQD systems with strong interaction on the
side (dangling) dot (Fig.3.3) or on both dots, have received considerable in-
terest by numerical renormalization group (NRG)[60, 61, 62] and slave-boson
analysis[63, 64, 65, 66, 67]. The NRG method is best reviewed in Refs.[2, 68].
This method is intrinsically numerical but inherently non-perturbative. It has
successfully solved Kondo effect both in low temperature and high temperature
situation. But again, like all other methods, when the system is more compli-
cated, for example when we include more quantum dots in our calculation, it

could be really tedious to apply. Also, since we wish to obtain analytic for-
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mulas in order to get a clear physical picture of the high order transitions, we
only briefly mention this method and focus on equation of motion method im-
plemented in SymGF. The NRG analysis of Ref.[60] investigated the spectral
density of a side-coupled double dot system as a function of inter-dot coupling,
where the Kondo singlet ground state is preserved. Ref.[61] analyzed a similar
DQD having strong interactions in both dots with NRG, focusing on the tem-
perature dependence of the conductance and proposing a possible explanation
to the experiment of Ref.[5]. Ref.[62] investigated the DQD with spin-spin in-
teraction using NRG. In contrast to NRG, the slave-boson approximation was
adopted mainly for its simplicity in dealing with DQDI[63, 64, 65, 66, 67]. Fi-
nally, even though the EOM method has been successfully applied to analyzing
quantum transport in many different systems, its application to the DQD de-
vice has been limited to lower order (of EQM iteration) than what is required to
reveal the Kondo effect[35, 36]. Investigating DQD device with the lower order
EOM, Ref.[35, 36] showed a strong anti-resonance, where there is an energy
point where the density of states is exactly zero, in comparison with a peak
splitting. Anti-resonance was also found in other systems[37, 53, 54, 55] where
slave-boson or tight-binding methods are used.

Using SymGF which analytically pushes EOM to higher order, we have
investigated the Kondo effect of the T-shaped DQD of Fig.3.3 where QD-1
directly couples to the device leads but the strong on-site interaction U only

exists in QD-2. The higher order results show significant differences in quantum
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transport properties of the DQD device as compared with the lower order anal-
ysis. Interesting and rich transport features are revealed including the Kondo
resonance, Fano line-shape, anti-resonance, destruction of anti-resonance, etc..
From the analytical form of derived Green’s functions, one can identify mi-
croscopic processes which contribute to the Kondo resonance. The results ob-
tained by SymGF are compared to the experiments[5, 1], qualitative consistency
is obtained and good quantitative agreement can also be achieved by using a
reasonable set of device parameters.

At appropriate order of correlations, SymGF derives Green’s functions that
reveal the Kondo effect for the DQD system. The Hamiltonian of this system
is given in Eq.(3.24). The list of anti-commutators is in Eq.(3.25). The only

change in the input to SymGF is the truncation rule, which is:

(d}d,0) =~ NXO) (4.1)
(afa,0) ~ N2(O) (4.2)
(e CoprerO) = fu(K)S(k — k')o(0,0")(O) (4.3)

where the maximum allowed number of operators of the dangling dot (QD-2,d,,
and dI) is increased to 3. Because of the higher order truncation, the total
number of EOMs is now 133 - meaning there are 133 different Green’s functions
derived by SymGF. For simplicity, we denote them by G;, where ¢ is the serial
number that SymGF assigned to them when they are derived. Among the
133 Green’s functions, two of them have been identified to embody the Kondo

effect. The lengthy formulas are listed in the Appendix. Pleasantly, for the DQD
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(a) (b)

Figure 4.1: (a) Transition of a spin-up electron from QD-2 to QD-1 as indicated from A to
D. (b) One of the possible transition processes (terms in the higher order formula) that starts
from A and ends at D: the spin-up electron “jumps” from A to B, to C, and finally to D,
during which spin-flips are involved. The transitions from A to B and from B to C are virtual
processes as they occur simultaneously. States involved in virtual processes are denoted by
grey arrows.

problem reported here, all the analytical formula were derived symbolically by

SymGF in less than two minutes on a desktop computer.

4.1 High Order Correlation Processes

Among the 133 Green’s function that SymGF has derived (see beginning Eq.(8.32)
in the Appendix for the final result these equations generate), two can be im-

mediately identified to be related to the Kondo effect. They are:

Gso = ((a,a]dyd,d}, af)) (4.4)

Grar = <<de$CZTCZ¢CZL dD)- (4.5)
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Fig.(4.1) shows the process described by Ggg, where the virtual process involves
the simultaneous transition from QD-2 to QD-1 and from QD-1 to QD-2, fea-
turing a co-tunneling process.

Since the total number of @ and a' in Ggs (and in G1a7) is three, according

to the truncation rule (4.1), it is approximated by:
Ggs =~ (1 — Nf)((cﬁcﬁcﬁ, dD)

G ~ (1 - N{)((drdyd, )

so that the probability amplitude of the process described by, for example
Fig.4.1, is obtained by the product of the probability amplitude of a lower
order process and the occupation number. This is a mean-field approximation.

We shall apply the wide-band limit approximation (WBL) to reduce the
above equation further. WBL entails to neglecting the electronic structure of
the electrodes which is reasonable for electrodes made of good metal whose
DOS has weak dependence on the energy. For our problem this means setting
t+(k) = t;,, =constant. Denoting I',p = 7 (7 4 t?) and using WBL, the final

expressions become:

G — (1 - N{)tgs ((Gs — G7) (1 +il1p) — (1 — N{)t2g.Gh)
v 1—12(1+ (1= N{)Ugz) g5 + T
G127 _ (1 — N,?)tg5 ((G6 — G7) (1 + ZPLD) ( \L) 292G1) ’ (46)

1—#2(1+ (1= N#)Ugs) g5 +ilp
where Gy, Gg, G7, go and g5 are presented in the Appendix in Eqgs.(8.32, 8.33,

8.34, 8.35) and (8.39, 8.40). The probability amplitude provided by (4.6) gives
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Figure 4.2: Density of states (DOS) in QD-1 versus energy. (a) DOS obtained at Hartree-
Fock level with U = 2t and ¢4 = —2t. Solid line is for Nf = 0.9, dash-dotted line is for
Nf = 0.1. (b) DOS obtained with higher order formula at temperature 7' = 0.1¢. Solid line,
U = 2t and ¢4 = —2t; dashed line, U = 2t and ¢4 = —3t. The occupation numbers N? and
N& are calculated self-consistently. (c) DOS obtained with higher order formula at various
temperatures. For all curves, U =t and ¢ = —1.05¢. From line 1 to line 5, T' = 2t, ¢, 0.5¢,
0.1t and 0.01¢. Except line 5 (T" = 0.01t), line 1-4 are consecutively shifted upward by 0.1 for
clarity. The Kondo peaks found in line 3,4 and 5 (at w = —0.6¢ and 0 in line 5, and at w =0
in lines 3 and 4) disappear above the Kondo Temperature Tk predicted by Refs.[1, 2, 3, 4].

rise to the Kondo peaks that we will show later. These Kondo peaks manifest

themselves because they are absent in a lower order calculation.

4.2 The Density of States

Fig.4.2(b,c) plot DOS at higher order approximations and N¢ is calculated self-
consistently by Eq.(3.22). They are qualitatively different from the Hartree-Fock
(HF) result of Fig.4.2(a), which is a reproduction of Fig.(3.4). In Fig.4.2(b), we
set temperature 7' = 0.1¢. The solid line is for U = 2t and ¢; = —2t; dashed
line for U = 2t and ¢; = —3t; dash-dotted line for U = 5t and ¢; = —2t. Now,

there are three peaks in DOS instead of two (in the HF result). The solid line,
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obtained using the same U and €, as that of HF (i.e. Fig.4.2(a)), has DOS
peaks at energy w = —2.50t, w = —0.95¢ and w = 1.15¢.

To understand these peak positions, we may consider a simple tight-binding
model having three levels at ¢y, €5 and €5 + U. For the DQD structure, ¢, and
€q are coupled by parameter ¢, and no coupling between €¢; and €¢; + U. The

tight-binding Hamiltonian is therefore,

€0 t t
t €d 0
t 0 €4+ U

When ¢; = —2t and U = 2t, the eigen-values of this tight-binding model are
found to be (by direct diagonalization) —2.48¢, —0.69¢ and 1.17¢. These values
agree fairly well with the peak positions of Fig.4.2(b). This simple analysis
neglects the left and right leads: when leads are present, the peak positions are
slightly different from these eigen-values. The tight-binding analysis suggests
that the curves in Fig.4.2(b) result from hybridization of three levels: €, €4 and
eq+U. We also found that the higher order DOS is almost independent of spin,
very different from the HF results where there is a spin-dependence through
N2, This spin independence is because the Hamiltonian Eq.(3.24) is symmetric
with respect to o and there is no symmetry breaking factors. The higher order
approximation preserves this symmetry but HF does not.

Importantly, the anti-resonance dips in the DOS of Fig.4.2(b) become non-
zero. To understand this feature, let’s consider transition of a spin-up electron

from QD-2 to QD-1, i.e. from A to D in Fig.4.1(a). In the higher order formula
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derived by SymGF, there are many terms representing such transitions. In
addition to a direct transition, there are two terms involving more complicated
transitions, i.e. Egs.(4.4, 4.5) in Section 4.1. Fig.4.1(b) shows the physical
meaning of Eq.(4.4) where the transition is from A to B, to C, and finally to
D. Part of this process is virtual, e.g. from A to B and from B to C, where the
electron occurs at A, B and C at the same time (thus virtual). Adding up all
such virtual processes coherently, the transition from A to D is broadened and
the anti-resonance dip is therefore smeared.

Another new feature in the higher order approximation is shown in Fig.4.2(c)
which plots five DOS curves at temperatures T' = 2t, ¢, 0.5¢, 0.1¢ and 0.01¢ (la-
beled 1 to 5, vertically shifted for clarity), with U = ¢ and ¢; = —1.05¢. In all
the curves, we found that the three higher peaks located near w = —1.5¢, —0.8¢
and t, can be well estimated using the tight-binding model above. At low tem-
peratures, there are one or two extra small peaks at w ~ —0.6¢ (in curve 5)
and/or w ~ 0 (curves 3,4,5). These extra peaks cannot be explained by the
tight binding model of hybridization of the energy levels ¢, €5 and ¢4 + U.
There are two main features of the extra peak. First, its appearance is sensitive
to the value of parameters and is only possible when higher order processes are
taken into account. Second, the extra peak is sensitive to temperature, it dis-
appears when temperature is increased. By examining the higher order formula
derived by SymGF (see Section 4.1, Eq.(4.4, 4.5)), the extra peaks are con-

tributed by summing up various higher order virtual processes similar to that
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Figure 4.3: Kondo effect in the single dot tranport system. When interaction is present,
electrons in the left lead and quantum dot (denoted by solid arrows) can’t hop into the
quantum dot or the right lead, respectively, because that requires energy. However, if both
electrons hop simultaneously, then the whole process conserves energy and thus make it
possible to create a current from left to right lead. This is a high order co-tunneling process.

shown in Fig.4.1. These behaviors are features of the Kondo resonance and the
extra peaks are the Kondo peaks in the present DQD system.

For a single QD contacted by two leads, the Kondo effect is induced by high
order co-tunneling processes taking place between the leads and the QD[69, 70,
71]. In Fig.4.3 we sketch the physical picture of the Kondo effect in single QD
contacted by two leads. The electron inside the QD can’t hop up into the right
lead as Fermi level of the right lead is higher than its own energy; and the
electron in the left lead can’t jump into the QD as it has to occupy a higher
energy level due to the existence of on-site interaction. But they can hop si-
multaneously, i.e., the electron in left lead jumps into the QD and meanwhile
the electron inside the QD hops into the right lead. This co-tunneling process,
called Kondo resonance, conserves the total energy and could happen|72]. For
our DQD system, the high order co-tunneling process occurs between QD-1

and QD-2 as illustrated in Fig.4.1. The Kondo temperature for a single impu-
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Figure 4.4: Zero-bias conductance obtained from high-order formula as a function of ¢, at
temperature T = 0.1t for various U.

rity Anderson model can be estimated by the following expression[l, 2, 3, 4],
Tk = VTUexp [meq(eq + U)/TU] /2, which was originally obtained with NRG
for single-dot coupled to two leads, and where I' describes the coupling between
the QD and the leads. For the T-shaped DQD system, we use the coupling be-
tween QD-1 and QD-2 as I to estimate a Kondo temperature, namely I' ~ 27¢2.
For ¢, = —1.05¢t and U =t (used in Fig.4.2(c)), we obtain Tx = 1.29¢. Indeed,

Fig.4.2(c) shows that the Kondo peaks vanish when temperature exceeds this

scale.
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4.3 The Conductance

Fig.4.4 shows the total conductance obtained from higher order formula at tem-
perature T' = 0.1t and for different values of U. As discussed in the previous
section , higher order analysis preserves the symmetry of DOS with respect to
spin index o, the conductance of both spin channels are the same. Several ob-
servations are in order. First, as U is reduced, the conductance approaches the
exact result obtained at U = 0. Second, when ¢; and €5 + U are both far from
Ey, the transition of electrons between the two QDs is reduced. As a result,
QD-1 is not affected by the presence of QD-2, consequently the conductance of
the system recovers the unit value Gy = 2¢?/h. Third, each conductance curve
has a dip located slightly below or at ¢; = —U. Fourth, when U is between 0.6¢
and 2.5¢, the conductance develops another smaller dip just above Ey = 0 (for
instance the thick solid line for U = ¢ in Fig.4.4). The dips originate from the
corresponding DOS.

By lowering the temperature further, the Kondo features of Fig.4.2(c) ap-
pear in the conductance. Fig.4.5 compares the conductance at 7' = 0.1¢ (the
dashed line) and very low temperature 7' = 0.01¢ (the solid line). We observe
that at T' = 0.01¢, two extra peaks due to Kondo effect appear at e¢; = —1.05¢
(peak X) and e; = —0.53t (peak Y'), which correspond to the Kondo peaks in
the DOS (curve 5 in Fig.4.2(c)). At T' = 0.1¢, while the Kondo peak in DOS
can be seen (curve 4 in Fig.4.2(c)), it can be barely discerned in the dashed line

of Fig.4.5 near ¢; = —1.05¢.
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Figure 4.5: Conductance at low temperature showing the Kondo effect. Both curves have
U =t. T = 0.1t for the dashed line, T'= 0.01¢ for the solid line. The Kondo peaks are seen
in the T'= 0.01¢ curve as indicated by “X” and “Y”.

4.4 Comparison with Experimental Results

We can compare our results with experimental measurements reported in Refs.[5,
1]. Qualitatively, the experimental data[5, 1] show both Fano[73] and Kondo
features which can be reproduced in our calculation. Fano effect can be viewed
as the coupling effect of a discrete energy level to a continuous spectrum, whose
main feature is an asymmetric line shape which origninates from the electron
occupation in the continuous spectrum. In the experiment of [1], the device was
a quantum wire with a side coupled QD. Even though it has only one QD, our
DQD system approaches it when QD-1 is very well coupled to the leads. As

clearly stated in [1], the region marked by symbol “A” in Fig.1 of Ref.[1] and
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the data in Fig.3 of Ref.[1] corresponds to the case of a single energy level in
their QD, which is our case analyzed here. In Fig.4.6(a) we plot the calculated
conductance curve versus level position which was adjusted by a gate voltage in
the experiment[1]. The result is very well consistent with the 750mK curve in
Fig.3(a) of Ref.[1]: the maximum difference between the theory result and the
experimental data is about 20%. Notably, the parameters used in our calcula-
tion ! are quite close to those suggested in Ref.[1]. The comparison suggests
that changing the gate voltage V; in the experiment by 0.01V" (horizontal axis of
Fig.3(a) in Ref.[1]) corresponds to changing the energy level of the side-coupled
dot in our theory by 0.11meV, indicating a gate efficiency of 1.1% which is
a very reasonable value in experimental measurements. Importantly, Fig.4 of
Ref.[1] demonstrates that there is no spin splitting of the conductance dip at
zero magnetic field. Our higher order analysis, as stated above, agrees with
this observation. In contrast, HF results would give a spin splitting as shown
Fig.3.6.

Experimentally, Sasaki et al.[5] measured the conductance of a DQD system

similar to that of Fig.3.3 analyzed here. In Fig.4.6(b) we plot the calculated

!To compare with the experimental curve (the 750meV curve) in Figure.3(a) of [1], we set
interaction U = 0.64meV which is within 20% to the experimentally reported range; dot-
dot coupling linewidth function I' = 27t? = 4meV, lead-dot coupling linewidth function
Prp = >, 2wt = 1.6meV, and the energy level of QD-1 ¢y = —3.36meV. We choose the
value of ¢y such that the conductance of the wire is the same as that of the experimental
conductance far from resonance, which is 1.8e%/h (see lowest curve of Figure.1 in [1]). In this

limit, our DQD transport approaches the single QD device[1].
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Figure 4.6: Conductance versus ¢4 of QD-2. (a) The dashed line is reproduced from the top
curve (temperature 7' = 750mK) in Fig.3(a) of [1] and its abscissa is plotted on the top.
The solid line is produced by SymGF; its abscissa is plotted at the bottom. The parameters
of the solid line are: U = 0.64meV, I' = 27t = 4meV, I'rp = ok 27rt%k = 1.6meV,
€g = —3.36meV, and temperature T = 750mK. The maximum difference between these two
lines are about 0.25¢*/h at e = —0.5meV or V, = —0.76V. (b) Both curves are produced
by SymGF. The parameters for the solid line are: T' = 5.5meV, I'yp = 0.14meV, ¢ =
—0.53meV, U = 0.35meV, and temperature T' = 41mK; the parameters for the dashed line
are: I'pp = 0.89meV, ¢g = —0.35meV, and the rest are the same as the solid line. This curve
qualitatively agrees with the experimental data in Fig.2(a,b) of [5].

conductance curves to compare with the experimental data of [5]. In particular,
the solid and dashed lines of Fig.4.6(b) correspond to Fig.2(a,b) of Ref.[5]. Our
results agree with the experimental data qualitatively. In the experiment[5], the
conductance peak can be changed to a conductance dip (Fig.2(a) to Fig.2(b)
in Ref.[5]) by lowering the gate voltage that controls the energy level of QD-1.
Lowering gate voltage effectively raises the energy level ¢y of QD-1. Indeed, as
shown in Fig.4.6, by raising ¢y = —0.53meV to —0.35meV, the peak (solid line)

changes to the dip (dashed line) *.

Note that when gate voltage of QD-1 is changed (in the experiment), not only it changes
the energy level ¢g, it may also change other parameters of the device such as the lead-dot

coupling. The two curves in Fig.4.6(b) were obtained using two different lead-dot coupling
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4.5 Summary

In this Chapter we presented the first application of SymGF, namely the T-
shaped double quantum dot system where there is an on-site interaction on
the dangling dot. We have carried out a higher level analysis that reveals the
Kondo effect. The results for density of states are compared with an isolated
tight-binding model and demonstrated strong interacting nature of the trans-
port system. Rich physics is revealed by SymGF. Besides Kondo effect, we
observed Fano line shape, anti-resonance and destruction of anti-resonance, etc.
With the analytical expressions derived by SymGF, we can identify the terms
that contribute to the Kondo effect: vivid physical picture of the transition
processes can be directly and clearly seen by these terms. To the best of our
knowledge, no one has reported higher order correlation results for this system,
and we resort to the comparison directly with experiments. Not only qualita-
tive agreement are obtained, but also - with a proper choice of parameters, a

reasonable quantitative agreement is achieved.

constants as indicated in the figure caption.
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Single Quantum Dot in Parallel with a Direct Lead-Lead Link

In this chapter we present quantum transport properties of a junction bridged
by a single quantum dot in parallel with a direct link, as shown in Fig.5.1.
This model is useful for situations where the tunneling process from one lead
directly to the other lead is non-negligible, such as in the scanning tunneling
microscope (STM) measurements in molecular transport junction of Refs.[39,
40, 74, 75]. This situation may also have been observed in STM tunneling to
a single magnetic atom deposited on a metallic surface where asymmetric Fano
resonance in the tunneling spectra was reported[76, 77]. Direct coupling between
needle tip and substrate may happen if the distance between the sample and
needle tip and the distance between substrate and the needle tip are comparable
and/or the electronic states in the sample is less conductive than those on the
sample. Since the Fano resonance line shape comes from a quantum interference

between a discrete and a continuous transition, Fig.5.1 mimics this situation.

85
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Quantum Dot

Left Lead Right Lead

Figure 5.1: Schmetic layout of the transport system with direct lead-lead contact. A quantum
dot is coupled to two leads, while there is also direct coupling between the two leads. Couplings
are represented by a solid line.

The Hamiltonian of this system is in Eq.(2.5), here we rewrite it here.

H=Y"codd, + Udldd}dy + " €aoiChopCaot +

ack
(Z takciwkda + h.c> + (Z Uk’lkchLakl CRoky + h.c.) , (5.1)
aock okika

where dI and d, are operators of the central dot. Ref.[78] reported a calcula-
tion of transport under the influence of a microwave field without U. Ref.[41]
calculated transport both at zero and finite magnetic flux with a Green’s func-
tion of the central quantum dot that includes an on-site interaction U — +o00.
An infinite U reduces the complexity of theory since it forces half-filling of the
energy level of the quantum dot.

We have already presented the current formula corresponding to the Hamil-
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tonian Eq.(5.1) in Section 2.3 [see Eq.(2.7)] with derivation details contained in
the Appendix. In this chapter we apply SymGF to obtain the Green’s function
of the central dot, and then substitute the resulting Green’s function into the

current formula Eq.(2.7) to obtain the transport properties.

5.1 Hartree-Fock Result

In this section we present results obtained at the Hartree-Fock level. Here we use
Eq.(3.23) for an estimate of G5. In the analysis, the self-energies contributed
from the leads come only from the coupling between the leads and the central
quantum dot, characterized by the coupling constant ¢,. In this way, Eq.(3.23)
preserves the current through the channel that contains the central dot, i.e.,
the upper channel in Fig.5.1.

For this problem at the Hartree-Fock level, we use the following truncation

rules:

(d1d,0) ~ N, (O) (5.2)
(cl i CaotrO) & fulk)iis (O) (5.3)
where O represents any sequence of operators. Rule (5.2) is applied whenever

the total number of dI or d, exceeds 2; rule (5.3) is applied whenever the total

number of ijk or Cagr €xceeds 1. With these truncation rules, the EOMs are
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just slightly different from that without the direct lead-lead link, Eq.(2.21).

1 * *
(i) = ——— (1= Uldsdydld]) + D {ened]) iy + D (ennd] i
k k
(drdydldl) = N{{(dydl)
1
<CLkd$> = w— e (Z<CRk’d);>Ukk’ + <d¢d$>th)
k,/
iy — Aoty + (dydi)t 5.4
(e = o — (D tewwdi)oie + (drd] i) (5.4)
k/

The EOMs of the other spin channel are obtained by interchanging up- and

down-spin. The Green’s function of the central dot is derived by SymGF, and

found to be:
1
G (w) = ‘ (5.5)

From this expression we see that the effect of the direct lead-lead link is a shift

of the energy level of the central dot weighed by the occupation number.

5.1.1 Density of States

Applying the wide-band limit approximation, the Hartree-Fock DOS are ob-
tained and shown in Figs.5.2 and 5.3 where different curves are for different
lead-lead coupling constant v. In Fig.5.2, v changes from 0 to 0.5 in step of
0.1; in Fig.5.3 v changes from 0.4 to 2 in step of 0.4. The coupling between
the central dot and the leads are made symmetric, t;, = tr, and we use t, as
the energy unit in these figures. We see from the figure and the expression of

the central dot Green’s function Eq.(5.5), that at energy w = ¢ + (1 — N,)U,
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Figure 5.2: Density of states of the central quantum dot. Wide-band limit approximation
is used. We assumed symmetric lead-dot coupling (¢;, = tgr) and ¢, is used as the energy
unit. At energy 0, from bottom up, the curves’ v = 0,0.1,0.2,0.3, 0.4, 0.5¢,, respectively. The
energy level of the central quantum dot €4 is chosen to be 0 and (1 — N, )U is chosen to be 2.

Density of States [arb. units]
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Figure 5.3: Density of states of the central quantum dot. Wide-band limit approximation
is used. We assumed symmetric lead-dot coupling (¢, = tgr) and 7, is used as the energy
unit. The curve with lowest peak height has v = 0.4¢y,, second loweset has v = 0.8¢, third
v = 1.2y, fourth v = 1.6¢;, and finally the curve with the highest and sharpest peak as
v = 2tr,. The energy level of the central quantum dot €4 is chosen to be 0 and (1 — N, )U is
chosen to be 2ty,.
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Figure 5.4: Current of the left lead as a function of the bias applied to left lead. The
temperature 7' sets the energy unit. At lowest bias, the curves are obtained (from top to
bottom) at €4 = —4,—2,0,2,4T. The lead-dot coupling constants ¢, =T

the DOS is independent of v. With increasing v, the peak first shifts to lower
energy and then to higher energy. This is somewhat counter-intuitive, since
usually the coupling smears the peaks. We will have a general discussion about

the DOS at the end of Section 5.2.1.

5.1.2 The I-V Curve

Fig.5.4 shows the current as a function of the bias applied to the left lead without
the direct lead-lead link - i.e. for the situation of v = 0. We have verified that
these curves are identical with those obtained by directly evaluating the current
formula Eq.(2.3).

Then, in Fig.5.5 we show the current where ¢, is zero, which means there

is only a direct lead-lead link and no quantum dot. As we expect, there is only
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Figure 5.5: Current of the left lead as a function of the bias applied to the left lead. The tem-
perature T sets the energy unit. The lead-lead coupling constant v is chosen to be 0.5, 1, 2,4T
for the curves with least to greatest slopes, respectively.

linear response.

Finally we plot the current with both non-zero v and ¢, in Fig.5.6. For the
sake of clarity we shifted the curves to separate them. Basically, if we take out
the curves from Fig.5.4 and add them to the v = 0.5 curve in Fig.5.5, what we
get will just be like Fig.5.6. This means the two tunneling channels are almost

independent at the Hartree-Fock level.
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Figure 5.6: Current in the left lead as a function of bias applied to the left lead. The
temperature T sets the energy unit. The lead-lead coupling constant v = 0.5, the lead-dot
coupling constant t,, = T'. These [-V curves, from bottom to top, are for ¢ = —4, —2,0,2,4T,
respectively. For better clarity we have shifted each curve by 1.5¢4.

5.2 Higher Order Results

To go beyond the Hartree-Fock approximation, we apply the following trunca-

tion rules:

(d}d,0) = N,(O) (5.6)
(i CaotiO) = fu (k)i (O) (5.7)
where O represents any sequence of operators. Here Rule (5.2) is applied when-

ever the total number of d! or d, exceeds 3; Rule (5.3) is applied whenever the

total number of ciwk OF Caop €xceeds 1 (similar to that used for Hartree-Fock).
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Then SymGF derives the following expression for G"(w):

G1l) = L) ~ AW)(1 - Ny) / <1+mgl<w>%%f§w

T g1(w)
2mtR(W)tLW'UW7W -+ A(U)) X
g2
(1+7rv2 Za:t faw) = fo(U 4+ 2¢4 —w)) +

1+ 7202

) <w>tL<w>vw,wZ<fa<U+2e—w>—f@w)))) (53)

67

where N; is the occupation number of the opposite spin and we have defined

Ugi(w)ga(w
Alw) = T 5 1) 25 ) . (5.9)
L+ 147202 <27r<tR(w) + tL(w) ) + 27 tR(w)tL(w)Uw,w))
and the isolated Green’s functions
1
QW) =—pr—,
1

= . 1

) = —— (510)

5.2.1 Density of States

In Fig.5.7, DOS of the central dot at high order correlation is shown. The unit
of energy is set by t;, = tg. Applying the wide band limit approximation, the
energy symbol w can be dropped. From this figure we find two sharp peaks of
DOS separated slightly more than U when v is large. This is an effect of the
on-site interaction and the peaks show a Coulomb blockade phenomenon, where
two major peaks of DOS of the central dot is present at energy around the energy

level of the central dot € and around the energy level plus the on-site interaction
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Figure 5.7: Density of states obtained with higher order Green’s function Eq.(5.8). The
horizontal axis is energy. The unit is tg. The parameters we used are: U = 4tg, ¢g4 = 0,
temperature T = 0.3tg, chemical potentials of both leads u;, = pr = 0; from bottom up,
the lead-lead coupling v ranges from 0 to 1.6t in steps of 0.2tg. Each curve is shifted 0.1tg
upward, consecutively.

e+ U, because at these energies it is easier for the electrons in the leads to hop
in. Between the two energies ¢ and € + U there is barely any hopping, so come
the name “Coulomb blockade”. From Fig.5.7 we see the larger the coupling v
gets, the sharper the peaks become. When v is very small or zero, there are still
two peaks - though not very pronounced, and they both have shifted to higher
energy. Comparing Fig.5.7 with Fig.5.2 and Fig.5.3, each peak in Fig.5.7 has
the features presented in Figs.5.2 and 5.3. Namely, with increasing v, the peaks
gets higher and sharper, meanwhile the peak position shifts to lower energy first
and then to higher energy as v increases. But the two peaks are slightly different
from each other, because the self-consistently determined occupation number is

not 0.5 (not shown). Again, this DOS obtained at higher order is qualitatively
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Figure 5.8: Transition process showing the direct inter-lead link enhances the transition from
the leads to the central. (a)-(c) show how electrons could jump from one site to another; and
(d) illustrates the total effect. With the direct link between the leads the transition between
the central dot and the leads are made easier.

different from that obtained with Hartree-Fock approximation (Figs.5.2 and
5.3).

In both Hartree-Fock and this higher order calculation, we see that with
larger lead-lead coupling constant v, the DOS of the central dot becomes larger,
with the DOS peak higher and sharper. Mathematically this is quite straightfor-
ward - one just have to solve Eq.(5.4) for Hartree-Fock or solve more complicated
equations derived by SymGF. Physically, an electron in, for example, left lead
can tunnel to both the central dot and to the right lead. At the right lead, it
can go on tunnel, either to the central dot or back to the left lead. In terms of
the transition between the central dot and the leads, this direct link between
leads provide a multiplier to the transition rate without this direct link. This

process is shown in Fig.5.8. This is the picture why larger v leads to larger DOS
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Figure 5.9: Current in the left lead as a function of the bias applied to the left lead. Wide-
band limit approximation is used and symmetric lead-dot coupling is assumed (t;, = tg).
Energy unit is chosen as t;,. The parameters are: U = 40t1, ¢4 = 0, temperature T = 0.3¢.
At bias —15ty, from bottom to top, the lead-lead coupling v is chosen to be 0, 0.2¢1, 0.4t
and 0.6ty,, respectively.

on the central quantum dot.

5.2.2 The I-V Curve

Fig.5.9 plots the current obtained with the higher order Green’s function Eq.(5.8)
versus the bias applied to the left lead. Unlike Fig.5.6, curves in Fig.5.9 are very
different from the sum of their independent channels (i.e., when ¢, = 0 and when
v = 0, not shown here). Inspecting the EOMs derived by SymGF, there are
many Green’s functions containing operators of one lead, such as (dd icTL idp,
that are related to the Green’s function of similar kind by with operators in
the second lead such as (dyd iciudb- In the Hartree-Fock calculation, the EOM

Eq.(5.4) have only two such occasions ((chdD and <chd$>), but in the higher
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order calculation such inter-lead connection of Green’s functions is more com-
mon. These findings appear to suggest that the higher correlation reveals more
quantum interference between the quantum paths going through the two leads.
We hope direct quantitative comparisons to real experiments can be made in

the future.

5.3 Summary

In this chapter, we applied SymGF to a device where the two electrodes are
bridged by both a central quantum dot and a direct lead-lead link. Analysis
were done at both the Hartree-Fock and a higher order correlation. Qualitative
differences are observed in the DOS obtained at the two different correlation
levels. We can identify a Coulomb blockade due to the on-site interaction. We
also observe that the DOS peaks become sharper and higher when the lead-
lead coupling becomes stronger. The two tunneling paths - one through the
quantum dot and the other through the direct link, appear to interfere. But
such an interference is not obvious if the calculation is only done at the Hartree-
Fock level. The conductance (dI/dV') corresponding to the Hartree-Fock result
Fig.5.6 (not shown) has a more obvious Fano lineshape than the higher order
result Fig.5.9. This has been seen in the T-shaped double quantum dot system
we investigated in Chapter 4, where Fano lineshape in higher order results can
be buried in a wide range of parameters while Hartree-Fock result always has

that feature except a few cases. This is reasonable as higher order formula
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brings in more electronic structures that may compete with Fano lineshape.
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SymGF for ab initio Calculation

We have so far carried out model analysis of quantum transport in various
device structures at various levels of correlations. By model analysis we mean
the Hamiltonian of the device and the parameters in the Hamiltonian are not
obtained by calculation, but postulated following the physical situation. Model
calculations have the advantage of revealing the underlying physics of a given
model without carrying out tedious numerical computation, even for higher
correlation effects.

For practical purposes, one may be interested in materials specific issues
of the transport physics, hence the Hamiltonian and its parameters need to be
calculated by material specific first principles methods. So far, first principles
numerical analysis of quantum transport has largely been done by combing the
density functional theory (DFT), which aims to calculate many-body electronic
ground state energy by means of the density of the electrons instead of the wave
function, with NEGF[24, 25|, where higher order correlations are completely

ignored. A DFT calculation has taken into account the classical Coulomb po-
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tential and the exchange-correlation potential at the mean field level. However,
when it comes to transport, a non-interacting formula for the Green’s function
is so far used[24, 25].

Clearly, we can use the ab initio tools to calculate parameters of a device
model, apply these parameters in the high order formulas derived by SymGF,
and investigate higher order correlation effects in specific device structures and
materials. It is the purpose of this chapter to investigate the possibility of
using SymGF in combination with ab initio calculations. In particular, we
obtain parameters in the Anderson Model Hamiltonian by means of an ab initio
calculation, and then substitute them into the formulas obtained by SymGF.
The main purpose of this chapter is to demonstrate the procedures, hence we

use a very simple atomic model in our actual calculations.

6.1 Parameters in the Hamiltonian

In the numerical analysis, we apply the NEGF-DFT method as implemented
in the NanoDcal quantum transport package[27]. The NEGF-DFT method has
been documented extensively in literature[79, 80] and will not be repeated here.
Very briefly, in the NEGF-DFT method for quantum transport in open device
structures (e.g. Fig.1.1), DFT is used to determine the device Hamiltonian
and the electronic structure with the non-equilibrium density matrix provided
by NEGF; and in order for NEGF to determine the nonequilibrium density

matrix, the Hamiltonian determined by DFT is needed. This gives rise to a
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self-consistent field (SCF) calculations. With SCF NEGF-DFT calculation, a
wide range of nanoelectronic devices has been investigated in the literature, and
for this work, we shall apply it to obtain the needed device parameters.

Obviously, the ultimate theory to combine SymGF and NEGF-DFT would
be letting SymGF derive the formulas that is needed by NEGF, and bring that
NEGF with higher order correlation into the SCF loop of NEGF-DFT. This
will be a direction of future work. For now, we use SymGF as a post process of
ab initio calculations done by NEGF-DFT.

According to the Hamiltonian Eq.(2.15), we need several parameters from
first principles calculation and these are obtained by using the NanoDcal elec-
tronic package. These parameters are: energy levels of each parts of the device
(when they are isolated), the coupling constants between them, and an on-
site interaction energy. These parameters are then used in the formula derived
by SymGF. Before going into details, we emphasize that the on-site energy
obtained by DFT is a mean field value, a more accurate value requires more
accurate many-body methods such as quantum Monte Carlo or exact diagonal-
ization. Exact diagonalization is prohibitively expensive from the computation

point of view and is beyond the scope of this work.

6.1.1 FEnergy Levels
In the device model of NanoDcal, a two-lead system (see Fig.1.1) is partitioned
into seven parts: the left lead, the central scattering region, the right lead, the

coupling between left lead and central region and between the central region
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Figure 6.1: The general device structure of NanoDcal transport package. It is divided into
blocks (sub-Hilbert spaces) for the left lead (Hpy,), the right lead (Hgg), the central scattering
region (H¢), the coupling between left lead and central region (Hpc and Hep), and finally the
coupling between right lead and the central region (Hrc and Hog). Since NanoDcal does not
assume there to be any direct coupling between the left and right leads, the sub-Hamiltonian
for these coupling at the upper-right and lower-left corners are zero.

and left lead, the coupling between right lead and central region and between

central region and right lead. The structure of the corresponding Hamiltonian

is sketched in Fig.6.1. To obtain the energy levels for the central region, we

simply diagonalize the DF'T Hamiltonian corresponding to the central region

H¢ (i.e., central shaded part in Fig.6.1) which also finds eigenfunctions ;.

If one wishes to use a single-level approximation in the SymGF analysis,

one should focus on one scattering state which is calculated by NanoDcal. A
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scattering state is an eigen-state of the device Hamiltonian whose energy is well
defined. Scattering states encode the interactions between every parts of the
system. This way, from the output of NanoDcal, we obtain the energy levels ¢,
in the Hamiltonian Eq.(2.15) and its corresponding eigen-states which will be

used in evaluating the coupling constants t,,.

6.1.2 Interaction

The on-site interaction, by its physical significance, is the energy that is required
to add an extra electron to the system, namely U = E(N +1) — E(N) where N
is the number of electrons in the system. Almost every ab initio software tools
provide a functionality to calculate the total energy with or without electronic
neutrality, thus U can be obtained. Again, as discussed above, this way of

determining U is at the mean-field level.

6.1.3 Coupling Constants

Getting the coupling constants, e.g. the parameters ¢, in Eq.(2.15), is some-
what tricky. One needs to calculate the scattering states first. In NanoDcal,
calculation of scattering states is provided; one only has to provide the energy at
which the scattering states are calculated. Once the scattering states (hereafter

denoted by ¥gs¢) are obtained, one obtains the coupling constants by

t(w) =< Ya|H|Ysc(w) >, (6.1)

where H is the total Hamiltonian calculated by the NEGF-DFT code, and we

have transformed t’s dependence on continuous quantum number k into energy
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w, as the scattering states 1g¢ is calculated at specified energies.

Generally, a number of coupling constants at different energies are required
even at zero temperature. This is because the energy levels of the central
region is hybridized with those in the device leads, thus the levels are widened.
Therefore one has to repeat the above procedure for a small energy range.
Finally, since the coupling constants depend continuously on energy, one can

interpolate to obtain them at any particular energy.

6.2 Example: a Carbon-Nitrogen Wire Attached to

Copper Leads

In this section, we present an example with a NC3N wire connecting to sym-
metric copper leads. This exercise is not meant to investigate an experimentally
realistic material, but to demonstrate the theoretical development of this Chap-

ter. For simplicity, we use the single level approximation.

6.2.1 'The System and the On-Site Interaction

The system is shown in Fig.6.2. All the atoms are aligned in a straight line, and
the inter-atomic distances are as marked. The copper leads are semi-infinite.
To obtain the parameter U, we apply DFT as implemented in the Vienna
ab initio package (VASP)[81, 82, 83, 84] on a neutral NC5N wire to calculate
the total energy E(N). We then repeat the same calculation by adding one

extra electron to calculate E(N + 1). With these values, we obtain the on-site
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Figure 6.2: The NC3N wire connected to copper chain leads. The copper chains are semi-
infinitely long. The atoms in orange are copper, in blue ones are nickel, and in white are
carbon.

interaction U = E(N + 1) — E(N) to be 3.4eV.

6.2.2 The NanoDcal Calculation

Using NanoDcal transport package[27], we have self-consistently calculated the
device Hamiltonian of the two-lead device. The band structure of the leads
are shown in Fig.6.3. We observe that for the copper chain, there is only one
band that crosses the Fermi level. This means we can well use the single level
approximation. Should there be another band that crosses the Fermi level, the
scattering states will have an explicit band dependence, and we have to obtain
the full spectrum by diagonalizing the central region’s Hamiltonian.

Once we have completed the NEGF-DFT self-consistent calculation by Nan-
oDcal, we obtain the central region’s density of states at the presence of the
leads, shown in Fig.6.4.

The NEGF-DF'T calculation also gives the scattering state which is plotted
in Fig.6.5. Since NanoDcal uses localized basis set[85, 86|, the left lead, central

region and right lead are shown quite intuitively. With the scattering state, we
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Figure 6.3: The band structure of the copper chain leads. There is only one band that crosses
the Fermi energy. This simplifies the calculation of the coupling constant ¢,y
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Figure 6.4: Density of states of the NC3N wire at the presence of the copper leads. Electronic
structures below the Fermi level is much richer than above it.
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Figure 6.5: The scattering states of the whole system at the Fermi level. The left and right
lead is easily recognized as they tend to be uniform. The whole scattering state is normalized
with respect to the current.

can obtain the energy level that amounts to the single level approximation. In
this problem, the energy level of Eq.(2.15) is found to be e, = 0.6Hartree, or
16.3eV.

Once the scattering states are obtained at various energies, we can proceed
to the calculation of the coupling constants t,.,. The coupling constants are
usually complex numbers. However, since finally we will only need their square
modulus, we can ignore their phase information altogether, keeping only their
modulus. The coupling constants as a function of energy is plotted in Fig.6.6.

We plot the conductance of the copper-NC5N-copper atomic wire in Fig.6.7
at various temperatures. This figure contains 34 data points for temperature

ranging from 7" = 0K to 7" = 330K in steps of 10K. A general trend is that
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Figure 6.6: The coupling constants versus energy. This is obtained with Eq.(6.1). The
coupling is very sensitive to energy below the Fermi level.

the conductance is close to Gy (Gy = 2¢*/h) at T = 0K and it reduces as the
temperature raises; but at a high enough temperature the conductance raises
again. The product of the density of states (Fig.6.4) and the coupling between
the leads and the scattering region (we can estimate it from Fig.6.6) has a sharp
peak around the Fermi level, so that at low temperature the conductance is close
to Gg but when the Fermi-Dirac distribution of the leads is smeared by higher
temperature, the conductance reduces. The rise of the conductance at even
higher temperature can be understood as follows. Since we are plotting the
conductance at 0-330K, the energy range that we should consider is —0.1eV till
0.1eV, as this is the range where the derivative of the Fermi-Dirac distribution
function is significantly different from zero, namely,
ow/kBT

P =~ (6.2)




6: SymGF for ab initio Calculation 109

2

Conductance [2e™/h]

=
=]
G
[
|

=
=)
[
|

0.85— —

[ L ] L | L ] ]
0 100 200 300
Temperature [K]

Figure 6.7: Conductance at various temperatures. The data points are taken in steps of 10K
until 330K.

where kg = 8.617 x 107°eV /K is the Boltzmann constant, and T the tempera-
ture that ranges from 0 to 330K. In this energy range, we can see that the peak
contributing to the rise of conductance at higher temperature is actually the
DOS peak at energy w = 0.05eV (see Fig.6.4), while the peak at w = —0.07eV
has no contribution since the coupling at that energy is very small (see Fig.6.6).

We shall compare our SymGF results with these findings.

6.2.3 SymGF Results

With the parameters obtained in the last subsection, SymGF can carry out
its calculations. The formulas generated by SymGF are the same as in that
in Section 3.6.2, e.g. Eq.(3.21). The density of states are plotted in Fig.6.8.

Comparing Fig.6.8 with Fig.6.4, we see that both DOS plot has the feature that



6: SymGF for ab initio Calculation 110

08— 1

=

o
T
|

Density of States
e
=
I
|

B I

0.2 0.1 0 0.1 0.2 0.3
Energy [eV]

Figure 6.8: Density of states obtained by SymGF with parameters generated by first principles
method NanoDcal for the 1-D stomic chain shown in Fig.6.2. It has similar features as that
in Fig.6.4.

below Fermi energy the electronic structure is richer than it is above Fermi level.
But since in the SymGF calculation we are using the single level approximation,
all the features in Fig.6.8 come from the coupling between the leads and the
central scattering region (Fig.6.6). If we used wide-band limit, then the DOS
produced by SymGF will have at most two regular peaks like what is shown in
Fig.3.2. Since the interaction U is determined to be 3.4eV (see Section 6.2.1),
DOS in this energy range is mostly determined by the coupling constants %,
(Fig.6.6).

The temperature dependent conductance obtained by SymGF is shown in
Fig.6.9. It has the same trend as in Fig.6.7, namely, high conductance at low

temperature, then it drops at higher temperature, and then increases back at
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Figure 6.9: Conductance as a function of temperature obtained with formulas produced by
SymnGF and the parameters calculated with NanoDcal. It roughly has the same trend as in
Fig.6.7 that at low temperature the conductance is close to Gy. Then it decreases at higher

temperature (100K) but increases again at even higher temperature (250K).

even higher temperature. This trend has been discussed in the last subsection.

The conductance in Fig.6.9 is collectively smaller than that of Fig.6.7.

If U = 0, we get back the non-interacting problem. We plot in Fig.6.10

the effect of changing interaction U. With a larger U the conductance linearly

becomes smaller. We observe that at smaller U, SymGF gives results closer to

that of NanoDcal, which does not contain high order correlation terms induced

by finite U.
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Figure 6.10: Conductance as a function of on-site interaction U. When U gets larger, the
conductance reduces linearly. The value of U is taken from 0 to 3.4eV, which we determined
to be the energy needed to add one more electron to the neutral NC3/N molecule.

6.3 Summary

In this chapter we have discussed how one can port SymGF to ab initio cal-
culations, in particular, to combine it with the NEGF-DFT methods such as
NanoDcal. The idea is to compute parameters in the Hamiltonian such as that
of Eq.(2.15). To do so, we diagonalize the first principles NEGF-DFT Hamil-
tonian for the central region of the device to obtain the energy levels and eigen
states; we calculate the scattering states of the leads (which have both energy
and band dependence); we also determine the on-site interaction U by a mean-
field total energy analysis; and finally we determine the coupling constants using
the NEGF-DFT wave functions. Even though we focused on a system with just

one scattering state, the general approach can be applied to systems having
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more states. We presented an example of a NC3N wire connecting to cop-
per chains. All the Hamiltonian parameters in Eq.(2.15) were obtained by the
transport package NanoDcal and electronic package VASP. These parameters
are plugged into the formulas in 3.6.2, namely to Eq.(3.21). A finite U reduces
the conductance of the wire compared to the situation of non-interacting wires.

In summary, the steps for combining SymGF and NanoDcal (with single

level approximation) for materials specific calculation are the following:

e Step 1 Complete an NanoDcal calculation and a SymGF run with the

model of choice.

e Step 2 Calculate the scattering states for a range of energy around the

Fermi level.

e Step 3 Diagonlize the Hamiltonian for the central scattering region pro-
vided by NanoDcal to obtain the energy levels and their corresponding

eigen-wave functions.

e Step 4 For each scattering state at a given energy, calculate the coupling

constant at that energy.

e Step 5 Substitute the parameters obtain in Step 3 and Step 4 into the

formulas produced by SymGF in Step 1 and obtain the final answer.
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Conclusion

The Keldysh Non-Equilibrium Green’s Function (NEGF) method is a very pop-
ular and powerful theoretical tool. Powerful as it is, however, when dealing with
strong interactions, deriving formulas for NEGF can be prohibitively tedious,
and this seriously limited its use.

In this thesis, we presented the development of a symbolic for quantum
transport theory, called “SymGF”. It helps deriving the Green’s functions for
transport systems. The major input to SymGF are (i) the model Hamilto-
nian in second quantized form, (ii) the anti-commutation rules of the operators
involved in the Hamiltonian and (iii) the truncation rules that determine the
order and accuracy of the final result. After a successful SymGF run, it gives
the Green’s function in terms of the self-energies that it automatically defines
and the Green’s functions for isolated systems which are known.

SymGF essentially does two things: (i) to derive the set of equations of
motion (EOMs) and (ii) to solve them.

To derive the EOMs, SymGF follows the following procedure:

114
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Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

For a given physical problem, make a model - meaning proposes a Hamil-

tonian in the second quantized form. Physical intuition is necessary.

Understand and therefore write down the required Green’s function (usu-
ally the Green’s function of the central quantum dot). This is the starting

point.
Derive the EOMs for the Green’s functions.

For each of the new Green’s functions produced by older Green’s functions
after the EOM iteration, check if it has reached the number of operators

in our truncation rules. If yes, truncate it; if not, repeat Step 3 for it.

Repeat Step 3 and Step 4 until all Green’s functions has an EOM and
a closure is reached. Finally, the required Green’s function can be solved

from the final set of linear algebraic equations.

To solve the EOMs, SymGF makes use of a couple of algorithms. The most

recommended algorithm is the Gaussian elimination for block matrices. Basi-

cally this is to treat each block matrix within the big matrix corresponding to

the full set of EOMs like c-numbers, except the division becomes matrix inver-

sion and regular multiplication becomes matrix multiplication. We elaborated

this algorithm in Secion 3.3.4.

The test of SymGF included several of the manually solved problems, be-

sides the three verifications presented in Section 3.6, it is also thoroughly tested
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against Ref.[33]. These tests greatly increased our faith in this tool that it could
be assisting real research.

We have applied SymGF to a T-shaped double quantum dot system (see
Chapter 4) and the system with direct lead-lead contact (see Chapter 5). We
pushed formulas of both projects to a fairly high order. The results turned
out to be reasonable. In Chapter 4, the high order results obtained by SymGF
can even compare with experiments quantitively with an appropriate choice of
parameters.

We can also use SymGF for ab initio calculations as well. One possible
procedure is presented in Chapter 6 for NanoDcal. Basically, we are calculating
the parameters in the model Hamiltonian with NanoDcal and putting those
parameters into the formulas produced by SymGF.

In conclusion, SymGF has been proved to be reliable for the known problems
and gave reasonable results for problems where results of the same order are
not yet known. It is a very promising tool that has the potential of giving really

fascinating results for complex problems.
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Appendices

8.1 Appendix A: Current Formula for Single Quantum

Dot in Parallel with a Lead-Lead Link

In this section, we provide a more detailed derivation of the current formula for
the transport junction shown in Fig.2.1, where the gap of the two electrodes is
bridged by a a single quantum dot in parallel with a direct conducting link.

The Hamiltonian of the system is Eq.(2.5), we reproduce it here:

H=Y"odld, + Udldid{d, + Y €amclypCaok +

aock
(Z takciwkda + h.c> + (Z ’UklengleRUkQ + h.c.> (8.1)
ack okik2

We define the number operator of electrons with spin index o in the left lead as

N = cTLUkcLUk, these electrons contribute the current in left lead as,

7 dNLO’
— .
Tt

117
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By using the Heisenberg equation of motion, we have

~

I, = —ie[Ny,, H]

= (—ZEZCTLUklcRokQUkle + h.c.) +

k1ka

(—ie Z cTLakdUth + h.c.)

k

where the dependence on time ¢ is assumed. Using this current operator we

obtain the electric current to be:

[ = _ezvklk2G:klk2 (t,t) + h.C

kiko

—eZthGfgk(t,t) + h.c (8.2)
i

where we have defined

il g (1) Croky (t2))

Gion(ta,ty) = il (t)dy (1)) -

Gljlk‘g (t27 tl)

We then solve the time ordered Green’s function (assuming steady state, so that

it is a function of the difference in time ¢, — t5),

Gl (1 — t2) = —i{T[CRon, (t1)Ch o, (2)]) -

Using EOM metho, we obtain:

0
<_Za_t2 N 6L(l{72>> Gak1k2 Z GRo'klk/ )Ukﬂf/ +

GRakl( — to)ty,(k2) (8.3)
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where we have defined

Glogtrry (t1 — t2) = —i{T [CRrok, (t1) g, (t2)])

Ghon, (t — t2) = —i(T[cron, (t1)d] (12)])
Letting gax(t1 — o) satisfy
0
(—Za—t — GL(kQ)) gak(tl — t2) = 5(t1 — tg) s
2

we can then solve Eq.(8.3) with convolution:

G0k1k2 Z/GRaklk’ )Ukzgk’gakz( _tQ) +

[ Gl 1 = ) (g (¢~ 1) (8.4)

And similarly,

Gaak1 1 — tQ Z/ aaklk’ )Uk’klgakl( - tQ) +

/GZ (tl - t/)talﬂgalq (t/ - Z52) (85)
where & means the other lead than the lead labeled o. Next, we apply the ana-

lytical continuation theorem to Eq.(8.4,8.5) and Fourier transform the resulting

formula to obtain

< * < a *
aklkg E GRaklk’gLakgvkgk/ + § GRaklk’gLakgvkgk’
k,l
< * < a *
+GRaklgLak2th2 + G Rk, 9Tokst Ly (8.6)
and

Gaak Z (Ggok’g(jak + Ggo'k’ggak) Ul:’kl +
k/

(Gogaak + G:ggak) LRk (87)
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where the dependence of Green’s function on energy w is assumed.
In this way, we can rewrite the current Eq.(8.2) in energy space as

dw

k1k2
dw Z <

Our eventual goal is to express the current formula in terms of the Green’s
function of the central quantum dot G%<. To this end, we substitute G5, into

Gy, and G, into G, to obtain

Gléak = ngzvakgf%ak + Gz;zzvcrkg?%ak + sz%lvakg?%ak +
Z G%Jk:E};k’ngak + Z G%ngljk‘/g%o'k + Z Gf%ak Zk’g?%ak +
k' k' k'
Gggf%aktRk + Gcfg?ZUktRk (89)

rok = GoXTvok9rok T GRrok ke Irok + Go9rortRE (8.10)

where we have defined

t — t *
Yok = E ULk 9Lk Ukt
k/

t — t *
Ekm = E Vk'ko9Lok' Vk'ky -
k/

Considering G’z 1, 2706 9ror a0d tri to be vectors whose elements are labeled
by k; Xw ghyr to be matrices whose elements are labeled by k and £/, we reach

the following matrix equation for G, :

e (I —X"gR,) = Gogp, (X7, +1r)
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where [ is the unit matrix. Solving the above matrix equation, we obtain the

following formal solution
ho = Godha (Shy +tr) (I = ' gh,) (8.11)

where the superscript —1 means matrix inverse. Later we will explicitly invert
the matrix by the binomial theorem[49], now we move on to find formal solutions
for other Green’s functions.

Similarly, we substitute Eq.(8.11) back into Eq.(8.9) and after some manip-

ulation, we obtain the formal solution for the vector G, :
Giio = (G (C5u91 + DL + trgis) + Gs (Chugho + tngie) +
ror r r.or \—1/yr a
Go'gRa ( Lv + tR) ([ —X chr) (E géa + 2<gRo))

(I —xgs )7 (8.12)

Now, we can write Eq.(8.8) in the following form

dw
I = —e/%zvkleijle + h.C

k1ko

dw <
_e/ﬂgthGLak—i_h'c

dw
- _e</%< Z ( %aklklzék' +G1<%O'k1k/ Z116/) +

k1ko K’

Z ( Eokl EEUU[Q + G}<20k1 %vcrlq) )) + h.c
k1ka

dw
_@/ o Zk: tixGrop + hec (8.13)
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In Eq.(8.13) above, we have “solved” G7~, in Eq.(8.11) and Eq.(8.12). Since the
two leads are symmetric, replacing “R” with “L” in Eq.(8.12) gives the formal
solution to G ;.

We can solve for G;éjkl ko with the same method:

T . r r r T * r

GRotkiky = JRoky Okiks T Goky b U kaGRoky T G Roky t Ry YRRy (8.14)
< < r < < a

GRak1k2 = 9R0k15k1k2 + Gaklkka’kggRokzGaklkka’kzgRak2

+G ot Triy IRk, + G RokytRky I Roky - (8.15)

We already have the energy-dependent EOM for G5, . in Eq.(8.6), now we
write down the EOM for G7, ,  as follows
ohiky = Z G Rokok Vkak ILoks + G Roky ULk Y Lok
k/
Substituting them back to Eq.(8.14) and Eq.(8.15) we reach the following ex-

pressions after some mathematical manipulation:

r — " r r r
GRokyky = JRok, Okika T G Rok k' Xk ky TRoky T

’;%Ukl szakzgrRJkg + GTRO’k‘l t*Rng;EO'kQ (816)

< _ < T < r * <
GRoklkg = 9R0k15k1k2 + E Gaklk’vk'kzgRakg + GRak;ltRngRakQ
kl

< * a T < a < a a
Roki LRko YRoky T E Grokikt Sk Iheoks T E Gk b Sty Sk
% W

T < a < a a
Roky 2 LookyIkoks T G Roky 2 Lvoks IRoks -

Hence we obtain the formal solutions for G;%’jkl 1, @ (we denote the correspond-

ing matrix of these Green’s functions with G';5 to distinguish from G which
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correspond to Gy, and G7 for G7, . ):

o = (G0 + Gro Yo Iis + Gl nds) (I = X'g5,) " (8.17)
Ciio = (9750 + Gvg75s + Cotiite + Giigtiies +
o2 s + CreoShoo Tt + G T
(I—-%%%)"" . (8.18)
Now we evaluate the self-energies and carry out the matrix inversion. Basically,
we shall repeatedly apply the Plemelj formula[50] and the binomial inversion

theorem[49] (see discussions in Section 3.3.4).

First, we deal with Eq.(8.11). By applying the Plemelj formula we have

r r o . * r
Zkl ko9Rokr — VT Vwky Uk, YRoky

Therefore in Eq.(8.11) we need the inverse of the matrix

o . * r
Miiky = Okyky + 1TV0ky Vg, GRoky -

Applying the binomial inverse theorem (Eq.3.10) and then the Plemelj formula

again, we have

- * T

ZW,UWkl ka‘ggRO'kz
1+ 7202,

-1
Mk‘1k2 - 5k1k2 -

and therefore

T _ T T T T
rok = Gy X ( Lvok9Rrok + LRK9RoK T
N T ' * '
(& Zk’ ELvak’gRak’vaklvw,kgRak
—1 —n202

N *
i) tRk’gﬁok'Uw,k’%,kgﬁak>
1 _ 2,2

I =7,

+




8: Appendices 124

Applying the Plemelj formula again, we reach the final expression for G,
in terms of only the Green’s function of the central quantum dot and other

parameters that are known through the Hamiltonian,

rok = Gy X (ZZq;akg;{ak + tRKG Rk T

) 2 * r 2 * r
[ thvw,wa,kgRak m tR7WUW,wa,kgRak>
29,2 1 72,2 ’

L+ 72, 1 — w2,

(8.19)

To solve G3,,., we first need the inverse of the matrix

. . * a
Mk1k2 - 5k1k2 = TTUwk1 Vyko YRo ks

Applying the binomial inverse theorem (Eq.3.10) and then the Plemelj formula,

we have

IV, U G
wk1Vwks IRoks
1+ m202

-1
Mk1k2 - 6k1k2 +

Next, we substitute the solution Eq.(8.19) into Eq.(8.9), the relevant terms

are, first,

T r < _ r r r T
E E E G, x (ZLvak’gRak’ + Rk’ GRpok +
i K

(e thUw,wa,k’gTRak’ n tvaw»va,k’g;%ak’>
2942 27,2
L+ m2vg,, I+ 72,

(_iﬂ)vw,k’vz,kgéak
Applying the Plemelj formula[50] again, we have

T r < _ ; T % < 2 2 .
E Groi 2k YRk = —mvaw’kgng( — TtV — iTt RV w +
k./

4 4 .3 2

7 thvww s tRwa,w%,w>
2,2 2,2

L+ 72, 1+ w2,
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The second term (where we assumed g5, = 2mif1 (k)0 ., ) 1s:

D G S iior = Y 2T f1.(w) G (W)U Gk X
k! Kk’

4
w,w

2,2
L+ 72,

9 9 ) 7T4thU
-7 thijw — UMl RV +

-3 2

1T tRwa,wa,w)

2,2
L+ 72,

Hence, we can reach the expression for G5,

< . rr < r < a <\a a
Rok — Z (GU Lvok'9Rok T+ GO'ZLUO']C/gRO'k/ + Ga ELvak’gRak’ +
k:/

Gotre Grow + G tre Gpow + (—ITGLVS 1 GRew + 20 fL(W)GLUL 1 G horr) X

4 4 ;3 2
( 2 2 - n s thvw,w 1T tmv%wvw,w "
— T lLwVy  — TTRWVw,w
; , 2,2 20,2

1L+ 72, L+ 72,

1TV U 1 g%
w,k" Vo, kY Rok

1+ 707,

Expanding Eq.(8.20) and applying the Plemelj formula, we have

Grok = GoXloorIron + GoXLuondhor + G5 XlvokIon
Gotreron T GotrrGhor + (—ITGLV, 1050k + 271 f1 (W) GLU k9 Fi0r) B
22t L GLYy (fr(w) — fr(w)) vl — TGy Yl , +
2miGL Yy fR(W)t RV w + 1TG S Vit oy w +

2 G Y (fr(w) — fr(w)vl B

where we have defined

4 4 .3 2
T thvw,w T tRwa,wa,w

8.21
L+ 7202, 1+ 7202, (8:21)

_ 2 2 -
B = —7mtr,vg,, — it RuUyw +
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and
_ mv:;,kg?%gk
T pitv2
In this way, Eq.(8.13) has only another two Green’s functions need to be
derived, namely Gré:k,l k.- Lhe matrix inversion contained in the formal solution

Eq.(8.17) can be solved, it is

Py T
=TV, oy Vw, ka9 Roks
2,2
1+ m2vg,,

([ - Erg;%a)l;lkg = 5/€1k2 +

Therefore,

T _ 'S
GRokiks = IRok, Okiks +

- 'S
UTTVw, ko YRo ks

T * r . % r
GRak’l (tszgRakz - ZWthvw7k2gRak2) - 1+ 202
w,w

r * r s gk * 2% 2
(gRaklvw,kl + GRUk1 (_Zﬂ-tvaw,w -7 thvww) >

Now we will deal with the last Green’s function G, ... In Eq.(8.18), the

inverse
TS v 4
w,k1 Vw.k2 I Roks
2,2
1L+ w2,

(I - Eagﬁza)&l@ = Oyky +

To proceed further, we also need to evaluate the following terms:

T < _ T * T
E G ok Uk k2O Roky = E Grokyk, Vkrka 9ok +
K K ks

T * r <
E GRUklth’gLak’Uk'kzgRakQ
k/

_ E : r * <
= T GRO’k‘1]€/Uw,k/UW7ngRO'k‘Q
k/

. s * <
_ZWGRJkl th’UUJ,kZ gRokg
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and that
r * * - * * 2 * 2
Z G roki Vg = IRokVrk — T9roklRuViow — T Grokt LoV w
k./
w202
1 _Hrgq’}g X <9§%ak1“:,k1 + Grok, X
w,w
(mimtp e — T2 )
=7 (8.22)
Define F'(ky, k) as
F(kla kZ) = gf?,akzlaklk? + (Zﬂ-ifL(w)U%kzg%akg - iﬁvwﬁzg};al@) Z/ﬂ -
iﬂ-quanrkl tZwUMngEUkQ + GTRUkl t}kgg}éakg + G]<?ak1 t;%kgg(}l%crk:g +
27”;]0[/ (w)G%akl tEwUUJ,]Qg?%UkQ + iﬂ-GEolﬂ tzwvwvbg?%o'kg (823>

then the Green’s function Gf%kl k, Can be written as

< — I, * iﬂvakQQ%ak
Rokika — F(kl, k2) + ; F(k?l; k )Uw’kll—f—ﬂ'—Qvo%: (824)
where, by applying the Plemelj formula we obtain

D0 F(k KW g = G+ 20 2 (frlw) = fr(w) o +
k/

27T2GRaktzw (fR<w) - fL(W)) Uoz.),w + 27”'G7]ﬂ%okfR(w)tEwU:,w +
iWGf%Ukt}i?wU:,w - 7T2G1<%Ukt2wvo2a,w (825>

In this way, Eq.(8.24) together with Eq.(8.25) gives the final expression for
G]<%O'k1k2'
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Now, we are at the position to finalize the current formula Eq.(8.13). We

do this in an easy-to-hard order. First, we evaluate the third term in Eq.(8.13)

>k Gk S Lvok- 1t s
Z GroZLook = 2M1G o fL(W) Vit ],

— omify (@), G x 3 ( it Gk + Rkt +
k

3
i thvww v 7T2tvaw,w x 7
IRokVark — Uy k9 RokVw,k
1+7 ’UL% wk Rok“w 1+ ﬂ_QU(%w w,kIRok ™~ w
= 2mifr(w)t] Gh X ( — TtV — Tt RV +

4 4 .3 2
Ty, I tRwa,waM)

2,2 2,2
I+ 72, L+ 72,

(8.26)

At this point, the only unknown is the Green’s function of the central dot,
which will be derived by SymGF. Hence this is the final form for the purpose
of a current formula.

Next, we evaluate the fourth term of Eq.(8.13) >, G5ox X vor- 1t 18

o *
1Tt
29,2
1+ mvg

Z GRUk 2Lvak

(%thGZ(fR(w) (@) — RGN, —
27TiGQfR(OJ)tRwa,w + iﬁG;tRwaw +

WG fule) — fule))i x ) (8.27)

where B is defined in Eq.(8.21)
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Third, we evaluate the first term in Eq.(8.13) >, Ghopw Sag- 1t 18

T < _ . r *
E G ot X hore = 2mifL(w) § GRakk'Uw,k%,k'

kK’ kk'

= 2mify(w)

k

T s gk * 2% 2
Rok (_ZWtRwa,w -7 thvw,w) >Uw7k?

1

r *
—_— vl
2.9 (gRak w,k
L+ m2vg,,

: 1 :
= 27TZfL (u))m( — /”T/Uf),w +

Z GrokVu k (—iﬂt*va:W - WQtEWUEW) > (8.28)
k

where the summation ), G0, has been contained in the evaluated term
Eq.(8.26).
Fourth, we evaluate the second term in Eq.(8.13) >, ., Gr, i 2fs - 1t 18
ZGEOkk, Zk/ = Z Géokk,iﬂ'vw’k’t):’k/
kk! kk'

We first evaluate

N Growwtiw = S Flh, Ky + 3 Flhk, kol S ekThok e
K’ k! s

whks 1 4 w202

k'k
> F(k K .
S T T

where we have defined F'in Eq.(8.23) and evaluated  _,, F'(k, K" )v} ;. in Eq.(8.25).
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Then, we can write

< a < . *
§ G ok Xk = E GRakk/WUw,kUw,k'

kK’ Kk’

— ﬁ % F(k, KU 10V k
= 2% fr(w)v , + 277 (fr(w) = fo(@) V2, ) Zkvek +
k
2wty (fr(w) = fu(w)) V2, Z GRorVek +
k
2mi fr(W)V), R Z G rorVok + 1TV, R, Z GroiVok —
k k
T U0 Z GriorVok (8.29)
k
In the above expression, all the summations have been evaluated in previous

terms except ), Zpv, [see Eq.(8.22)] which is:

- 2 . * * T
E LU s = ( — MU, , — ITt R, U, g GrorVuk —
k k

1

Tree (8.30)

2% 2 T
m thvw,w § :GngUw,k>
k

This completes the evaluation of the fourth term.

The last term is Y, G7,,t5 .- With identical method, we have

> Gioptrin = 20 Gt put Vuw (fL(w) = fr(W)) = Ttrot} 000Gy +
k 2mi fr (w)t1., Gy + 21 (fr(w) = fr(W)) vuutl,GoC +
ity G + WZGZtvafW (fr(w) = fr(w)) — WQtvaZMG(f +
2mi fr(w)trwvy, Gy + 27 (fr(w) — fr(w)) vl ,GLC +

intr,v,, Gy (8.31)
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where we have defined

4,4 3,2
B ) 5 o T U, U Rw VTV Vs wl L
C=|(—-m"tgov,, — iV, Jtrw + > 5
’ ’ 1+ m=v 1+ mg

With the above derivations, we have completely rewritten the current for-
mula Eq.(8.13) in terms of the Green’s function of the central dot (G and GY)

and parameters that are given in the Hamiltonian.

8.2 Appendix B: Retarded Green’s Function of the

Side-Coupled Double Quantum Dot

In this and the following sections of the appendix, we list the analytical for-
mula of the Green’s functions derived by SymGF for the DQD device and some
detailed algorithm of SymGF.

For the DQD device model of Eq.(3.24) (Fig.3.3) and Rule (4.1-4.3), SymGF
derived a total of 133 EOMs (for 133 Green’s functions). In SymGF, all the
Green’s functions, self-energies and un-perturbed Green’s functions (considered
to be known) are automatically indexed with numerical subscripts, for example,
G107 means the 107'th Green’s function. SymGF did further mathematical
manipulation to reduce the 133 EOMs to a four-equation set of G, Gg, G7 and
G1o7. All the Green’s functions are functions of energy but the energy subscript
w is omitted in the following for simplicity of notation. In particular, GGy is the
retarded Green’s function G" for the DQD device which is used in calculating

the transport properties in Eq.(2.4). In general all the Green’s functions are
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matrices of the same dimension as the corresponding sub-Hilbert space. In the
present DQD problem, each QD is considered to have a single energy level, the
dimension of the Hilbert spaces for the dots is one. G1, Gg, G7 and Gig7 are

derived by SymGf to be the following:

Gir =91 (1+ Gy (T1g + B0 + ¥21) + U (=G + G7) T1792) (8.32)
= g1 (=G7I'3a + G (T'1178 + a2 + Tgos) + G1l'3195) (8.33)
= gl( Ge(Is2 + UT123192) + G7(I1az6 + T'ie06 + [s2 + UT123192) +
G1(Ti209 + F3lg5)> (8.34)
Gior = 91( N)G1Ti6 + Gror (Tiser + Taoiz) —
U (Gs — Gr) (T16 — N{Ty7) 92) (8.35)

where variables beginning with I" or ¥ are self-energies defined by SymGF during
the solution of the original set of EOM, the variables beginning with g are for
Green’s functions of QD-1, QD-2 (see Fig.3.3) and the leads when they are

isolated from each other [see Eqs.(8.38-8.41)].



8: Appendices 133

In Eqgs.(8.32, 8.33, 8.34, 8.35), the self-energies are defined as:
['ig = (Zl (1= (T5+T7)gs + g5 (U2 + Tg)gs — X3)) >/<<1 (T +

I'7)g6 + g5 (U(T'2 + ') g6 — Z3)) — Ugags ((1 = N{)¥s 4 (1 + F5)96))

7 = E2/(1 —I'396 — 796 — g5 (X3 — U (T2 + T'6)g6) —

(Ugags¥s — N3 + T'igs + F596)>
2 ((Nf —1)83 + (a0 + ') g6)

I's1 =
((1 = (To2 + Ta6)g6) — g5 (Bs(1 = N{)UD3g2 + U(Ta1 + Ta5)g6) )
Ty = 22
P 1 Tags — Tasgs — g (33 + USsga — N{USsgs + UT9196 + UT'2596)
A
r = —
1220 = T &
B
r = — 8.36
12815 T (8.36)

where variables A — C' are defined for a better readability:

(1-NH3,

1— U(T11824+T'1187)929596
(1-T118496—T'118996)+95(—X3+UT 118396 +UT'118896)

(1= N[)E,

1— U(T11s2+T'1187)929596 | 95(=23+UT118396+UT'118896)
+
1-T118496—T118996 1-T118496—T118996

(1- Nf)U9295 (X3 + 118196 + Thisegs) / (1 — g6(T118a + Ti1s))
(1 _ 95(23—U96(F1183+F1188))> —-U (F1182 + F1187) 920596

A:

B =

1-T'118496—T'118996

(8.37)

The un-perturbed Green’s functions and self-energies in Eq.(8.36, 8.37) are
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defined in the following. g;’s are the un-perturbed Green’s functions which are:

1
= 8.38
N= = 0 ( )
! (8.39)
92 = -U+w— €4 )
1
= 8.40
95 w— ey ( )
1
96 = (8.41)

—U+w+e€, —2¢4

They are all functions of energy w, and w should be interpreted as w-+i0" where

0" denotes a positive infinitesimal. The self-energies in Eq.(8.36, 8.37) are:

t2
e
¥y = r
W — €4
s tz

- —U 4w+ e, — 2¢4

Ty = ((N] = fu(k)a(k)*(w — €0 — ea + ey (k) / (1ﬁ2((—2 + Ny A+

NOU 42w — €4 — €q)) — (w — €4 — €3)(U —w + €4 + €4)(U —

w + 2¢€4) —eu(k)(—Qtz +U? 4+ (3w — €, — 56q)(w — €5 — €4) +

U(—4w + 3e, + beq) + €y (k) (—2U + 3w — 2(e, + 2€4) +

ewc))))
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Ty = (B(N] — fu(k)ti(k)?) /( —?((=2+ N} + NHOU +2(w — €, — €a)) +
(Ww—€a—€)(U—w+e+e)(U—w+2e)+ (-2 4+ U? —4Uw +
3w? + 3Ue, — 4we, + €2 + 5Ueq — 8wey + Geqeq + 5e§)el¢(k) —

(2U — 3w + 25(1 + 4€d)6u(]{7)2 + Eu(k)?))

T3 = —(4(k)*(U —w + e + €q — ey (k) (w — € — ed+eu(kz)))/( — 12 x
(Nf+ N —2)U +2(w — €4 — €2)) + (w — €4 — €a) (U — w + €4 + €q) X
(U —w+2€4) + (U = 2t* — 4Uw + 3w® + 3Ue, — dwe, + €2 + 5U¢€q —

8wey + 6eqeq + ey ey (k) — (2U — 3w + 2€, + deq)ey (k) + eli(k)3>

'y = (tQ(Nf — flj,(k))tl(k')2<w — €q — €4+ Eu,(k))) /<t2((2 — N? — Nf)U _
2w — €, —€1)) + (W — € —€a)(U —w+ €, + €2)(U — w + 2¢4) +
(— 2t2 + U? — AUw + 3w? + 3Ue, — dwe, + EZ 4+ bUe€q — Sweg +

6e,€6q4 + 563) ey (k) — (2U — 3w + 2¢, + 4ed)el¢(k)2 + eu(k‘)3>

Tt = — (P(N] = fu(B)t(k)*(U — 2w + € + 264 — ey ())) /((U — W+ €q)
(—((—2+ N+ NOU 4+ 2(w — €5 — €q)) + (U — w + €, + €4) ¥
(w— € —€a)(U—w+2€eq) + (=26 + U* — 4Uw + 3w* + 3Ue, —
4we, + €2 4 5Ueq — 8wey + Beqeq + 563)6u(k‘) — (2U — 3w + 2¢, +

dea)eu (k) + ey (k)'))
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Tgy = —(t)(k)2(U — w + €0 + €q — e, (k) (w — €0 — € + eu(k)))/<t2<(2 -
N?—Nf)U—Q(w—ea—ed)> +(w—€, —€q)(U—w+ €, + €q) X
(U —w+ 2¢;) + (—2t2+U2—4Uw+3w2+3Uea—4wea+e§+
5Ueq — Sweg + be,64 + 563) e (k) — (2U — 3w + 2¢, + 4eg)eyy (k)* +

Gu(/f)?’)

D05 = tz(k)Q/ ((w — (k) (1 + 2t2<(1 — NHU? —w® = 2(1 = NY)U (e, —
€q) + (€a —€q)* + 2wep (k) — elT(k)2>/<(w +e,—€q—eqp(k))(w—U+
€ — €a— (k) (w—€q+ €4 — e (k))(U +w — €, + €4 — en(k))> -
(A(NT = 1)(N? — NOYHUA(U — 26, + 2¢4)?) /((U Fw— g teq—
er(k))(U —w — €.+ €+ er(k)) (287 + (U —w — €, + €a) (U + w —

€q + €4) + 2wep (k) — em(k‘)z) (w2 — (€4 — €a)? — 2we (k) +

EZT(k)2)2>>)

Pusi = = (£4(k)2(w — € — eq + eu(k)))/<t2((—2 + NP+ NOU + 2(w —
ca—€d)— (W—€ —€)(U—w+e+e)(U—w+2e) + (262 —U* +
4Uw — 3w? — 3Ue, + 4we, — €2 — 5Ueq + 8wey — begeq — 563) ey (k) +

(2U — 3w + 26a + 46d)€l¢(k)2 — 6&(]{)3)
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Puse = (P14 fu())(k)*(w — 0 — 60+ e (K))) / (2~ Ny - Np)U -
2w — €, —€q)) + (W — €, — €) (U —w+ €, + ) (U — w+2¢4) + (U —
2t — AUw + 3w? + 3Ue¢, — dwe, + 62 4+ 5U¢€q — Sweg + be,eq + 563) X

€l¢(k3) — (2U — 3w + 26(1 + 4€d)€l¢(k>2 + Eu(k?)?))

Tigs = (B(N] = fu(k)tu(k)?) /( —12((=2+ N{ + N)U +2(w — €, — €a)) +
(w—€—€)(U—w+e,+ea)(U—w+26)+ (—26°+ U —4Uw +
3w? + 3Ue, — 4we, + €2 + 5Ueq — Swey + beaeq + 563) ey (k) —

(2U — 3w + 2€a + 4Ed)€u(k‘)2 + Eli(k)?’)

Tiiss = —(t(k)*(U —w + €a 4 €g — ey (k) (0 — g — €a + €l¢(k)))/<t2((2 -
N = N U —2(w — €4 — €3)) + (w — €4 — €a)(U — w + €, + €q) X
(U—w+2e)+ (—2t° + U? — AUw + 3w® + 3Ue, — dwe, + €. +

5Ueq — 8weq + Geqeq + 5eg) e (k) — (2U — 3w + 2¢, + 4eq)ey (k) +

Gu(/f)?’)

905 = —(tQtZ(k)2(w — €4 — €4+ eu(k:)))/<t2((—2 + N? + Nf)U + 2(w —
ca—€d) — (W—€—€)([U—w+eu+e)(U—w+2eq) + (262 —U* +
4Uw — 3w? — 3Ue, + 4we, — €2 — 5Ueq + 8weg — beqeq — 563) ey (k) +

(2U — 3w + 264 + dea)er, (k) — € i(/g)?’)
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Tia06 = — (2 (=1 + fuy (k) ti(k)* (w — €a — €4 + Eu(k)))/(tz(@ - N{ = N)U —
2w — €, —€q)) + (W — €, — €2)(U —w + €, + €2)(U — w + 2¢4) +
(— 2t2 + U? — 4Uw + 3w? + 3Ue, —4w6a+€2—|—5U€d—8w6d+6€a€d+

52) e (k) — (2U — 3w + 264 + dea)ey (k) + € i(/f)?’)

Tis0r = (*(— N[ + fu(k))tl(k:)?)/( —((—2+ N} + NY)U +2(w — €, — €q)) +
(Ww—ea—€e)(U—w+eu+e)(U—w+2e)+ (-2 +U? —
4Uw + 3w? 4 3Ue, — dwe, + €2 + 5Ueq — Sweg + 6eqeq + 563)%(/5) —

(2U — 3w + 2€, + deq)er, (k)2 + € ¢(k)3)

F1208 = —(tl(k‘)Q(U —w + €q —|— €4 — Eu(k?))(w — €4 — €4 —|— Eli(]{f)))/<t2((2 —
N = NIU = 2(w — €4 — €4)) + (0 — €4 — €2) (U — w + €, + €4) (U —
w + 2€q) + (— 262 + U? — 4Uw + 3w’ + 3U¢, — dwe, + €, + 5U¢€q —
Swey + b6e,64 + 563) ey (k) —

(2U — 3w + 2¢q + deg)er, (k)2 + € ¢(k:)?))

-1+ N@
F =1t k 2 - k t2 -
126 = Li(k) /(w ey (k) + <w+€a—€d—€l¢(k) "

~1+ N} Ng
w—é€,+eq—e (k) U+w—e +eq—ey(k)

NT
U—w—¢€,+ e+ ey(k)

+
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['igor =

There

ti(k)? 212 B
w — en(/f)/<1 - (U = €a +€a)* — (w —en(k))?

(4(=1 + NO)Y(NE — NOYEUU — 2€q + 2€4)°) /

( (U — w? —2Ue, + €2 + 2Ueq — 26464 + €5 + 2wen (k) — e (k)?)
(w? = (e0 — €0)? = 2wern(k) + e (k)?) (2t2(< 1+ NOU? + w? -
21+ NYU(ea — €4 —ea)?) + —0)?) %

(U% —w® = 2U(eq — €a) + (€0 — €2)*) —

2w (2t2 +U? —2U (e, — €q) + 2 (—w2 + €2 — 2464 + 63)) en(k) +

(202 + U? = 2U (e — €q) + 2 (—3w” + €2 — 26464 + €5) ) e (k)* +

dwen (k) — m(k%)))

are more self-energies in Eq.(8.36, 8.37), they can be obtained by

replacing the ¢, with €., in their corresponding counterparts. For instance, I's

is obtained from I'y by replacing €, with €,,; ['¢ is obtained from I'y; I'; from

['3; oy from Lao; T'os from 15 Tog from 295 T'i7s from T'gp5; I'1186 from I'yyg1;

P1187 from Fllgg; Pllgg from Fllgg; and ﬁnally Fllgg from F1184. This way, all the

quantities in Eqs.(8.32, 8.33, 8.34, 8.35) can be obtained.

8.3 Appendix C: Solution of G=

In the main text we have used the formula G< = G"™X<G* and this ansatz[51]

for calculating ¥<

)

£< =
X — 25

(G = (G")] (8.42)
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to obtain the occupation number as Eq.(3.22). This ansatz was obtained by
assuming ¥ <~ has the form ¥< = 3§ A and ¥~ = 37 A, and A is determined
by the condition

Y -¥YT =3 -3

This ansatz has the advantage of preserving the conservation of current[51].
To have a clearer picture of this ansatz, let’s consider an energy-dependent

Green’s function in Hartree’s approximation:

1
w—H—Yr(w)’

G (w) =

In this way, Eq.(3.23) [or Eq.(8.42)] can be further written as the average of the

G<’s obtained at each of the leads’ chemical potential,

:—szz w— ;)G (w ZleK

where ¢ enumerates the leads, p; is the chemical potential of lead-i, f is the Fermi
distribution function and the normalized weight w; is from each lead’s linewidth
function I';. This expression suggests that the ansatz works best for not too large
bias potential (where p;’s are not too far from each other) or smooth spectrum
(where G"(w) doesn’t change rapidly with respect to w). Therefore, caution
should be taken when applying the current version of SymGF for situations
of large bias or spiky DOS spectrum|[87]. For wide range of practical systems
where the leads are made of good metals and the central device region is well

coupled to the leads, the ansatz can be applied.
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8.4 Appendix D: Self-Energies of the Leads

When we solve for the Green’s function of QD-1 in Fig.3.3, the influences from
the leads are represented by a self-energy function, thus eliminating the de-
grees of freedom from the leads. SymGF always assumes that the leads have a
continuous spectrum, therefore the summation over the lead’s quantum num-
bers becomes integration. During the solution of the desired Green’s functions,
SymGF automatically recognizes the self-energies contributed from the leads
and other parts of the device system. In this appendix we discuss how SymGF
calculates the self-energies of the leads. To make the discussion more general,
we do not adopt the wide-band limit (WBL) approximation here.

The simplest self-energies are in the following form:

takt),
Eja(aﬁ = EE: ;;i:—gﬁg, (8.43)

where summation over k should be understood as integration and w as w +¢0%.

By applying Plemelj formula[50], Eq.(8.43) becomes:

taktz - *
Salw) =P w——ekk — i 0w — €ar)tartig (8.44)
k @ k

where P denotes principal value. The first term of Eq.(8.44) is a real number
and represents an energy shift. If we adopt WBL, the real principal value is
strictly zero and in SymGF this real number is abandoned. The second term is
purely imaginary. It represents the transition rate of the electrons to and from
the leads, and therefore affects transport properties. SymGF only keeps this

imaginary part for the self-energies. In this way, the infinite degrees of freedom
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of the leads (denoted by the subscript k) is reduced to a function of w that
has the same sub-Hilbert space dimension of the Green’s function of the QD-1
(which is one for single level).

One of the more complicated self-energies looks like:

Z (f(eLk) — N§) B1(k)

(2—N&—N*UX4o (k)
kW — U — €q —€qt €k — 222<k) + el—edl—ELk :

(8.45)

where f is the Fermi distribution function and 3 (k) and ¥5(k) are:

Ng|
—
—~
-
~—

i

1
— Y (k) t ot

t2
T w—U—2€+ e

It represents the self-energy from the left lead to the QD-1 that has already
been affected by the self-energy from the dangling dot QD-2. To carry out
the integration, we have to choose a contour so that the poles of e, which
are infinitesimally close to the real axis (offset by i0") be surrounded by a
semi-circle in the half plane that doesn’t contain the poles. This self-energy
Eq.(8.45) has three poles. If we have just one such pole, then we end up with
the Plemelj formula. After applying the residue theorem, the integrand becomes
the product of a Dirac delta function and another part, so that this self-energy
is still a function of energy w. If we further go to even higher orders in the
equation of motion iteration, this “self-energy to self-energy” loop will go on.
But eventually, all the degrees of freedom of the leads (and of QD-2 as well) are
eliminated. Some of this more complicated self-energies are energy-dependent

even when we adopt the WBL approximation.
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8.5 Appendix E: Superconducting Leads

In recent years, quantum transport in devices having one or more supercon-
ducting leads has received tremendous attention[88, 89, 90, 91, 92, 93]. It is not
difficult to extend the SymGF method to these systems.

So far in this thesis, the Hamiltonian for a non-interacting normal lead is

given as:
H = Zekaclgcka (8.46)
ko
where o is the spin index. For a superconductor lead, its Hamiltonian is[94, 95,
96]:
H = Z ekclacka + Z [ACJLMCITQ + A*ckic_m] (8.47)
ko k

where the extra parameter A represents the energy gap of the superconductor.

To investigate transport properties of systems with superconducting leads
described by Eq.(8.47), we can proceed with the same equation of motion
method implemented in SymGF'; there is no essential difference between the
treatment of normal leads and superconducting leads as far as the mathemati-

cal procedure is concerned.
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