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Abstract

In the last years, the seeking for Majorana quasiparticles has been one of the hottest topics in condensed
matter physics, owing to its potential application for achieving fault-tolerant quantum computing pro-
cesses. Such exotic quasiparticles emerge as bound states at the ends of one-dimensional (1D) spinless
p-wave superconductors within topologically protected phases. An indicative of this so-called Majorana
bound states (MBSs) in these 1D systems is given by the emergence of a robust zero-bias conductance
peak (ZBCP) in tunneling spectroscopy measurements. However, other physical phenomena can give
rise to such a peak, as Kondo effect, disorder and Andreev bound states (ABSs), for instance. Concern-
ing this later, such states can stick at zero energy even when parameters as magnetic field or chemical
potential are changed, thus perfectly mimicking the MBSs hallmark. Hence, distinguishing between
trivial ABSs and topologically protected MBSs is one of the current key issues in the filed of Majorana
detection. Aiming to enlarge the discussion concerning the MBS-ABS distinction, in this thesis we study
the electronic transport features of a hybrid device composed by a quantum dot coupled to a topological
superconducting nanowire hosting MBSs at the ends, wherein the so-called degree of Majorana nonlo-
cality is taken into account. In this scenario [Phys. Rev. B 98, 075142 (2018)], we analyze the role
of the Fano interference phenomenon in the well-known Majorana oscillations, showing that both shape
and amplitude of such oscillatory patterns depend on the bias voltage, degree of MBSs nonlocality, and
Fano parameter of the system. We also demonstrate that the spin-resolved density of states of the dot
responsible for the zero-bias conductance peak strongly depends on the separation between the MBSs
and their relative couplings with the dot [Phys. Rev. B 99, 155159 (2019)], suggesting that spin-resolved
spectroscopy can be used as a tool for discriminating between ABSs and MBSs. It is worth noticing
that in both works we recover experimental profiles, at least qualitatively. Moreover, along the current
thesis we propose a quantum bit storing/reading mechanism [Phys. Rev. B 93, 165116 (2016)] and a
thermoelectrical hybrid device [Sci. Reports, 8, 2790 (2018)], both based on MBSs properties.

Keywords: Majorana bound states, topological superconducting nanowires, quantum dot, hybrid sys-

tems, Majorana nonlocality, zero-bias conductance peak.
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Resumo

Nos ultimos anos, a busca pelas denominadas quasiparticulas de Majorana tem sido um dos tépicos
que mais tem atraido aten¢@o na drea de Fisica da Matéria Condensada. Esse fato deve-se a sua po-
tencial aplicagdo em processos de computagcdo quantica imunes a fenomenos de decoeréncia e portanto,
tolerante a falhas. Tais quasiparticulas emergem como estados ligados, localizados nas bordas de super-
condutores spinless unidimensionais do tipo p-wave, quando esses encontram-se em uma fase topologi-
camente protegida. Nesses tipos de sistemas, em aparatos experimentais que envolvem espectroscopia de
tunelamento eletrdnico, o surgimento de um pico na conduténcia, localizado na voltagem zero e robusto
perante variagdo de pardmetros do sistema, € um indicativo da presenca dos chamados estados ligados
de Majorana. No entanto, outros fendmenos fisicos, tais como efeito Kondo, desordem e estados liga-
dos de Andreev, por exemplo, podem dar origem a tal pico. No que diz respeito aos estados ligados de
Andreev, os mesmos podem permanecer na voltagem zero com certa robustez a variacdo de campo mag-
nético e potencial quimico, emulando perfeitamente a assinatura dos estados de Majorana. Sendo assim,
distinguir experimentalmente os estados de Andreev triviais dos estados de Majorana topologicamente
protegidos é uma das questdes fundamentais relacionadas a detec¢do de quasiparticulas de Majorana a
serem sanadas. Levando em conta tal cendrio, na presente tese analisaram-se teoricamente as caracteris-
ticas de transporte eletronico de um sistema hibrido, composto por um ponto quantico acoplado a um
nanofio supercondutor topolégico com estados ligados de Majorana localizados em suas bordas, em que
o denominado grau de ndo-localidade de Majorana foi levado em considera¢do. Em uma primeira abor-
dagem [Phys. Rev. B 98, 075142 (2018)], estudou-se qual o papel da interferéncia Fano nas chamadas
oscilacdes de Majorana, onde pode-se constatar que a forma e a amplitude de tais oscilagdes sdo mod-
uladas por alguns fatores, tais como a voltagem aplicada no ponto quantico, o grau de ndo-localidade
de Majorana e o parametro de Fano em questdo. No mesmo tipo de sistema [Phys. Rev. B 99, 155159
(2019)], demostrou-se também que o tipo de spin da densidade de estados no ponto quantico responsdvel
pelo pico em voltagem zero (assinatura Majorana) depende fortemente da separacio entre os dois estados
de Majorana nas bordas do fio, bem como dos acoplamentos entre o nanofio e o ponto quantico. Essa
dependéncia sugere que medidas de transporte eletrénico com resolucio de spin podem ser utilizadas
para identificar qual o mecanismo responsavel pelo surgimento do pico em voltagem zero. Vale a pena
ressaltar que, em ambos os trabalhos, perfis experimentais conhecidos foram qualitativamente obtidos
em nossas simulagdes. Ademais, ao longo da presente tese foi proposto um mecanismo de armazena-
mento e leitura de bit quantico [Phys. Rev. B 93, 165116 (2016)], além de um dispositivo termoelétrico
hibrido [Sci. Reports, 8, 2790 (2018)], ambos baseados nas propriedades exéticas dos estados ligados de

Majorana.

Palavras-chave: estados ligados de Majorana, nanofios supercondutores topolégicos, ponto quantico,

sistemas hibridos, ndo-localidade de Majorana, pico de condutancia em voltagem zero.
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Chapter 1

Introduction

There is no doubt at all that the first half of the twentieth century was pivotal for the understanding of
the quantum nature of matter. In this period, despite substantial contributions of many genius of Physics,
as the Bohr atomic model in 1911, the Werner Heisenberg and his matrix formulation in 1925 and the
non-relativistic wave equation developed by Erwin Schordinger half a year later, there are two theoretical
breakthroughs proposed by the british physicist Paul Dirac which deserves special attention [1]. The first
one is related to the development of operators acting on the Hilbert space and can be considered the
genesis of quantum field theory. The second [2] concerns to the proposal of an equation which bears
his name: the relativistic version of Schordinger’s equation. Besides the conciliation between quantum
mechanics and special relativity, the Dirac equation allowed the prediction the antimatter, which was
confirmed four years later with the discovery of the positron by Carl Anderson in 1932 [3].

Almost ten years after the Dirac’s prediction of antimat-
ter, the young italian physicist Ettore Majorana' (Fig. 1.1)
solved the Dirac equation in terms of real solutions, allow-
ing the description of particles that are their own antiparti-

cles [4], unlike electrons and positrons. According to Ma-

jorana’s idea, these exotic particles could be neutrinos [2].
Interestingly enough, recent experimental advances in parti-

. _ o N cle physics [6, 7] can reveal that neutrinos indeed are their
Flgure 1.1: Portrait of the italian Physicist Ettore Ma- . . . .
own antiparticles by measuring a process called neutrino-
jorana, who mysteriously disappeared on 25 March 1938 . . .
) ) ) _ less double-beta decay, which would lead to violation of the
while was travelling by ship from Palermo to Naples. His . .
conservation of lepton number, a fundamental law in nature
body was never found and his fate is inconclusive. The oo
S ) ) within the standard model.
last investigations concerning the case pointed out that . . .
For many years, the impact of Majorana’s solution for
Majorana lived in Venezuela between 1955-1959. (Adapted . . . . .
Dirac equation remained obviously restricted to areas be-
from: Wikipedia and Ref. [1])

longing to high energy physics [1, 2]. No one could imagine
that such a proposal would have a huge impact in a completely unexpected field: the condensed mat-
ter physics [8]. Nowadays, the searching for Majoranas in condensed matter systems has caused a true

healthy competition between researchers of such a field and undoubtedly has became one of “trend top-

IQuoting his advisor, Enrico Fermi : “There are several categories of scientists in the world; those of second or third rank do their best but
never get very far. Then there is the first rank, those who make important discoveries, fundamental to scientific progress. But then there are the
geniuses, like Galilei and Newton. Majorana was one of these”. (Source: Wikipedia)
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Chapter 1. Introduction

ics” in physics. The reason behind that comes from the possibility of applications of such Majorana
excitations as building blocks for fault-tolerant quantum computation owing to their exotic non-Abelian
exchange statistics [9] and even giant technology companies as Microsoft, for instance, have been in-
vesting a lot of money and efforts in this seek for Majorana fermions.

Motivated by such a flurry around the searching for Majoranas in condensed matter physics, as well
as by the intrinsic beauty of the theoretical physics in such a field, in this thesis we present our tiny con-
tribution to better understand the electronic transport mechanisms of Majorana fermions in condensed
matter, focusing on hybrid systems constituted by one dimensional p-wave superconducting nanowires
coupled to quantum dots. This understanding allowed us to provide new insights about Majorana detec-
tion protocols and propose new applications for such devices.

Basically, this thesis is a compendium of the main papers published along the PhD period and is

organized as follows:

» Chapter 2: we start with a brief introduction concerning the theoretical framework supporting the
emergence of the so-called Majorana bound states in 1D superconducting nanowires. In this sense,
we review the Kitaev toy model, which is considered the simplest Hamiltonian wherein isolated
Majorana zero-modes appears at the nanowire ends when the system enters into the topological
phase. Next, we explore the well-established features of quasi-1D Rashba nanowires in presence
of magnetic field and proximity effect, which have been considered the most promising platforms
to perform Majorana excitations. Lastly, we discuss the main tunneling spectroscopy conductance

experiments for Majorana detection in these quasi-1D hybrid devices.

Chapter 3: we present the theoretical tool used in all our papers: the equation of motion (EOM)
technique applied to Anderson-type Hamiltonians. We start which a brief explanation concerning
Green'’s functions followed by the EOM method. We also discuss the single impurity Anderson
Model by calculating the corresponding density of states via EOM within the Huubard-I approxi-
mation. The full version of the calculations related to our works can be seen in Appendices A and
B.

Chapter 4: we show the published article Decay of bound states in the continuum of Majorana
fermions induced by vacuum fluctuations: Proposal of qubit technology [Phys. Rev. B 93, 165116
(2016)], wherein we have proposed a new way to read/storage the qubit information in a setup
composed by two semi-infinite Kitaev nanowires within the topological phase coupled to a quan-
tum dot between metallic reservoirs. It was found that such an exotic read/storage mechanism is
based on the interplay between vacuum fluctuations, Majorana quasiparticle excitations and for-

mation of bound states in the continuum.

Chapter 5: we present the paper Tuning of heat and charge transport by Majorana fermions, [Sci.
Reports, 8§ 2790 (2018)]. In such a work, we have theoretically explored both electric and heat
transport features in a topological U-shaped Kitaev chain coupled to a quantum dot. We have
shown that the topological thermoelectric device works as a tuner electricity and heat owing to the
presence of Majorana bound states in the system. We emphasize that such work was subject of an
article at “Agéncia Fapesp” website and chosen as “Destaque em Fisica” by Sociedade Brasileira
de Fisica (SBF).


https://www.microsoft.com/en-us/quantum/technology
https://link.aps.org/doi/10.1103/PhysRevB.93.165116
https://link.aps.org/doi/10.1103/PhysRevB.93.165116
https://www.nature.com/articles/s41598-018-21180-9
https://www.nature.com/articles/s41598-018-21180-9

Chapter 1. Introduction

* Chapter 6: another article entitled Majorana oscillations modulated by Fano interference and
degree of nonlocality in a topological superconducting nanowire-quantum dot system [Phys. Rev.
B 98, 075142 (2018)] is shown, wherein we have explored a T-shaped hybrid setup, allowing us to
determine the role of Fano interference processes in the so-called Majorana oscillations, discussed

previously in Sec. 2.3.

» Chapter 7: we present our most recent paper Spin-dependent zero-bias peak in a hybrid nanowire-
quantum dot system: Distinguishing isolated Majorana fermions from Andreev bound states [ Phys.
Rev. B 99, 155159 (2019)]. In such a work, we have analysed a hybrid system composed by
a semiconducting nanowire with proximity-induced superconductivity coupled to a quantum dot.
We have shown that spin-resolved measuraments performed at the dot are able to solve one of
the key issues concerning the Majorana detection: distinguish between truly topological Majorana

bound states and the so-called trivial Andreev bound states.

It is worth mentioning that some results of the papers corresponding to chapters 5, 6 and 7 qual-
itatively resembles recent experimental data, once we have taken into account the so-called degree of
Majorana nonlocality. Such a concept is introduced in Sec. 2.4.2 (Fig. 2.9) and also discussed along the

aforementioned papers.


https://link.aps.org/doi/10.1103/PhysRevB.98.075142
https://link.aps.org/doi/10.1103/PhysRevB.98.075142
https://link.aps.org/doi/10.1103/PhysRevB.99.155159
https://link.aps.org/doi/10.1103/PhysRevB.99.155159
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Chapter 2

Majorana Fermions in Condensed Matter
Physcis

2.1 Overview

Distinct from high energy physics, Majorana fermions are not elementary particles in condensed
matter physics, but rather quasiparticle excitations [1-3]. Such Majorana quasiparticles must fulfill the
condition of a particle being equal to its own antiparticle, i.e, an electron equal to its correspondent hole,
which is expressed in the operator language as:

v =1 (2.1)

By following this criteria, superconductors seems to provide a natural environment for the emergence of
such exotic excitations, since quasiparticles in a superconductor involve superpositions of electrons and
holes. It is worth mentioning that the Bogoliubov-de Gennes (BdG) and the Majorana equation share the
same structure [3—6]. However, the usual s-wave superconductivity is not sufficient for the appearance of
Majorana quasiparticles, once it arises due to paired electrons with opposite spins, breaking the condition
of Eq. (2.1). Such a trouble is overcome by considering “spinless” quasiparticles excitations to describe
superconductivity (time reversal symmetry is broken) [1].

The aforementioned spinless feature results in a p-wave superconductivity in one dimension or in
a p; + 1p, superconductivity in two dimensional systems, where Majoranas emerge as edge states in
exotic topological superconducting phases. However, this does not seem to be useful, since p-wave
superconductors are very rare in nature: only the Sr,RuO, [7, 8], v = 5/2 fractional quantum Hall
state [9] and superfluid 3He [10-12] are known to allow such a exotic kind of pairing. The tables turned
in 2008, when Fu and Kane [13] demonstrated in a seminal paper that p-wave pairing can be induced by
an usual s-wave superconductor by the so-called proximity effect in the surface of a three dimensional
topological insulator. Following such a idea, just two years later Lutchyn et al [14] and Oreg et al [15]
independently showed that is possible to engineer a p-wave superconductor in a hybrid one dimensional
system composed by a semiconducting nanowire with strong Rashba spin-orbit interaction (SOI) close
to a s-wave superconductor and under external magnetic field. As will be seen later, such a 1D setup
exhibits a topological phase as the magnetic field exceeds a critical value, wherein Majorana zero-modes

(MZMs) emerge as bound states at the opposite ends of the superconducting nanowire.
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In what follows, we present some theoretical aspects concerning the emergence of MZMs in these 1D
topological superconducting nanowires (TSNWs) . After, we will discuss some experimental realizations

of such a device, which have been evolving since the first claim for Majorana observation in 2012.

2.2 The Kitaev Model

We start by reviewing the toy model proposed by Kitaev in 2001 [16], which is the simplest descrip-
tion of topological superconductivity in 1D spinless systems. Despite its simplicity, the Kitaev model has
profound implications, since MZMs emerge in an extremely intuitive fashion. Basically, Kitaev wrote
a Hamiltonian of a chain with IV spinless fermions with a long-range-ordered p-wave pairing, which
reads [1]

N-1

= —MZC Cj— = Z (tc;.cjﬂ + ACjCj_H + h.C.) , 2.2)

j 1
wherein g is the onsite chemical potential, ¢ is the nearest-neighbor hopping strength and A is the p-wave
pairing amplitude (assumed as real here). The operator c} (¢;) creates (annihilates) an electron in the site

J and obey the standard anticommutation relations for fermions [17]

[Ci’cﬂ—k = 0;; and [ci,cj]+ = {c;r,c;[.L_ =0, (2.3)

where 0;; is the Kronecker delta.

To understand how the non-trivial properties emerge in such a model, its instructive to rewrite the
fermionic operators of the Kitaev Hamiltonian [Eq. (2.2)] in terms of two Majorana operators 7 4; and
vB; as follows:

1 1
¢j = 5 (v +vya5) and ¢; = S (ypj — v75)- 2.4)
This means that an usual fermionic operator can be decomposed into real and imaginary parts, cor-
responding to Majorana fermions. In this sense, the Majorana can be interpreted as a “half-regular
fermion”. By using the standard anticommutators of Eq. (2.3), it is easy to verify that the Majorana

operators obey the following algebra [1]

NaisV8ily = 20ap0i5, 725 = (1) =1 and ~a; =7 (2.5)
The last relation above ensures the Majorana condition of particle being equal to its own antiparticle
[Eqg. (2.1)]. Using Eq. (2.4), the Hamiltonian [Eq. (2.2)] reads

N-1
)

N
1
=3 Z (L +0vB745) = DA+ ) ypjrajer + (A = ) yagvpj+] - (2.6)

Let us now analyze two limiting cases of the Kitaev proposal [16]. The first one corresponds to

t = A = 0, wherein the second term of Eq. (2.6) vanishes, i.e,

I\D\t

N
Z 1+ vyBjva;) 2.7)
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(a)
(b)

Figure 2.1: Sketch of the Kitaev chain in both (a) trivial and (b) topological phases. (a) In the trivial phase [Eq. (2.7)]

Majorana operators of the same site are coupled to form a regular fermion. (b) In the topological regime [Eq. (2.8)], only

Majoranas of adjacent sites are coupled, leading to unpaired Majoranas at the end of the chain, which are completely absent of

the Hamiltonian. Adapted from [1]

which describes the trivial case, wherein two Majorana operators from same lattice site are coupled to
form a regular fermion [Fig. 2.1(a)]. Moreover, there is an energy cost of p to introduce a spinless
fermion in the lattice. The second limiting situation arises when ¢ = 0 and A = ¢ # 0, described by the

following Hamiltonian:

N-1

t
H=— YBjYAj+1 = =15 (VB17A2 + YB2YA3 + YB3YA4 + - .. + YBN-1VAN) » (2.8)

-
2 ~ 2
which represents the so-called topological phase, wherein only the Majorana fermions of adjacent lattice
sites are coupled [Fig. 2.1(b)]. The most important feature concerning this phase comes from the fact
that the Majorana operators v41 and yp at the end of the lattice are explicitly absent of the Hamiltonian
[Eq. (2.8)] and consequently, [H,va1] = [H,vsn] = 0 [3]. To enlighten the significance of such a

nontrivial property, let us rewrite Eq. (2.8) by introducing the following new fermionic operator [1, 3]:
1 1
dj = 5 (vaj1 +oyps) and dj = 5 (Yaj41 — 17B;)- (2.9)

In this new basis, the Hamiltonian within the topological phase becomes

N—-1
H=t)Y (d}dj - %) : (2.10)

This form seems to be very usual, since it diagonalizes the superconducting Hamiltonian, wherein an
energy t = A must be payed to add a d; fermion at the lattice site. However, distinct from its original
proposal [Eq. (2.2)], such a diagonal form contains only N — 1 new operators, which means that a
fermionic degree of freedom is out of the Hamiltonian [Eq. (2.10)]. Remarkably, this missing operator
is formed by the unpaired Majorana bound sates (MBSs) situated at opposite ends of the Kitaev chain
[Fig. 2.1(b)], i.e,

1
f= 5(%&1 +1YBN). (2.11)



Chapter 2. Majorana Fermions in Condensed Matter Physcis

Although it seems just another ordinary Dirac operator, f(f') shares some nontrivial features. First,
it has a highly non-local nature, since the MBSs are located far apart from each other. Second, such
fermionic operator is not in the Hamiltonian of Eq. (2.10) and therefore costs zero energy to be added or
removed in the topological chain. In other words, a pair of delocalized Majoranas can be created without

changing the energy of the ground state of the Eq. (2.8).

Bulk properties

In order to investigate the bulk properties of the Kitaev model and establish a relation with the BdG
Hamiltonian for superconductors, let us analyze the system in the k-momentum space within periodic
boundary conditions [1-3]. We start by rewriting the site space operators from original Hamiltonian

[Eq. (2.2)] in the momentum space considering a Fourier series as follows [17, 18]:

¢ = \/» Z e "¢, and c; f Z etk ot Cpes (2.12)

wherein x; = ja, with the lattice parameter a. According to such a definition,

N N
1 1
Sy = 3 et S = 3 e,
Jj=1 Jj=1 k q j=1 kq
ARy}
= c,th Z Ne’(qu)‘rf = Z c,t,cqékq = Z c};ck7 (2.13)
kq j=1 kq k
where we recognize the discrete Kronecker delta definition
N .
1 0, if k
Opg =Y _ e hm0% = 74 (2.14)
j=1 N 1, if k= q
In the same way,
N-1 N1y 1 N-1
T _ kxj f —9Ti41 . = 1k —gq(xj+a) T
cic = e ic e Mitle, = et e iTe ¢
R D MG =D : PIEDS a
Jj=1 j=1 N5 VN q j=1 N k q
N-1
_ Zefzqacch Z Nez(qu)x] Ze q cch(gkq
kq Jj=1 kq
= Y Mo 2.15)
k
and
]H Z e’k“c};ck, (2.16)

with 241 = (j + 1)a = z; + a. Moreover,
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N-1 N-1
1
k —u(k
ERA Zﬁz e \ﬁZB e _Z Ze ey e e
j=1 j=1 k Jj=1 k
N1y
_ Z Ze_m%cq Z Ne—l(k-l-q)mj — Ze—zq%kcqék’_q
kq k j=1 kq
= Z ey = Ze_”mc_kck 2.17)
k k
and
N-1
o ka b T
Cip1Cj = Ze CLCp- (2.18)
j=1 k

Thus, the Hamiltonian in the momentum space reads

A
H o= Y aca—5 Y (e pa+ et ), (2.19)
k k
with the kinetic energy €, = —u — tcos(ka). Since our goal is to write such a Hamiltonian in a BdG

fashion [1, 5, 6], we make use of the following tricks:

1
Z EkCLCk = == Z ekchk + ekczck)
k
1 i
= 3 Z [ekckck + (1 — ckck)]
1
= 5 Z EkaCk — €_C_ kCT k + = Zek, (2.20)
k
1
Zeﬂkac_kck — 52(67“‘“‘6_% I efzkac_kck)
k k
1
= 3 Z(e”k“c,kck — e*’kackc,k)
k
1
_ 5 Z(e—zkacikck - e“wc,kck)
k
1
_ 5 Z(e—zka - ezka)c_kck
k
= = usin(ka)c_pc (2.21)
k
and
’kachT p = Zzsm (ka) ckc - (2.22)
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Now, the Hamiltonian is written as

1 . 1
H = 5 Z [GkCLCk — e,kc,ch_k + AkchT_k + Akc,kck} + 3 Z €k- (2.23)
k k
wherein A, = —1Asin(ka) is the Fourier-transformed superconducting pairing energy [1]. In an equiv-

alent matrix representation (omitting the constant),

1 € A¥ c
_ T k k k
H = 3 Ek (ck c_k)< ) _E_k> (J k) (2.24)

In superconducting systems, is natural to define the Nambu spinors [17]

vl =(ch cx) (225)
and finally
1
H=g Ekj UL Hpacx, (226)
with
A*
Hpac = (6’“ k ) (2.27)
Ak —€_k

as being the BAG Hamiltonian, with the paring energy Ay odd in &, indicating the p-wave superconduct-
ing nature.

Aiming to analyze the bulk properties, we calculate the energy spectrum of Hp,a as follows:

|Hpaq — E(k)I| =0, (2.28)

wherein I is a 2x2 identity matrix and F/(k) are the eigenstates associated to the corresponding BdG
Hamiltonian. Thus [1],

E(k)+ = £\/e + |Ag|> = i\/(u + tcos(ka))? + A2 sin?(ka). (2.29)
Figure 2.2 shows the bulk energy dispersion F (k) [Eq. (2.29)] of the Kitaev model for distinct phys-

ical situations, with the lattice parameter a = 1. Panel (a) reveals that a finite p-wave pairing opens
a gap of 2A at k = +7 (orange curves) for |u| < t (u = 0). Moreover, E(k) is gapped (indepen-
dent of Ay), when |u| > t, as can be seen in panels (b) and (c) of the same figure. The former case
describes the weak pairing situation, while the latter is called strong pairing regime. Also according
to Eq. (2.29), the system will be gapless as the both elements of the square root vanishes simultane-
ously [3]. In this sense, |Ax| = Asin(ka) = 0 for &k = 0, £7 and the kinetic energy normal dispersion
€x. = —p — tcos(ka) is zero when k coincides with the Fermi momentum kp [ex(kp) = 0], which is
fulfilled for —p — tcos(ka) = 0. Thus, the gap closes for kp = 0, £7, which happens for p = —t
[Fig. 2.2(d)] and i = t [Fig. 2.2(e)], respectively.

10
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Figure 2.2: Bulk energy dispersion E(k) of the BAG Hamiltonian [Eq. (2.27)] for several values of chemical potential .
In panel (a), the green dashed curve depicts the case of A = 0, while the opposite situation is described by the orange curve,
wherein a gap opens at k = &7 (orange curves). Panels (b) and (c) corresponds to the trivial regime of gapped energy spectrum.
The phase boundaries at ;1 = £t are shown in panels (d) e (e), in which the gap closes at & = 0 and £, respectively.

It should be emphasized that the transition between weak [|u| < t, Fig. 2.2(a)] and strong [|u| > ¢,
Fig. 2.2(b)-(c)] pairing regimes necessarily involves the closing of the bulk gap at 1 = =£t. It is precisely
such a phase transition in which the gap closes that gives to the system its topological feature, wherein
unpaired MBSs emerge as zero modes in the weak regime [1, 3]. As will be seen in next section, such
a bulk gap closure behavior can be indeed verified in quasi-1D semiconducting nanowires with strong

Rashba SO, close to a s-wave superconductor and under external magnetic field.

2.3 MZMs in quasi-one dimensional Rashba nanowires

As aforementioned in the beginning of the current chapter, in 2010 Lutchyn et al [14] and Oreg et
al [15] demonstrated the possibility of engineering exotic p-wave pairing through proximity effect in
quasi-1D semiconductors with strong SOI, as InAs and InSb, for instance. Such a theoretical prediction
paved the way for experimental achievements of topological superconductivity with MZMs features.

In order to understand better the manifestation of p-wave superconductivity in these devices, let us
start by considering a quasi-1D nanowire with SOI and Zeeman splitting in absence of the proximitized

s-wave superconductor, which is described by the following Hamiltonian [1, 3]

H= / da ¥ (z)HoW (), (2.30)
with
Py
U = , 2.31)
(@) (0

11
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and
HO = szn + HRashba + HZeemanv (232)
wherein
2
Hpin = 279” — 1 (2.33)
m
describes the kinetic energy of an electron of effective mass m, with p,, = —1h0,, as being the momentum

operator and pu the chemical potential,

(6%
HRashba = _gaypz (2.34)

and

Hzeeman = Ez04 (2.35)

stands for Rashba SOI interaction of strength o along the y—axis and Zeeman energy splitting E; =
gupB/2, respectively, wherein g is the nanowire’s g-factor, pp is the Bohr magneton and B is the

applied magnetic field along the z-axis'

. Moreover, o, and o, are the Pauli matrices along x and y
directions, respectively”. Later on, we will see the importance of the perpendicularity between Rashba
and Zeeman fields.

According to the Schrodinger equation, HyW = EWV and thus one can found the eigenvalues E of
Hj with the correspondent eigenvectors W. In order to solving such a equation, let us suppose that the
eigenvectors in k-space are two dimensional spinors given in terms of plane waves, i.e, ¥y (1) =¢e’*" =

(c1, cz)Te“”, wherein 7 is the radius of the quasi-1D nanowire [18]. First, let us find the eigenvalues:

0
pum— 2-36
O ew

Ey(k) =ep £/ (ak)? + E2, (2.37)

e — F wk + Ez

\Hy— EIl = 0=
*ZO&/{:+EZ Ek — E

resulting in

. 21.2 . . . .
with g, = % — u. By using such eigenvalues, we can now find the eigenvectors according to the

eigenvalue equation, which reads

B _ €k —Ei(/{?) wk + Eyz e\
[Ho — Ex (k)1 W(r) = 0 = (_mk i Ei(k)) <02> 0, (2.38)

giving rise to the following coupled equations:

(5k — Ei(k)) c1 + (Zak: + Ez) co =0,
(—wak 4+ Ez)c1 + (e, — Ex(k)) ca = 0.

(2.39)

'For InSb, the typical values are m = 0.015m, and o = 20meV - nm [20].

2y (0 1y (0 =i\ (1 0
=\t 0) i 0)7" 0 —1)°

12
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Now, let us write ¢; in terms of ¢o°:

(wak + Ez)
Cl=—7—F 7€ (2.40)
P e (k)
and consequently
1 ) _ (1ak+Egz) .
\I/k(r) — (c ) ezkr = \I’k,:l:(T) = ¢y ( (sk—lEi(k))> ezkr. (2.41)
2
Moreover, e, — E1 (k) = F4/(ak)? + E%. Thus,
(rak+Ez)
Uy (r) = ca (k)2 +E7 | ikr, (2.42)
1

According to the normalization condition |¥, 4 (r)|> = 1 one can find c; as follows:

okt By)
W 2 _ g N :*<im7 1) —ikr V@RP+EZ | gikr — 1
(W, ()| RN Wa(r) =& (F e 1)e e e
1
lea] = —. (2.43)

V2

Finally, the eigenvectors normalized by the finite length of the nanowire L, are given by

1 : 1 +
Ui +(r) = ﬁ¢k,ielkr7 Pp+ = 7 ( fk) ; (2.44)

(ZOLkJ+Ez)

Figure 2.3 illustrates the energy dispersion E (k) [Eq. (2.38)] of the Rashba nanowire with Zeeman

with v, =

splitting for distinct situations. Panel (a) shows the simplest free electron case (« = Ez = 0) de-
scribed by two spin-degenerated parabolas shifted down by finite ;.. The Rashba SOI breaks such a spin-
degeneracy along the k-axis by shifting the spin up and down parabolas by an amount of kso; = ma/h?
and Eso; = ma?/2h? in the energy axis, as shown in Fig. 2.3(b). Each spin species is aligned along the
y-axis, following the quantization direction defined the the Rashba coupling, i.e, o,,. Hence, for £z = 0,
the energy dispersion exhibits opposite spin directions associated to opposite momenta for a given value
of chemical potential and thus, only singlet states are allowed to form when a s-wave superconductor is
taken into account. An external magnetic field applied perpendicularly to Rashba intrinsic field fix this
issue [Fig. 2.3(c)]: for E; # 0 there is an opening gap of 2F, which removes the spin-degeneracy at
k = 0. Moreover, when g is within such a gap, the spin projection is now a mix of both spin up and
down directions due to the competition of Rashba (o) and Zeeman fields (o), yielding a canting angle
dependent of k and thus characterizing a helical spin state. It is precisely this behaviour that allows p-
wave pairing in the nanowire when placed next to s-wave superconductor, since the induced triplet states

are favoured due to the Zeeman energy splitting along o .

3if we had considered the inverse, the result wouldn’t change.

13
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Figure 2.3: Energy spectrum of the quasi-1D Rashba nanowire in absence of superconducting proximity effect, given by
Eq. (A.42). (a): two spin-degenerated parabolas describing the free electron case with finite chemical potential u. (b): the
Rashba SOI breaks the spin-degeneracy along the k-axis. Each parabola carries one spin projection (red arrows). (c): The
Zeeman splitting due to a magnetic field applied perpendicularly to the Rashba field removes the spin degeneracy at £ = 0 and

opens a gap of size 2F'z. The spin projection is locked to k for p within the energy gap, defining a helical state.

s-wave superconductor

Figure 2.4: Basic scheme to induce p-wave superconductivity in the 1D semiconducting nanowire, described by the Hamil-

tonian of Eq (AS 1 ) Adapted from [1].

Aiming to analyze the energy spectrum of the nanowire when the proximity effect is taken into

account, let us consider the following Hamiltonian [1, 18]

H,e = / da (mp},kz@_k + NW%%&) , (2.45)

describing the standard s-wave pairing of electrons with opposite spin and momenta within the Bardeen-
Cooper-Schrieffer (BCS) theory, with pairing potential A. The Hamiltonian representing the full system
(see Figure 2.4) now reads

H = Hy + Hy, (2.46)

with Hy given by Eq. (2.32). Since the Hamiltonian describes a superconducting system, is convenient
to write it in a BAG form using the Nambu representation as follows [see Eqs. (2.24)-(2.27)]:

H= % / 0 (k) H U (), 2.47)

14
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with
V1 k
U (k) ‘i““ (2.48)
1%_;@
%,_k
and
P2 a
Hpya = <2;L — u) T, Qo9 — E(Tz ® 0y)pz + B (1, ® 03) + A1y @ 0y), (2.49)

wherein the 7; and o; are the Pauli matrices acting on the electron-hole and spin subspaces, respectively.

In the equivalent matrix form,

€k (1ak + Ez) 0 —-A
Hpe = (—wak + Ez) Ek A 0 (2.50)
0 A —&k (—wak + Ez)
—A 0 (rak + Ez) —&k

Again, by solving the Schordinger equation HpzoV = E'WV and its corresponding eigenvalue equation,
one can find the following energy dispersion relation [3]:

EL(K) = &} + (ak)? + B} + A2 £ 2,/ (BzA)? + (B} + a2k?). 2.51)

In Figure 2.5 we explore the role of the proximity effect in the energy spectrum of the Rashba
nanowire, given by Eq. (2.51). The free electron case is depicted in panel (a), wherein the inverted
parabola describes the kinetic energy of a hole which emerges in the spectrum owing to the Nambu
description [Eq. (2.48)]. As we have seen in previous situation [Fig. 2.3(b)], the finite Rashba SOI split
such parabolas along the k-axis, with a crossing point only at & = 0 [panel (b)]. Such a feature is
removed by the finite Zeeman splitting, since it opens a gap of 2Ez at k = 0 [panel (c)]. As can be
noticed in panel (d), the role of the induced superconducting pairing is to open a gap at the Fermi points,
indicated by red circles in panel (c).

In what follows, we investigate the competition between the Zeeman splitting £’z and the supercon-
ducting pairing potential A, both the mechanisms responsible for the gap opening process in the Rashba
proximitized nanowire. For this propose, it is appropriate to rewrite the Hamiltonian which describes the

superconducting pairing [Eq. (2.45)] in terms of

Y(k) = ¢—(k)Y— (k) + o+ (k)4 (k), (2.52)

wherein the operators ¢4 (k) annihilates states with momentum £ in the upper/lower bands and ¢+ (k)
are the renormalized wavefunctions given by Eq. (2.44). Such upper/lower functions, in turn, can be

decomposed into two spinor components, i.e,

_ (=R L ) e (B)) 1 [
(k)= <m-<k)> - ﬁ( ! ) 1 6+lk)= (mk)) - 2( I > 239
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(@) a=Ez=A=0 (b) a#0,Ez=A=0

E(k)+
o

(c) a#0,Ez=0,A=0

E(k)+
o

0
k

Figure 2.5: Energy spectrum of proximitized Rashba nanowire for distinct cases. (a): free electron case, wherein the normal
and inverted parabolas represent the kinetic energy of an electron and a hole, respectively. (b): The SOI shifts the parabolas
along k-axis and cross with each other at k¥ = 0. (c): The magnetic field opens a gap of 2FE 7 at k = 0. (d): A gap of 2A is
opened at the Fermi points (red circles) due to the induced pairing by proximity effect.

with v, = \}% Now, we can consider this spinorial representation in Eq. (2.52):

Ur(k) = dr— (k) (k) + b (k)4 (k) = Jsvw [=9— () + ¥4 ()]
Uyk) = G- (k- (k) + by (k)1 (k) = 5 [V—(k) + i ()]
In this helical basis, Eq. (2.45) reads [3]

(2.54)

dk [AE (k AP (k As(k
o= [ |55l o0+ 2580 el -0+ Sl a0 + e
(2.55)
wherein one can see the emergence of
A S R P L S, (2.56)
(ak)? + E% (ak)? + E%

which explicitly describe distinct pairing processes at the nanowire owing to interplay between the the
Zeeman splitting (E7), Rashba SOI («) and proximity effect A. The first one accounts for the pairing
between between states of the same lower/upper (&) band, while the second mix states of distinct bands.
Furthermore, A (k) is odd function of &, thus describing a p-wave paring, while A®(k) is even, which
corresponds to a s-wave superconductivity process.

Moreover, one can verify how the topological superconductivity emerges in the proximitized Rashba
nanowire by analyzing the gap opening process in the energy spectrum given by Eq. (2.51), which comes

from distinct superconducting pairings [Eq. (2.56)] for finite A. In this sense, it can be shown that a
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(a) Ez=0 (b) Ez <Ez

Figure 2.6: Energy spectrum of the proximitized Rashba nanowire for increasing values of Zeeman energy splitting. The
critical value Ez. = 1/pu? + A? points out the topological transition.

topological phase transition occurs for a critical Zeeman energy splitting [1]

Ez. = /1?2 + A2 (topological criterion). (2.57)

Let us label the inner and outer gaps in such spectrum as Aj(lower momentum gap) and Ag (higher
momentum gap), respectively. Panel (a) of Figure 2.6 shows that Ay = Ay = A for £ = 0. However,
as Fz approaches the critical value [panel (b)], the lower momentum gap A; starts to close, followed
by a complete closing at ¥z = Ez. [panel (¢)] and reopening for £z > Ez. [panel (d)], while Aq
keeps finite and approximately constant for all Zeeman energy values. Such a closing and reopening of
A1, also known as gap inversion, is the fingerprint of the topological transition, wherein the nontrivial
superconducting phase (Ez > Ez.) hosts MZMs at the nanowire ends, protected by an effective gap
Acrr =Min(Aq, Ag) [3].

One can make a clear connection between the Rashba nanowire within the topological phase and
the Kitaev p-wave superconducting chain with periodic boundary conditions by considering the regime
of stronger magnetic fields (Ez > ma?, A) [3], wherein the upper band of the energy spectrum is
projected out of the problem. In this situation, the full Hamiltonian in the helical basis reads

dk AP (k
H = / o {«skw(kw_(k) + [Q()W(k)w(—k) + h.c.] } : (2.58)
with & = e —1/(ak)? + EZ and A” (k) = % is the pairing potential with p-wave symmetry

ak)?+E%
(odd function in k). In this scenario, one can rewrite the Hamiltonian in a BAG form as

Hpac = (2.59)

& Ni(k)]
AP (k) e |
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with the following energy spectrum
E(k) = +4/&_ + |AP (k)| (2.60)

H= % / %\If(k:)HBdG\II(k), with (k) = (ﬁ(g)) . 2.61)

Formidably, the energy dispersion given by Eq. (2.60) has the same p-wave superconducting nature of

Thus,

the Kitaev toy model [Eq. (2.29)], ensuring that the Rashba proximitized nanowire in the topological
phase (E7z > E7.) indeed hosts p-wave superconductivity with protected MBSs.
It should be mentioned that the MBSs are not strictly zero-modes in realistic nanowires with finite

length L, once the Majorana wave function [21]
’(/}(.’E) ~ eiﬁeiikl‘ﬂx (2.62)

exponentially decays into the nanowire, wherein kr and £ are the Fermi wave vector and is the super-
conducting coherence length associated to the MBSs, respectively. Thus, the MBSs residing at opposite
ends of the nanowire can hybridize with each other, yielding a fermionic quasiparticle excitation with
energy [22-26]

—2L
hlkpe tm

mén

wherein m is the effective electron’s mass in the nanowire. Such a finite overlap leads to an energy split-

OF ~ cos(kpL), (2.63)

ting of the associated zero modes and its magnitude depends on the ratio L/£;;, whose the Majorana
coherence length &3y ~ 2 (%) lsor [21, 27], with the spin-orbit length lgo; = TZ—Z Therefore, for
finite-length nanowires within the topological phase, the energy spectrum can exhibit an oscillatory pat-
tern around the zero energy as a function of the magnetic field. This phenomenon is known as Majorana

oscillations and we have investigated it in one of our papers, as we shall see in chapter 6.

2.4 Experimental detection of Majorana bound states in semiconducting

proximitized nanowires

Based on the theoretical background of previous sections, we have realized the possibility of achiev-
ing p-wave superconductivity in a quasi-1D semiconducting nanowire by considering the following key
ingredients: strong Rashba SOI coupling, induced superconducting pairing and external magnetic field
perpendicular to the Rashba field. When such components are put together in the right way, a topological
superconducting phase of p-wave nature emerges with MBSs as zero-energy modes at the opposite ends
of the proximitized nanowire.

In present section, we shall see that the “p-wave Majorana recipe” indeed works in the labora-
tory. Although other setups have been proposed to accomplish MBSs, such as superconductor-normal-
superconductor (Joshepson) junctions [28, 29], Coulomb blockade effect in the so-called Majorana is-
lands [30, 31], proximitized edges of 2D topological insulators [32] and atomic magnetic chains [33-37],

we will focus just on quasi-1D semiconducting nanowires of previous section (Sec. 2.3). In these kind of
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systems, the so-called zero-bias anomaly (ZBA) in tunneling spectroscopy measurements is considered
the hallmark which testifies the presence of the MBSs [1-3]. We shall realize, however, that nowadays
the key issue concerning these experiments is to make sure that the Majorana excitations were indeed
accomplished at the nanowire and besides that, how to distinguish them from other subgap excitations,
as trivial Andreev levels [38—44], Kondo effect [45, 46] and disorder [47], for instance.

2.4.1 First generation

The first claim of Majorana observation in semiconducting nanowires with strong Rashba SOI, Zee-
man splitting and induced superconductivity by proximity effect was done by Prof. Kouwenhoven’s
group in 2012 [20]. A scanning electron microscope image of the so-called Delft experiment is shown
in left panel of Figure 2.7: an Indium antimonide (InSb) semiconducting nanowire with strong Rashba
SOI is placed between normal-metallic (N) and superconducting (S) electrodes. While distinct tunnel
barriers (1 to 4 in the figure) vary the nanowire electron density between the N and S leads, an external
magnetic field B is applied parallel to such a wire. As we discussed in previous section, when this a
field exceeds the critical value E7. = \/m, the system experiences a topological phase transition
with emergence of MBSs at the ends of the nanowire. Right panel shows differential conductance curves
for increasing magnetic fields in 10m71" steps. For B = 0 there are two peaks at V' = £250ueV (green
arrows), indicating the formation of a gap due to induced superconductivity in the InSb nanowire owing
to proximity effect to .S electrode. For a range of magnetic fields between 100 and 400mT’, a subgap
ZBA emerges is such conductance profiles, thus suggesting that the MBSs were created in the nanowire.
Other experiments verified similar behaviour [48-51].

Although the promising results of Delft experiment have generated an initial excitement in the sci-
entific community, it was not long before the first objections came to light, since the following relevant
features of the experiment disagreed with theory [14, 15]: (i) the amplitude of the zero-bias peak was of
~ 0.05G, which is much smaller than the theoretical prediction G = Gy = 2¢%/h; (ii) there was no
data showing the gap inversion which characterizes the topological phase transition (see Fig. 2.6 of pre-
vious section); (iii) the spin-orbit length [so; ~ 200nm (o = 0.2eV - /i) generated a relevant Majorana
coherence length ), when compared to the length of the nanowire section close to the superconductor,
leading to overlapped MBSs [see Eq. (2.63)] and hence, an oscillatory pattern around zero energy should
be verified. However, the Majorana oscillations were absence in the experimental data. Both (i) and (i1)
issues can be explained by considering the formation of multiple subbands in the nanowire [23], while
the absence of Majorana oscillations can be understood by taken into account strong Coulomb repulsion
in the system [24].

Another relevant issue in the results of Delft experiment comes from the fact that another physical
phenomena can give rise to the ZBA. Disorder, for instance, can creates subgap states around the zero-
energy, mimicking the signature of the MBSs [52-54]. However, these disorder effects are fragile against
the change of parameters, as the magnetic filed, which discards such a possibility in the experimental data
[Fig. 2.7(right panel)]. Other mechanism that can generates ZBAs is the Kondo effect [45, 46]. Such a
phenomenon becomes more relevant for situations wherein a quantum dot is formed in the nanowire by
depleting gates. In this situation, there is a competition between the superconducting proximity effect
(singlet ground state) and the Coulomb repulsion (doublet ground state) in the quantum dot, which is
controlled by the ratio A /T, with T}, is the Kondo temperature [55]. Thus, for A < Tk a Kondo peak
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didV (2e2h)

-400 -200 0 200 400

Figure 2.7: Left panel: Scanning electron microscope of the hybrid device from Delft experiment [20]. A semiconducting
InSb nanowire is placed between S (niobium titanium nitride-NbTiN) and N (gold) reservoirs and is depleted by the gates
numbered 1 to 4. The green line indicates the tunnel barrier between the contacts. Right panel: Differential conductance
measurements at distinct magnetic fields B. A subgap ZBA emerges for B between 100 and 400m7T’, indicating the presence
of MBSs at the opposite ends of the nanowire. Typical estimated parameters are the induced superconducting gap A =
250ueV, the Rashba coupling o = 0.2eV - A and the Zeeman energy splitting Ez/B ~ 1.5meV/T (g-factor g ~ 50). The

measurements were performed at 7' = 50m K . Source: Ref. [3].

emerges at zero energy. Nevertheless [56], one can distinguish the ZBAs coming from Kondo and MBSs
by analyzing the splitting of the Kondo peak under increasing magnetic field.

Moreover, in hybrid devices of Fig. 2.7 (left), the transport between normal and superconducting
segments is given by Andreev reflection processes [57], which can yields either the so-called Andreev
bound states (ABSs) or Yu-Shiba-Rusinov (YSR) states [58—60]. These states can stick at zero energy
for a wide range of magnetic fields *, thus mimicking exactly the ZBA signature of the MBSs [61].
Distinguish Andreev from Majorana bound sates is nowadays one of the greatest challenges in Majorana

hybrid devices, since they are indistinguishable for local conductance measurements [62].

2.4.2 Second generation

The criticism to the results from Delft boosted relevant improvements in the fabrication of hybrid
setups, such as the epitaxial growth of superconducting cells on the surface of the nanowire [63] or high-
quality semiconductor-superconductor interfaces [64, 65], for instance. These advances have allowed to
obtain cleaner hybrid devices, with very good induced hard gaps and almost perfect Andreev reflection
processes.

The aforementioned experimental progress could be verified in 2016 at Prof. Charles Marcus lab
(Copenhagen) [68], wherein a native quantum dot at the end of the nanowire [66, 67] allowed to obtain
detailed transport features of the Majorana hybrid device [Fig. 2.8(a)]. It was shown, for instance, that the
MBSs can emerge from coalescing ABSs when either a gate voltage (chemical potential) or a Zeeman
field is applied to the nanowire [Fig. 2.8(b)-(c)]. However, such a finding was promptly challenged
by Das Sarma et al [62], who theoretically proved that trivial ABSs can indeed mimic the Majorana
signature, as we have discussed in the section above.

Also at Charles Marcus lab [69], such a native quantum dot structure was recently used as a spec-
troscopy tool to experimentally investigate the so-called degree of Majorana non-locality [70, 71] (Fig-

ure 2.9). According to such a proposal, it is possible to quantify “how non-local” are the MBSs at the

*The range of magnetic fields is of order of the broadening of the ABSs resonances, i.e, 8 ~ I 4.
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== Ti/Au == Ti/AIV
== InAs Al

dildV (e?h)

Figure 2.8: (a) Scanning electron micrograph of the hybrid device from the Copenhagen experiment [68]. The blue part
indicates the epitaxial growth of Al directly performed in two or there facets of the hexagonal semiconducting Indium arsenide
(InAs) nanowire. The Ti/Au and Ti/Au/V are the metal and superconducting leads, respectively. The white brace indicates the
quantum dot region, which spontaneously emerges due to disorder or band-bending. A magnetic field is applied parallel to the
nanowire axis. (b) Differential conductance as a function of both sorce-drain voltage Vsp and magnetic field, wherein the two
initial ABSs merges at B = 0.757 into a stable zero-bias peak, which remains robust up to B = 2T'. (c) Line cut plots from

panel (b), showing the differential conductance for distinct values of B. The measurements were performed at T' = 20mK.

Adapted from Ref. [68]
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Figure 2.9: (a) Scheme of a native quantum dot coupled to «y;, and yg MBSs, with finite hybridization § between then.
The dot couples with both Majoranas end modes due to finite size effects and displacement of the Majorana wave functions by
tunning external magnetic field or chemical potential of the nanowire. Panels (b) and (c) show the expected low-energy spectrum
of the nanowire as a function of the quantum dot gate voltage V,+ for overlapped and well separated MBSs, respectively. For

the hybridized Majoranas (b), the zero-energy state is perturbed by the quantum dot states (anticrossing points). The energies
eM |sindo L t . .
2 = f, with the canting angles 61,

e]f(D) provide the information related to the degree of nonlocality Q* = -
and @ related the spin-texture of left and right MBSs [69, 70], respectively. (d) False color micrograph of the hybrid device,
wherein part the InAs nanowire (green) is partially covered by epitaxial Al (blue). The quantum dot region is indicated by the

dashed circle. (e) Differential conductance at B = 17, in agreement with the prediction of panel (b). Adapted from Ref. [69]

sin L0p
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opposite ends of the superconducting section of the nanowire by analyzing the typical differential con-
ductance profiles showing anticrossings between the quantum dot and MBSs. The information coming
from such a degree of nonlocality can settle the intriguing issue concerning the distinction between trivial
zero-energy Andreev levels and highly nonlocal MBSs. Furthermore, the spin structure of the Majorana

wave functions also can be experimentally accessed.

2.4.3 Outlook

There is no doubt that there was a remarkable progress concerning the Majorana detection since
the original Fu and Kane proposal [13]. The second generation of proximitized Rashba nanowires, for
instance, have shown better signatures of MBSs, as well as how to differentiate between the zero-bias
peak emerging from Majorana excitations and those from other sub-gap mechanisms. Moreover, further
advance was performed in other experimental platforms, as high energy frequency measurements in
Josephson junctions based on quantum spin Hall insulators [72, 73], ferromagnetic atomic chains on
top of superconductors [33-37], STM measurements of vortices in superconductor-topological insulator
heterostructures [74] and graphene-based hybrid systems [75, 76].

All this outstanding progress points out that the recipe works, i.e, the p-wave superconductivity can
be achieved through proximity effect and time reversal symmetry break, allowing to create and measure
Majorana excitations in a variety of platforms. However, there is a long way to achieve the holy grail
of exponentially protected topological qubits based on Majorana physics. The next and more tangible
challenge to be overcome is demonstrating the spacial nonlocality of MBSs and finding better ways to
differentiate the Majorana signatures from other many-body phenomena, as we have discussed along
sec. 2.4. The second and hardest challenge to be shot down is demonstrating the exotic non-Abelian
braiding statistics in Majorana-based devices and how to control such a process for performing quantum
computing operations, which will raise the bar of the research area. As we shall see along the following

chapters, part of our work is basically focused in helping to beat the first challenge.
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Chapter 3
Mathematical formalism

In what follows, we will present the theoretical tools employed in all our works: the equation of mo-
tion (EOM) technique using the Green’s functions formalism at equilibrium [1-3] applied to Anderson-
type Hamiltonians [4]. Such a framework allows us to compute, for instance, the density of electronic
states (DOS) of an impurity adsorbed in a metallic host or, equivalently, the DOS of a quantum dot
between metallic reservoirs. This quantity provides important information concerning the electronic

transport, once the differential conductance through a given impurity/dot within the Landauer-Biittiker

B 262 ofr
Gg= - /dw <_8w> mlpg(w), (3.1

wherein 2¢2 /h is the quantum of conductance, fr is the Fermi-Dirac distribution, I" is known as Ander-

formalism reads [1]

son parameter [4] and
1

ple) == (7 ) G 62)
is the related DOS, with Gde (w) as being the retarded Green’s function of a quantum dot/impurity in the
spectral (energy) domain w. As we shall see later on, such a quantity describes the electron propagation

behaviour through the system in question.

3.1 Green’s function formalism and the equation of motion technique

The Green’s functions formalism are widely employed to solve linear differential equations in many
branches of Physics and Mathematics [5]. In the context of classical physics, for instance, one can use the
Green’s functions as a solution of linear differential equations with Dirac delta inhomogeneous source
and homogeneous boundary conditions. A practical example is the Poisson’s equation VZp = —p/eq [1],
connecting a given charge density distribution p with its electric potential . In quantum mechanics,
the Green’s functions formalism allows to obtain the eigenvalues of a given Hamiltonian with external
potential associated to the Schordinger equation [1]. In this picture, the Green’s functions are also known
as a propagators, since they describe the time evolution of the related wave function from a given time
and position to another time and space points [3].

Despite extensive discussion concerning distinct uses of Green’s functions in many-particle physics,

here we focus on the definition of retarded Green’s functions, which are specifically used for obtaining
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Chapter 3. Mathematical formalism

the DOS [Eq. (3.2)] via EOM technique. Such a kind of function is defined for fermions as' [1]:
GR(I'O't, I',O'/t/) = 720@ - t,)<w}0(rt)v ¢l(r’t’)]+>, (33)

wherein 6(t — t') is the Heaviside function, being non-zero only for ¢ > ¢/, which means that such a
Green’s function provide the information of the system after it has been perturbed. Moreover, |...,...]+

holds the anticommutation relation for fermions belonging to a given Hamiltonian and

([o(rt), vl (x'8)]4) = 27 Tr{e™ P o (xt), 9L (8]}, (3.4)

i.e, it represents the thermal average between the annihilation and creation operators ¥,(...,...) and
@Z)(T,(..., ...) respectively, with Z = Tr{e #H} as being the partition function, wherein 8 = kBLT. By
defining |n) as an eigenstate of the Hamiltonian H with associated energy F),, one can write Eq. (3.3) as

Gl (rot,x'ot') = —ib(t —t') Zz— “BEn (| [1he (rt), 1} (2] £ |n). (3.5)

Here one can explicitly notice the propagating character of such Green’s functions: they compute the
amplitude of a particle at initial point (v, ¢') evolving to the position r and time ¢.

In order to calculate the corresponding DOS associated to a given Hamiltonian H, one should get
the retarded Green’s function in the spectral domain w. One way of achieving this is to employ the EOM
technique, which consists of determining the time evolution of a given Green’s function, followed by a
Fourier transform. As an example, we consider a retarded Green’s function which relates two fermionic

operators ¢; and ¢; belonging to H [1], i.e,
GR(it, jt') = G (t,1") = =0t — ') ([ci(), c}(t’)]+>, (3.6)

wherein the position dependency was omitted for sake of simplicity. Let us derive such a Green’s function

with respect to time ¢:

KGR _(t,t) = —1060(t 1)

Ci5C5

[ei (), eh(t)]+)
[Orei(t), ¢} ()] +)

/

{
{

+ (=)0t =)

= —u8(t = )([es(t), ()]

+ (=)0 — ) ([—ele(t), H], e (t)]4), 3.7
wherein we employed the Heisenberg picture d;c;(t) = —[c;(t), H] to evolve the operator in the time

domain. In the last line of Eq. (3.7), one can see that the Hamiltonian will determine the new set of
Green’s functions, once it depends on the commutator of the operator c¢; with H. Furthermore, Eq. (3.7)

can be written as

QG (t,1) = —8(t =) {[ei(0), (E)4) + (—)GE, gy, (8,1). (3.8)

(w+201)t

In order to apply the Fourier transform, let us now multiply the both sides of Eq. (3.8) by e( and

"We assume /i = 1.
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Chapter 3. Mathematical formalism

integrate over all the temporal domain ¢:

[ G (1) = i [ ) (0.0
b0 [ G ()T, 69)

The left-hand-side of the equation above can be solved by using partial integration
/udv = uv — /Udu, (3.10)

with u = e™* and dv = 8,5G5;Cj (t,t")dt, yielding

/ dtoGE, (1) = GE. (t,1)e™ —w / GR. )el“tdt

E— / GE (¢, dt, (3.11)

with w = w + 207", Thus, Eq. (3.9) is reduced to

—uwo [ Gt = o [ aote =) ett) i) )e
+ (=) /dtG[c Hpe, ()T, (3.12)
By using the definition of Fourier transform GR f dtG (t, t )ei‘*’tdt and the Dirac-delta prop-

erty, the expression above reads

WG, (W) = 0 + Gl . (W), (3.13)
or in the Zubarev notation [3]
w{cisel)) = 855 + (e, H]s ch)). (3.14)

The Egs. (3.13) and (3.14) ensure that the calculation of Gg;cj (w) gives rise to a new Green’s function

ij Hlic; (w), whose the dynamics is determined by the Hamiltonian of the system.
T iV

3.2 The Single Impurity Anderson Model (SIAM)

By a way of example, we will apply the EOM technique in the celebrated model proposed by P.
W. Anderson Z in 1961 [4], which describes the formation of a local magnetic moment of a magnetic
ion embedded in a non-magnetic metallic host (Fig. 3.1). According to the Anderson proposal, only
the external shell of the magnetic ion contributes for the charge transport process, which is typically the

d-shell. Thus, the magnetic impurity is described by the Hamiltonian

Himp = €doNdo + UndTndi, (3.15)

>Was awarded the Nobel Prize in Physics in 1977, “for their fundamental theoretical investigations of the electronic struc-
ture of magnetic and disordered systems.” Source: Nobel Prize website
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Chapter 3. Mathematical formalism

d wherein ng, = dldy is the number operator for d-electrons with spin ¢ and
Vs energy £4,. Moreover, U stands for the correlation strength between electrons

of the impurity with opposite spins. Is exactly such a repulsion which can
lJ...)J))J...A purity pp p y p

gives rise to local magnetic moments for a certain set of model parameters.

Figure 3.1: Sketch of the Furthermore,

model described by Anderson: H host = E 5kCLoCkU (3.16)
an atom with localized magnetic ko

moment is adsorbed in a non-

magnetic metallic host. V stands ~ describes the non-magnetic metallic host, wherein the operators CLU (cko) cre-
for the hybridization strength be-

ates (annihilates) electrons with spin o, wave-vector k and energy €x. The
tween the former and the later.
Coulomb interaction can be neglected in the host Hamiltonian, once the states which form the conduc-
tion band are s-states and therefore, more extended in space [1].

The electrons of the metallic host overlap with those ones occupying the d-state of magnetic impurity,
giving rise to the Hamiltonian

Hyy, =Y V(dhexs +hec), (3.17)
ko

with hybridization amplitude V. Thus, the SIAM is fully modelled as
H = Hpost +Himp+thb- (3.18)

Besides its simplicity, the SIAM has a very complicated full solution due to the interacting term [Eq. (3.15)],
as we shall see. However, it has been employed to describe a variety of strong correlated systems in con-
densed matter.

Now, let us making use of the EOM technique® to obtain the DOS of the ion impurity [Eq. (3.2)].
According to Eq. (3.14):

w{(dos df)) =1+ (([do, H]; df)) (3.19)
with
[d<77 H] = [daa Hhost] + [d07 Hzmp] + [d<77 thb]~ (3.20)
Let us calculate each of these commutators separately, using the following anticommutation relations for
fermions
o, dL]+ = 005, [Cho Chsls = Okgdos (3.21)
dy,ds]y =[d},dl]y =0 and (3.22)
[Chos Cqal+ =[Chys chsls = 0. (3.23)
Starting with
[dy, Hpost] = [d ERCh Cro] =0 (3.24)
oy L1host ) kClsCko )
k

once the operators of the ion impurity and host belong to distinct subspaces. We also must compute

(o Himp] = [do, Y _ £a5dyds + Ungpnay), (3.25)

3The full calculations related to our works are shown in Appendices A and B.
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o, Z5d&d:[7d&] = Z eas (dodl dy — dLdsd,)

g

= > eis(dodlds + dLdyds)

g

= > cisldodlds + So5ds — dydlds)

= 5dad0'a (326)

(o, Ungsnay] = Uldodldsd]d) — didydldyd,)
= U(dydddld, + didsd]d,dy)
= U(dydldrdld, + 0,,d}dyd) — dldrdyd]d,)
= U(dydldrdld, + 0,,d}dyd) + dldydid]d,)
= Ul(dydldyd]d, + 0,,d,d}ds + Orpdrd]d) — dyddyd]d)))
— Udynas, (3.27)

with & as being the opposite of o. Lastly,

(o, Hugp] = [do, > V(dicqs + clzds)]

q,0

= Y V(dodicgs — dlcqsds)
q,0

- Z V(dgclsds — clzdsds)
q,0

= Y V(dod} +dlds)cqs
q,0

- Z V(—dedscl, — dsdgcls)
q,0

= Y Vldo,d}]scqs — Y Vlde, ds)schs

q,0

q,0
= VY e (3.28)
q

Thus,

do, H] = €aods + V'Y cqo + Udonas (3.29)
q

and consequently,

(w = cao){(do; d])) = 14+ V'Y ((ehos db)) + U{(donas; df)).- (3.30)
k

As can be noticed, the running of EOM has generated new Green’s functions, which in principle can be
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found by applying again the same technique. Thus, let us compute ({cg,; d:r7>):

w((cko; db)) = (([cro, H]; b)), (3.31)
with
[cko, H] = excro + Vo, (3.32)
yielding
(w—ex){{croi dl)) = V((dos dl)). (3.33)

Now, let us substitute Eq. (3.33) into Eq. (3.30):

((dos df))

.4t
(0 —ep) T U donas; do))- (3.34)

(w = ca0) ((dos df)) =1+ V2D
k

Since w = w + 207, the sum over k can be separated into correspondent real and imaginary parts (See
Appendix A), which leads to

(w— €4y + 1) {{dy; dl)) =14 U{(dongs; d:r,>>, (3.35)

wherein I' = 7?2 > "k Po is the self-energy contribution from the metallic host and py = 1/2D, with
D as being the characteristic band half-width of the metal. This self-energy term represents the way in
which the impurity “feels” the presence of the host, leading to a renomalization of its energy levels. The
quantity I" also is known as Anderson parameter [4] and are related to the electron exchange rate between

the impurity and the host via Fermi’s golden rule as follows [6]:

T= o (3.36)

with 7 as being the electron lifetime in a given state of the impurity. As we will see later, I provides
the half width at half maximum (HWHM) of the peaks in the DOS related to possible states at the
impurity [6]. Therefore, broader peaks describes states in which the electron lifetime is shorter.

Let us continue to apply the EOM for obtaining ((d,; d} +)). According to Eq. (3.35), the four-operator
Green’s function ((dyngs;d5)) should be computed. Such kind of Green’s function describes a many-
particle interaction owing to the presence of the correlation (U # 0). Using the definition of Eq. (3.14)
again,

w({donas; df)) = ([donas, df)+) + ([donas, H]; dF)), (3.37)

which leads to (see Appendix B)

(=t = U domanidh)) = Gnae) V3l )+ V S ((dhewods: i)
k

— VZ (e _dyd,;dl)), (3.38)
with the occupation average

nan) == (£) [ dfetpmiitas: di), (.39
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As can be seen in Eq. (3.38), the running of the EOM procedure in the four-operator Green’s function
has generated new many-particle Green’s functions. If we apply the EOM in each of them, we will
get new Green’s functions of same type and by running EOM in such functions, we will obtain again
new Green’s functions. In other words, the successive application of the EOM technique in many-
particle Green’s functions leads to an infinite growth of the system of coupled functions and thus, some
approximation method becomes necessary to close the calculations. In this sense, we employ the well-
established Hubbard-I truncation scheme [7], which allows to catch the Coulomb blockade peaks [1], also
known as Hubbard peaks. Like every approximation in Physics, the Hubbard-I also has a disadvantage: it
is unable to pick up the features of Kondo effect [8], once it throws away the Green’s functions containing
spin-flip processes between the host and the magnetic impurity. Hence, the Hubbard-I is valid only for
T > Tk, wherein Tk is the characteristic Kondo temperature. It should be emphasized that a full
description of the Kondo scattering process only can be obtained by the Numerical Renormalization
Group (NRG) method [9, 10], developed by Keneth G. Wilson* in the 1970s.

Now, let us effectively apply the Hubbard-I approximation. The first step consists of transforming
the many-particle Green’s functions <<d:£,ck5da; d:g)} and (<c£5d5d0; dg)) in an average of two operators
multiplied by a single particle Green’s functions and evaluate ({ck,Ng5; dj,>) with the EOM technique.
From Eq. (3.38),

@~ ar — U)({donaz:dh)) = (nas) + VI {cwonas: i) +V 3 (dbewo){(do: d))
k k

— VY (elyds) ((dos db)). (3.40)
K

Since (d! cis) = <clt5d5>, the equation above reads
(w—edo = U)((donasidl)) = (nas) +V Y ((ckonass: dh)). (3.41)
k
Also according to EOM (see Appendix B),

(w — 1) {{ekondaz; d)) = V{{donas; di)) + V{(dhckocuos do))
— Vel dsera: do)). (3.42)

At this point of the process, we apply the second step of the Hubbard-I truncation scheme, by considering
that

((dfekokos do)) = (dhcks)((ckoido)),

((elplotroido)) = (chyda){{ckoi do)) (3.43)
and consequently,

(w — ex){{ckoNds; dj,}) = V{{dyngs; df ). (3.44)

“The Nobel Prize in Physics 1982 was awarded to Wilson “for his theory for critical phenomena in connection with phase
transitions”, related to the NRG technique.
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(b) [ ] host conduction band

[ ] host valence band

'D

(a) PGp()

Energy

-D

Figure 3.2: (a) Schematic DOS of an impurity (dot) adsorbed in a non-magnetic metallic host [Eq. (3.39)] described by
the Anderson Hamiltonian [Eq. (3.18)] for the particle-hole symmetric regime 24, + U = 0. Both the peaks describe the
Coulomb blockade physics acting within the impurity. The broadening of such peaks are given by the self-energy I' owing to
the coupling between the discrete state of the impurity and the continuum which describes the non-magnetic host. (b) if an
electron with a spin up (1) for instance, is added at the level €4, , another electron with opposite spin down ({.) cannot be placed

at the same energy level due to the Coulomb repulsion, thus opening a second electronic channel at €4, + U.

By substituting Eq. (3.44) into Eq. (3.41), we obtain
(W —edo — U +0){(donagz; d)) = (nas) (3.45)

wherein we recognize the definition of Anderson parameter [Eq. (3.34)]. Finally, by substituting Eq. (3.45)
into Eq. (3.35) and performing some algebra, we get the following well-known expression for the Green’s
function describing an impurity embedded in a non-magnetic metallic host within the Hubbard-I approx-

imation [1]:

1 — (ngs) (ndz)
Gh . = 3.46
dorido () wW—¢cgo+1I'  w—c4y — U+’ (3.46)
with the corresponding DOS pf,, ,(w) = —(%)Im[fog; do (W), ie,
1\ (- ()T (1 (14s)T
o (= — . 3.47
plmp(w) <7T> (w — €d0)2 + 2 + ™ (w — Edo — U)2 + 2 ( )

As can be seen in Figure 3.2(a), the first term of Eq. (3.47) gives rise to a lorentizian peak centered at
€40, With its height and width modulated by (1 — (n45))° and T, respectively. Such a peak represents the
DOS related for adding an electron with a given spin o when the impurity (quantum dot) level is empty
[Fig. 3.2(b)]. The second term of Eq. (3.47) describes another lorentizian structure with same width oc T,
but with its amplitude modulated by (n45). This second peak, centered at £4, + U, represents the DOS
for adding an electron with opposite spin ¢ when the impurity (dot) is already occupied [Fig. 3.2(b)].

These two structures in Fig. 3.2(a) are known as Hubbard peaks and describe the physics of Coulomb

5The self-consisted integrals of the occupation averages [Eq. (3.39)] were numerically computed via Python 3.6.9, using
scipy.quad package.
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blockade regime.

The application of the Hubbard-I truncation scheme showed above corresponds to a simplest and
well-known situation related to the original Anderson Hamiltonian. As we shall see in chapter 7, the
presence of other terms in the system Hamiltonian, as those ones which describe electron hopping
processes or superconducting pairing, leads to a more intricate calculations, once more many-particle

Green’s functions arise from these new physical mechanisms.
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Chapter 4

Decay of bound states in the continuum of
Majorana fermions induced by vacuum

fluctuations: Proposal of qubit technology

L. S. Ricco, Y. Marques, F. A. Dessotti, R. S. Machado, M. de Souza, and A. C. Seridonio, Phys. Rev. B
93, 165116. Published April 14, 2016.

4.1 Overview and Remarks

As we have discussed in sec. 1, in recent years, the seeking for Majorana quasiparticles in condensed
matter systems has attracted a huge attention of both theoretical and experimental physicists [2, 13],
owing to its exotic non-Abelian exchange statistics [3], which opens the possibility of building Majorana-
based qubits to realize fault-tolerant topological quantum computing [4—7] operations. In this sense,
quantum apparatus which betake of Majorana quasiparticles(MQPs) properties have been acquired the
status of the next generation of nanodevices and are expected to be responsible for the next technological
breakthrough within the field of quantum information.

By considering this fruitful background, we have proposed theoretically a nanodevice [please, see
Fig.1 of the corresponding paper (sec. 4.2)] constituted by two semi-infinite topological Kitaev wires [4]
coupled to a quantum dot (QD), which is hybridized with metallic leads. Such a setup have allowed us
to reveal an innovative method for reading the information trapped in the Majorana-based qubit. This
new mechanism make use of the so-called bound states in the continuum (BICs) [8§-10] to manipulate
the information through the device. Basically, when the Kitaev wire-dot couplings are asymmetric, the
BICs decay into the energy continuum and thus, the information can be read at the QD-leads part of
the system. Our findings also revealed that such a decay process occurs when the vacuum of the qubit
state fluctuates [11], instead of the usual unbalance mechanism of decaying owing to Fano interference

phenomena [9, 10].

4.1.1 Methodology

In order to obtain the density of states(DOS) of the non-local fermions f composed by MQPs 7,

and 72, localized at the edges of the semi-infinite Kitaev wires, as well as the transmittance through the
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Chapter 4. Decay of bound states in the continuum of Majorana fermions induced by vacuum
fluctuations: Proposal of qubit technology

QD, we have employed the equation-of-motion (EOM) approach (See Chapter 3.1), aiming to find the

suitable retarded Green’s functions in the energy domain w, since
1 T
DOS,, = —;Im( ap(@)); 4.1)

where ngb(w) represents the retarded Green’s function in the energy domain (spectral Green’s func-
tion) for the fermionic operators a and b of the Hamiltonian (Eq.(2) of the published article). We
also introduced 7 = —I'Im(G; ) as the transmittance through the QD, with I" as being the Ander-
son broadening[13]. It’s interesting to note that the poles of spectral Green’s function allow to obtain the
information about the system electronic excitations[14]. The calculations concerning the EOM applied
to the present system Hamiltonian can be found in Appendix A.

Experimentally, the DOS can be accessed by zero-bias conductance measurements, as the Landauer-

Biittiker formula states. More details can be found in the published article below.

37



Bibliography

[1] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).

[2] S.R. Elliott and M. Franz, Rev. Mod. Phys. 87, 137 (2015).

[3] C.Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das Sarma Rev. Mod. Phys. 80, 1083 (2008).
[4] A.Y. Kitaev, Phys. Usp. 44, 131 (2001).

[5] K. Flensberg, Phys. Rev. Lett. 106, 090503 (2012).

[6] M. Leijnse and K. Flensberg, Phys. Rev. Lett. 107, 210502 (2012).

[7] M. Leijnse and K. Flensberg, Phys. Rev. B 86, 134528 (2012).

[8] J. von Neumann and E. Wigner, Phys. Z. 30, 465 (1929).

[9] L.H. Guessi, R.S. Machado, Y. Marques, L.S. Ricco, K. Kristinsson, M. Yoshida, I.A. Shelykh, M.
de Souza, and A.C. Seridonio, Phys. Rev. B 92, 045409 (2015).

[10] L. H. Guessi, Y. Marques, R. S. Machado, K. Kristinsson, L. S.Ricco, I. A. Shelykh, M. S. Figueira,
M. de Souza, and A. C. Seridonio, Phys. Rev. B 92, 245107 (2015).

[11] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948).

[12] H. Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductors, Springer
Series in Solid-State Sciences Vol. 123 (Springer, New York, 1996).

[13] P.W. Anderson, Phys. Rev. 124, 41 (1961).

[14] H. Bruus, K. Flensberg,Many-Body Quantum Theoryv in Condensed Matter Physics, An Introduc-
tion (Oxford University Press, New York, 2004).

[15] R. Bulla, T.A. Costi, T. Pruschke, Rev. Mod. Phys. 80, 2 (2008).

[16] A.C. Seridonio, M. Yoshida, and L.N. Oliveira, Europhys. Lett. 86, 67006 (2009).
[17] A.C. Seridonio, M. Yoshida, and L.N. Oliveira, Phys. Rev. B 80, 235318, (2009).
[18] M. Yoshida, A.C. Seridonio, and L.N. Oliveira, Phys. Rev. B 80, 235317, (2009).
[19] J. Hubbard, Proc. R. Soc. Lond. A 276 (1963) 238.

[20] L.S. Ricco, Y. Marques, F.A. Dessotti, M. de Souza and A.C. Seridonio, Phys. E 78, 25 (2015).

38



Bibliography

[21] C.J.Lacroix, Phys. F. 11, 2389(1981).

[22] A.C. Seridonio, E. C. Siqueira, F. A. Dessotti, R. S. Machado, and M. Yoshida, J. Appl. Phys. 115,
063706 (2014).

[23] D.A. Ruiz-Tijerina, E. Vernek, L.G.G.V. Dias da Silva, J.C. Egues, Phys. Rev. B 91 115435 (2015).

[24] E. Prada, R. Aguado, and P. San-Jose, Phys. Rev. B, 96 085418 (2017).

4.2 Published Article

39



1512.02725v2 [cond-mat.mes-hall] 16 Apr 2016

arxXiv

Decay of bound states in the continuum of Majorana fermions induced by vacuum
fluctuations: Proposal of qubit technology
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We report on a theoretical investigation of the interplay between vacuum fluctuations, Majorana
quasiparticles (MQPs) and bound states in the continuum (BICs) by proposing a new venue for
qubit storage. BICs emerge due to quantum interference processes as the Fano effect and, since
such a mechanism is unbalanced, these states decay as regular into the continuum. Such fingerprints
identify BICs in graphene as we have discussed in detail in Phys. Rev. B 92, 245107 and 045409
(2015). Here by considering two semi-infinite Kitaev chains within the topological phase, coupled
to a quantum dot (QD) hybridized with leads, we show the emergence of a novel type of BICs,
in which MQPs are trapped. As the MQPs of these chains far apart build a delocalized fermion
and qubit, we identify that the decay of these BICs is not connected to Fano and it occurs when
finite fluctuations are observed in the vacuum composed by electron pairs for this qubit. From the
experimental point of view, we also show that vacuum fluctuations can be induced just by changing
the chain-dot couplings from symmetric to asymmetric. Hence, we show how to perform the qubit
storage within two delocalized BICs of MQPs and to access it when the vacuum fluctuates by means

of a complete controllable way in quantum transport experiments.

PACS numbers: 72.10.Fk 73.63.Kv 74.20.Mn

I. INTRODUCTION

An astonishing aftermath in the underlying framework
of quantum theory is the possibility of fluctuations within
the corresponding quantum field describing the vacuum,
in which pairs of virtual particles pop up leading to
counterintuitive phenomena. In this regard, the Casimir
effect! is the most known picture in Physics arising from
the straight outcome of vacuum fluctuations. In partic-
ular, the Casimir effect manifests itself as an attractive
force between two reflecting, plane and parallel plates,
even when external fields are entirely absent.

On the ground of condensed matter Physics, we make
explicit that the interplay between vacuum fluctuations
and Majorana quasiparticles (MQPs)? is accomplishable
by the setup proposed in Fig. 1, where we find peculiar
bound states in the continuum (BICs)? for a pair of semi-
infinite Kitaev chains®%® in the topological phase and
coupled to a quantum dot (QD) connected to leads. Con-
cerning on BICs, they were pioneering predicted by von
Neumann and Wigner in 1929 as quantum states for
electrons described by localized square-integrable wave
functions appearing in the continuum of those delocal-
ized and exhibiting infinite lifetimes for such electrons.
Hence, electrons within BICs do not decay into the con-
tinuum acting as fully invisible states from the perspec-
tive of conductance measurements. The issue on BICs
had a revival after the works of Stillinger and Herrick in
1975, followed by the experimental realization made by
Capasso and co-workers in 1992, concerning semiconduc-
tor heterostructures'®. Noteworthy, BICs are expected
to emerge in several systems as in graphene!' '3 op-
tics and photonics!4 17, setups characterized by singular
chirality'®, Floquet-Hubbard states due to strong oscil-
lating electric field'® and driven by A.C. fields®C.

(a) 'Iﬂ qubit

X
=i D I ) D

0 Vv 1,

Figure 1. (Color online) For a off-resonance QD with the
Fermi level of the top (T) and bottom (B) leads, together
with couplings A1 = A2, BICs of the MQPs n; and 72 emerge.
V' is the hybridization of the QD with the leads. The vacuum
of electron pairs for the quibt f fluctuates when A1 = (t+A) #
A2 = (t — A), thus inducing the decay of the BICs into the
system continuum of energies.

Kitaev chain 1 Kitaev chain 2

In this paper, we show that the setup proposed in
Fig.1 enables the observation of an unprecedented phe-
nomenon: vacuum fluctuations yielding the decay of
BICs into the continuum, in which the building blocks
of the former are MQPs for qubit storage. We highlight
two setups considered proper platforms for MQPs in Ki-
taev chains as well as for the experimental achievement
of our proposal: i) an s-wave superconductor nearby a
semiconducting nanowire where two magnetic fields exist
perpendicular to each other, wherein one of them arises
from the spin-orbit coupling of the semiconductor, while
the second is applied externally to freeze the spin de-



gree of freedom of the system and to ensure topologi-
cal superconductivity?!, and ii) magnetic chains on top
of superconductors characterized by a strong spin-orbit
parameter?%23.  Moreover, MQPs are expected to rise
among several setups as the fractional quantum Hall state
with filling factor v = 5/2%4, in three-dimensional topo-
logical insulators?® and at the center of superconducting
vortices as well26-28,

To the best of our knowledge, the works up to date
published in the literature have focused mainly on BICs
assisted by Fano interference!™24:15 — The so-called
Fano effect is a quantum inference phenomenon, wherein
transport channels compete for the electron tunneling,
mainly via a continuum of energies hybridized with dis-
crete levels of nanoscale structures?®3%. Here, as an al-
ternative we propose that quantum fluctuations in the
vacuum of electron pairs arising from the regular fermion
and qubit f composed by the MQPs n; = 771 and 7o = n;,
cf. shown in Fig.1, give rise to the decay of these peculiar
BICs, the so-called quasi BICs. Otherwise, the BICs of
MQPs remain intact.

In order to present our proposal in a comprehen-
sive way, we begin by defining the qubit f as follows:
f= %(m +inp) and fT = %(m — i12), in which the
occupations

400 +oo

< fift >:/ dsDOSsi 1 =< ff >:/ deDOS;

— 00 — 00

=0 (1)

can be found?', here expressed in terms of the densities
DOSy+ ¢+ and DOSyy, since the pairings fift and ff are
not allowed in the system when both the Kitaev chains
considered are equally coupled to the QD. Later on, such
densities will be deduced from our model Hamiltonian.
Furthermore, we will clarify that vacuum fluctuations can
be tunable experimentally. To that end, we should take
into account asymmetric Kitaev chain-dot couplings and
a off-resonance QD with the Fermi level of the leads, since
the symmetric case prevents vacuum fluctuations thus
ensuring the qubit storage as MQPs delocalized at the
edges of the Kitaev chains as sketched in Fig. 1. Hence,
by means of BICs of MQPs, we propose a novel manner of
qubit storage when a single QD and controllable vacuum
fluctuations are accounted.

II. THE MODEL

To give a theoretical description of the setup depicted
in Fig. 1 describing two semi-infinite Kitaev chains within
the topological phase and connected to a QD coupled to
leads, we employ an extension of the Hamiltonian in-
spired on the original proposal from Liu and Baranger,
which is a spinless model to ensure topological supercon-
ductivity Ref. [32]:

H=> Zarclycar +erdidy + VY (chpdi+He)
ak ak
(t+A) + (A—=1)

dy —d +
\/§ ( 1 1)771 ? \/§

where the electrons in the lead o« = T, B are described
by the operator ¢!, (cqi) for the creation (annihilation)
of an electron in a quantum state labeled by the wave
number k and energy £,r = €k — Ha, With u, as the
chemical potential. For the QD coupled to leads, dJ{ (dy)
creates (annihilates) an electron in the state 1. V stands
for the hybridizations between the QD and the leads. The
QD couples asymmetrically to the Kitaev chains with
tunneling amplitudes proportional to (t + A) = A1 and
(t — A) = Ag, respectively for the left and right MQPs
11 and 72. We stress that the prefactors 1/\/5 and z/\/i,
respectively for Ay and Ao constitute a convenient gauge
that changes the last two terms of Eq.(2) into td; fT —
tdl f + AfTdl — Afdy = tdy f1 + AfTdl + H.c., when the
representation f is adopted. As a result, we can notice
that the electrons within f and d; beyond the normal
tunneling ¢ between them, become bounded as a Cooper
pair with binding energy A. Particularly, with A # 0 we
will verify that the BICs here proposed decay into the
continuum due to the emergence of these paring terms.

In what follows, we use the Landauer-Biittiker formula
for the zero-bias conductance G32. Such a quantity is
given by:

+

(dy +dD)nz,  (2)

2
G = %F/da <%> m(Gyrg,): (3)

where I' = 27V23", 6(e — ;) is the Anderson

broadening®?, fp stands for the Fermi-Dirac distribu-

tion, G 4, 18 the retarded Green’s function for the QD
1

in energy domain e, obtained from the time Fourier

transform of G4 = [ drGpi 4707 Furthermore,
we introduced 7 = —T'Im(G di 4,) as the transmittance
through the QD. Ggig = —16(7)Tr{olA(7), B (0)]+}

corresponds to the Green’s function in time domain 7,
here expressed in terms of the density matrix o for Eq. (2)
and the Heaviside function 6 (7). From Gg; 4, it is possi-
ble to find the expectation value < BT A >= [ deDOSg: 4
by using DOSgi 4 = —2Im(Ggi4) as the corresponding
density of states, similarly to Eq.(1) for the vacuum.
Particularly for Eq. (3), we used A = B = d; and to cal-
culate G didy together with other Green’s functions, we
should employ the equation-of-motion (EOM) method?!
summarized as follows: wGpiaq = (¢ + i0M)Gpiq =
[A, B + GNBT[A’H]. As a result, we find

(5—51+iF)g~dId1:l—tQNde—AGdeT, (4)

in addition to the Green’s functions Gdf ;and édt i Ac
13 17

cording to the EOM approach, we also have wgG ;=
1



(NAg}deI B thLdg)’ WG g1 = (fgdldi — Ay ,,) and
gdm = f2tAKgde1, in which K = [e+e1 — K(t,A)+
i) K, K(t,A) = [e2 +2i0t — (07)?]tw(t? + A?%) and
K = [e2 +2ie0" — (07)?]~!w. Consequently, the Green’s
function of the QD reads

1
e—e1+il'— Zuqps

(5)

gd{dl =

where Yyqps = K (t,A) + (2tA)2K K accounts for the
self-energy due to the MQPs connected to the QD and
DOS;; = _%Im(gdldl) is the density of states for the
QD. Particularly for t = A = %, the expressions for K

and Xyqps found in Ref. [32] are recovered.

To perceive the emergence of BICs in the Kitaev chains
and vacuum fluctuations, we need to find the densities
for the MQPs n; and 1, namely DOS,;, = —1Im(G,,,)
and DOS,, = —2Im(G,,,,). together with DOS;; =
film((jff) and DOSyt s+ = —%Im(éﬁﬁ), in which the
latter allows to determine the occupations < fff > and
< ff > as Eq.(1) ensures for the vacuum of electron
pairs. Thus the EOM gives rise to

_ 1 - _ - .
Gim = E(gffff + gff’r + gfff + gff) (6)

and

_ 1 - _ _ ~
gmnz = 5(*gffft + gfff + gfff — gff) (7)

for the Green’s functions of the MQPs, with

wlgipi = (tGy14; — AGyia,) (8)

and

wGyrr = (~tGra, + A1) (9)

for those describing the aforementioned vacuum. To close
the system of Green’s functions above-described, we cal-
culate via EOM the following wGp = (1 + tgfdi —
Agfdl), wg:f’rf = (1~— tQNdel + Agfjdl)’ ng{le =
—tE1+2A2K)gd’lrdl,(&igfdl = —A(1~+2t2K)QCHd1, Grrat =
AKK_lw_l — 2tAKngd1 and gfdi = tKK_lw_l —
2tAf(Qfdl.

Thus based on the theoretical framework developed
up to here, shortly thereafter we will discuss the role

of Egs.(5), (6) and (7) in the connection with the novel
qubit technology proposed in this paper.

——
(@) A=2=0] |(b) ——DOS,, |
0 ——DOSn, 1
- -DOSn, ]
1 L J\L L 1 "
-0.05  0.00 0.05 0.10

€ €

Figure 2. (Color online) (a) DOS of the QD in resonance
with the Fermi level of the leads (e = 0) when the Kitaev
chains are absent: a Lorentzian shape is observed. (b) DOSs
of the MQPs by neglecting the couplings to the leads: a Delta
function profile appears instead. Details in the main text.

III. RESULTS AND DISCUSSION

In the simulations discussed here we adopt T = 0
and the Anderson broadening I' = 27V2Y", §(e — ey)
as the energy scale for the parameters from the system
Hamiltonian of Eq.(2). In order to make explicit the
phenomenon of qubit storage ruled by vacuum fluctua-
tions, due to the Kitaev chains connected to the QD, we
should begin by analyzing the cases in which both are
decoupled from each other (A\; = Ay = 0). Within this
situation, but for the QD in resonance with the Fermi
level of the metallic leads (1 = e = 0), the standard
Lorentzian shape depicted in Fig.2(a) for the DOS en-
coded by DOS;; = —%Im(gdidl) as a function of en-
ergy ¢ is verified. In the panel (b) of the same figure,
we find coincident profiles for DOS,, = —1Im(G,,,,)

and DOS,,, = —1Im(G,,,,) describing the DOSs of the
MQPs, respectively found at the edges of the Kitaev
chains 1 and 2 nearby the QD. Once the MQPs are zero-
energy modes for discrete states, the curves of DOS,,, and
DOS,,, are indeed Dirac delta functions as expected, due
to the absence of leads connected to the Kitaev chains.
These Delta functions represent the complete storage of
the qubit f composed by the MQPs 7, and 7, since the
zero broadening of such DOSs point out that the electron
within f has an infinite lifetime and does not decay into
the QD. Below, we will see that such a scenario is modi-
fied when the Kitaev chain-QD couplings are turned-on,
i.e., /\1 == )\2 7& 0.

Fig.3(a) treats the symmetric regime A\; = Ay = 10T,
in which the QD is still in resonance with the leads Fermi
level. As both the QD and MQPs are zero-energy modes
and share the same DOS profile (DOS,, = DOS,, =
DOS11), the outcome of this set is to exhibit the same
splitting of the zero-peak, which was originally centered
at the Fermi energy as showed in Figs.2(a) and (b). Once
the zero-peak is splitted, one can propose a manner of
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Figure 3. (Color online) (a) Scenario of Figs.2(a) and (b)

modified when the Kitaev chain-QD symmetric couplings are
turned-on: as the QD and the MQPs are in resonance, their
DOSs split equally. (b) For the QD off-resonance, a new struc-
ture composed by four peaks emerges only in the DOSs for
the MQPs. (c) Visualization of the red and blue shifts of
the peaks found in (b) by placing the QD very far from the
resonance.

controlling this splitting within the DOSy;. The way we
have found is by placing the QD off-resonance in respect
with the leads Fermi level. This picture can be visualized
in Fig. 3(b) for the dashed-red curve with e; = —T', where
we can perceive the red and blue shifts of the peaks. On
the other hand, the response of the MQPs due to the
tuning of €; is fully different compared to the QD: the
original pattern given by a pair of peaks for the MQPs
appearing in Fig. 3(a) evolves towards a novel structure,
where four peaks emerge as depicted by the dotted and
solid blue curves of Fig.3(b). Note that this novel pat-

tern is not well resolved for e = —TI yet, since the peaks
within each pair of peaks are found partially merged.
However, if we consider e = —2.5T as in Fig. 3(c), the

visibility of the four peaks becomes more pronounced and
they appear completely resolved. We should draw atten-
tion in the manner that the pairs of peaks in the DOSs for
the MQPs evolve from the pattern observed in Fig. 3(b)
to that in panel (c). To reveal the underlying mechanism
of such an electron-hole asymmetry, we should focus on
panels (a)-(c) of Flg 4 and, in particular, Eqs (6) and (7)
for DOS,, = —2Im(Gy,,,) and DOS,, = Im(gnzna)
respectively.

Still in the symmetric regime A\; = Ay = 10I', we
see that only gfﬂ and fof rise in Fig.4(a) respec-
tively via the DOSfff = ——Im(gm) and DOSy, =
——Im(gfjf) while gfrff and Gy contributes with
DOSyi st = DOSyy = 0 as aftermath of the vacuum
< fift >s=< ff >: 0 for the electron pairs. Besides,
the structure of four peaks firstly displayed in Fig.3(c)
and together with Fig. 4(b) for the MQPs 7, and 7y con-
sidering €1 = —3.5I", then make explicit that the un-
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Vacuum
fluctuations

(e Vacuum of
electron pairs

<ff>=0 L

DOS

quasi quasi

L readout of i
BlC the qubit BIC

Transmittance
o

=4
o

Figure 4. (Color online) Symmetric regime of Kitaev chain-
QD couplings: (a) DOSs for electrons within the qubit f and
absence of vacuum fluctuations outlined by the vertical arrow;
(b) DOSs for the QD and MQPs in absence of vacuum fluctu-
ations; (c) transmittance profile with BICs appearing denoted
by dashed-vertical arrows, i.e., the lacking of the correspond-
ing peaks found at the same positions within panel (b) for the
DOSs of the MQPs is a BIC fingerprint, since these states do
not contribute to the quantum transport. Only the peaks of
the DOS for the QD remain in the transmittance. Asym-
metric regime of Kitaev chain-QD couplings: (d) the vacuum
fluctuates around the BICs verified in (c) and the DOSs for
f also change; (e) DOSs for the QD and MQPs in presence
of vacuum fluctuations; (f) As aftermath of the fluctuations
observed in (d) which are denoted by arrows, the BICs of
MQPs found in panel (c) decay as quasi BICs. They are
found outlined by dashed-vertical arrows as we can visualize
in the transmittance profile.

matched profiles of the DOSy;i and DOSy+; play the
role of two spectral functions analogous to the possibili-
ties DOSy and DOS, due to spin-imbalance in ferromag-
netic systems. Based on this, we can realize the features
within Fig. 4(c), where the peaks appearing in the trans-
mittance T = *Hm(éd{dl) determined by Eq.(3) do not
correspond to those found in panel (a) for the DOS+ ,
but just to those from DOSy ;. Equivalently, from those
four peaks observed in Fig. 4(b) for the MQPs, solely two
of them decay into the QD, thus contributing to the con-
ductance. As a result, the peaks within DOS,, = DOS,,
that do not appear in 7 correspond to BICs of MQPs,
which constitute the building blocks of the delocalized
qubit f characterized by the two peaks found in Fig. 4(a)
for the DOSi ;. These invisible peaks arising from the
DOSy+ s in T, then provide a novel manner of qubit stor-
age, wherein despite the coupling A\; = Ao = 10T of the
Kitaev chains with the QD, the decay of the state f is
completely prevented. Such a forbiddance, we should
highlight, occurs when the vacuum < f1ff >=< ff >=
0 does not fluctuate [Fig.4(a)]. In what follows, we will
show that when < f1fT >=< ff >+ 0, just in the vicin-
ity of BICs, the suppression of the qubit storage occurs
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Figure 5. (Color online) Symmetric regime of Kitaev chain-
QD couplings: in panels (a), (b) and (c) we see the density
plots of the DOSs for the MQPs and transmittance spanned
by the axis 1 and . Panel (c) for the transmittance shows
only two bows from the set of four bows found in (a) and (b)
describing the DOSs of the MQPs. The lack of such bows in
the transmittance then denotes BICs of MQPs. Asymmetric
regime of Kitaev chain-QD couplings: panels (d) and (e) are
similar to (a) and (b), but in panel (f) quasi BICs appear as
light bows in the transmittance in respect with those verified
in panels (d) and (e).

and hence, the decay of the BICs as quasi BICs is allowed
appearing thought out the transmittance.

To fluctuate the vacuum considered, it is demanded
asymmetric couplings A\ # A2 by means of A = 100
and ¢ = 0.8I', for instance. As a net effect we have
DOSyi s+ = DOSyy # 0 corresponding to fluctuations
in the vacuum < fTff >=< ff >+ 0 around the BICs,
which appear pointed out by black arrows in Fig. 4(d). In
such a situation, pairing terms d; f + f Td{ appear, which
allow the correlations above to become finite. Conse-
quently, the profiles for DOS,,, and DOS,,, become dis-
tinct as showed in Fig. 4(e), resulting in the detection of
the BICs by means of the quasi BICs, which appear as
unpronounced states indicated by dashed-red arrows in
Fig. 4(f). Noteworthy, the quasi BICs are placed exactly
at the positions of the BICs found in Fig. 4(c). Moreover,
it is worth noticing in opposite to the unbalance of Fano
interference as the underlying mechanism for the rising
of quasi BICs reported in graphene systems!'**12, here we

identify that vacuum fluctuations of the electron pairs de-
scribed by the expectation value < fiff >=< ff >#0
as the trigger for the decay of these peculiar BICs of
MQPs. When it occurs, the information within the qubit
is read via transmittance.

To summarize the results presented up to here, we
wrap up them in the density plots of 7 spanned by the
axis €1 and ¢ appearing in Fig. 5, where panels (a)-(c¢) and
(d)-(e) designate respectively, the symmetric and asym-
metric regimes of couplings between the QD and the Ki-
taev chains. Panels (a), (b), (d) and (e) of the same
figure, in particular, share a main characteristic: all of
them exhibit the structure of four peaks previously re-
ported, which appear as four bows in the density plot
format. As just two bows from the set of four found in
Figs.5(a) and (b) are displayed in (c), those absent are
then BICs of MQPs, while the light pair of bows in (f)
represent quasi BICs.

IV. CONCLUSIONS

In summary, we have proposed a setup based on two
semi-infinite Kitaev chains presenting MQPs at their
edges both coupled to a single QD crossed by a current
due to source and drain reservoirs of electrons, in which
BICs of MQPs are revealed as building blocks for the
storage of a delocalized qubit. For absence of fluctuation
in the vacuum of electron pairs as aftermath of the de-
localized fermion and qubit builded by these MQPs, the
BICs do not decay into the system continuum and are
still unperceived by conductance measurements, which
then ensure the storage. Fluctuations of the aforemen-
tioned vacuum then trigger the decay of such states as
quasi BICs. Distinct from the standard BICs formed
by Fano effect!!12:1415 the corresponding for MQPs are
ruled by vacuum fluctuations, thus constituting a novel
phenomenon. Experimentally speaking, it can be feasible
just by tuning the Kitaev chain-dot couplings from sym-
metric (intact BICs where the qubit is found) to asym-
metric (vacuum fluctuations induced), when the QD is
off-resonance with the Fermi energy of the metallic leads.
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5.1 Overview and remarks

As already discussed in previous chapters, setups based on the Majorana exotic physics have been
keeping the status of next generation of technological nanodevices within electronic transport and quan-
tum computing fields.

By considering this prolific scenario, we have proposed a device composed by a topological U-
shaped Kitaev wire, hosting Majorana fermions(MFs) at their edges, which are coupled to a quantum dot
via (A —t) and (A +t) strengths. The main idea was to analyse theoretically how the electronic and heat
transport are affected by the presence of the Majoranas [1-4]. In this sense, we have found that, for MFs
wave functions weakly overlapped (finite U-shaped wire), slight deviations from the superconducting-
metallic boundary phase (¢ = A) lead to the displacement of resonance positions in the electrical and
thermal conductances simulations. Such a distinct behavior characterizes the capacity of tuning heat and
electricity across the quantum dot. This feature is also revealed in the relevant thermoelectric quanti-
ties [5], as the thermopower (Seebeck coefficient) and figure of merit, as well as the periodic violation
of the Wiedemann-Franz law. The intriguing heat/charge tunability observed in the device comes from
the exotic Majorana ability of building a non-local fermion state. Such a delocalized quasiparticle is
responsible for the transport in the system when the asymmetric coupling regime (¢ # A) is taken into
account. More details can be found in the paper at sec. 5.3.

It is worth mentioning that such a work was highlighted by the Fapesp Agency website (Nanodis-
positivo termoelétrico é baseado em férmions de Majorana) and by the Brazilian Physical Society (Sin-
tonizador termoelétrico assistido por férmions de Majorana). Moreover, the paper was ranked in the list

of the Top 100 most highly accessed physics articles in 2018, according to nature.com web analytics.

46


https://www.nature.com/articles/s41598-018-21180-9
http://agencia.fapesp.br/nanodispositivo-termoeletrico-e-baseado-em-fermions-de-majorana/27344/
http://agencia.fapesp.br/nanodispositivo-termoeletrico-e-baseado-em-fermions-de-majorana/27344/
http://www.sbfisica.org.br/v1/home/index.php/pt/destaque-em-fisica/709-sintonizador-termoeletrico-assistido-por-fermions-de-majorana
http://www.sbfisica.org.br/v1/home/index.php/pt/destaque-em-fisica/709-sintonizador-termoeletrico-assistido-por-fermions-de-majorana
https://www.nature.com/collections/afggedgdbj

Chapter 5. Tuning of heat and charge transport by Majorana fermions

5.2 Methodology

At first, we have employed the same approach used in the previous chapters, i.e, the EOM
technique to find the spectral Green’s functions of the system, in order to obtain the transmittance through
the quantum dot. Particularly, the Green’s function of the dot can be obtained by following the steps of
Appendix B, by considering the spinless case within the non-interacting picture (U = 0).

The procedure described above enabled us to calculate the thermoelectric coefficients £,, [1, 2],
which depends upon the transmittance according to the Eq.(2) of the paper. The electrical and thermal
conductances, as well as the thermopower, Wiedemann-Franz law and figure of merit were obtained from

relations with £,,.
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We investigate theoretically thermal and electrical conductances for the system consisting of a
quantum dot (QD) connected both to a pair of Majorana fermions residing the edges of a Kitaev
wire and two metallic leads. We demonstrate that both quantities reveal pronounced resonances,
whose positions can be controlled by tuning of an asymmetry of the couplings of the QD and a pair
of MFs. Similar behavior is revealed for the thermopower, Wiedemann-Franz law and dimensionless
thermoelectric figure of merit. The considered geometry can thus be used as a tuner of heat and
charge transport assisted by MFs.
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Figure 1. (a) The sketch of the geometry we consider. Topological U-shaped Kitaev wire with a pair of MFs na and ng is
placed in contact with a QD, which is connected as well to two metallic reservoirs. The coupling of the QD to the MFs is
asymmetric and is characterized by tunneling matrix elements A4 and Ag, while coupling to the metallic leads is symmetric and
is characterized by the tunneling matrix element V. €2 denotes the coupling between two MF states. (b) Equivalent auxiliary
setup (Kitaev dimer) resulting from the mapping of the original system onto the system with nonlocal fermion residing in QD,.
t is tunneling matrix element between the QDs 1 and 2, A is the binding energy of the Cooper pair delocalized between them.

INTRODUCTION

Majorana fermions (MFs) are particles that are equivalent to their antiparticles. The corresponding concept
was first proposed in the domain of high-energy physics, but later on existence of the elementary excitations of
this type was predicted for certain condensed matter systems. Particularly, MFs emerge as quasiparticle excitations
characterized by zero-energy modes[1, 2] appearing at the edges of the 1D Kitaev wire[3—7]. Kitaev model is used to
describe the emerging phenomena of p-wave and spinless topological superconductivity.

Kitaev topological phase can be experimentally achieved in the geometry consisting of a semiconducting nanowire
with spin-orbit interaction put in contact with s-wave superconducting material and placed in external magnetic
field[8, 9]. Other condensed matter systems were also proposed as candidates for the observation of MFs. They include
ferromagnetic chains placed on top of superconductors with spin-orbit interaction[10, 11], fractional quantum Hall
state with filling factor v = 5/2 [12], three-dimensional topological insulators[13] and superconducting vortices[14-16].

MFs residing at the opposite edges of a Kitaev wire are elements of a robust nonlocal qubit which appears to be
immune to the environment decoherence. This attracted the interest of the researchers working in the domain of
quantum information and transport, as systems with MFs [17-19] can be in principle used as building blocks for the
next generation of nanodevices, [20, 21] including current switches [20] and quantum memory elements[21]. At the
same time, similar systems were proposed as thermoelectric nanodevices [22-25].

In this work, following the proposals of thermoelectric detection of MF states [22-25], we explore theoretically
zero-bias thermal and electrical transport through one particular geometry consisting of an individual QD coupled
both to a pair of MFs and metallic leads as shown in the Fig.1(a). The MFs reside at the edges of a topological
U-shaped Kitaev wire, similar to the case of Ref.[19]. The QD coupling to the MFs is considered to be asymmetric,
while coupling to the metallic leads is symmetric, and MFs are supposed to overlap with each other. The results of our
calculations clearly show that thermoelectric conductance, thermopower, Wiedemann-Franz law|[26] and dimensionless
thermoelectric figure of merit (ZT) as function of the QD electron energy demonstrate resonant behavior. Moreover,
the position of the resonance can be tuned by changing the coupling amplitudes between the QD and the MF's, which
allows the system to operate as a tuner of heat and charge assisted by MFs.



MODEL

For theoretical treatment of the setup depicted in the Fig. 1(a), we use the Hamiltonian proposed by Liu and
Baranger|[27]:

H = Zskclkcf’lk =+ €1dj{d1 —+ VZ(CLkdl —+ H.C.) + )\A(dl — dD?]A —+ )\B(dl + dJ{)T}B + iEQ?]AnB, (1)
ak ak

where the electrons in the leads @ = H, C (for hot and cold reservoirs, respectively) are described by the operators
ch (cak) for the creation (annihilation) of an electron in a quantum state labeled by the wave number k and energy

. For the QD dJ{ (dy1) creates (annihilates) an electron in the state with the energy 1. The energies of both electrons
in the leads and QD are counted from the chemical potential 1 (we consider only the limit of small source-drain bias,
thus assuming that chemical potential is the same everywhere). V stands for the hybridization between the QD and
the leads. The asymmetric coupling between the QD and MFs at the edges of the topological U-shaped Kitaev wire
is described by the complex tunneling amplitudes A4 and Ap. Introduction of an asymmetry in the couplings can
account for the presence of the magnetic flux which can be introduced via Peierls phase shift [27]. €2 stands for the
overlap between the MFs.
(t+A)

Without the loss of generality, we can put: Ay = VR and \p = i(A\/%t)

right (np = ng) MFs, and introduce an auxiliary nonlocal fermion dy = %(UA +ingp) [20, 21]. The expressions for

, respectively for the left (na = 77:[1) and

A = [Aale?®4 and A\p = |A\p|e??® constitute a convenient gauge for our problem. We put ¢4 = 0 and ¢ = (n + %)ﬂ'
with integer n = 0,1, 2, ... corresponding to the total flux through the ring of Fig. 1. This parameter is experimentally
tunable by changing the external magnetic field. This fact gives certain advantages to our proposal with respect to the
previous works with asymmetric couplings between a single QD and a pair of MFs at the ends of a topological Kitaev
wire[28-31]. According to Ref.[32] the parameter 2 describing the overlap between the MFs depends on magnetic
A—t
| = \
Sec.ITI-A of Ref.[30]) and thus external magnetic field affects not only the relative phase between A4 and Ag but their
absolute values as well. To fulfill the condition |Ag| < |A4| one should place the QD closer the MF 74 than to the
MF nB.

We map the original Hamiltonian into one where the electronic states d; and ds are connected via normal tunneling
t and bounded as delocalized Cooper pair, with binding energy A:

field in an oscillatory manner, the amplitudes [A4| = % and [Ag| = demonstrate the same behavior (see

M= erclicar + VY (chdi +He) +erdldy + eadldy + (tdydl + Adld] + Hee.) — %2 (2)
ak ak

This expression represents a shortened version of the microscopic model for the Kitaev wire corresponding to the
Kitaev dimer (see Fig.1(b)). As it was shown in the Refs.[33] and [34] this model allows clear distinguishing between
topologically trivial and Majorana-induced zero-bias peak in the conductance.

In what follows, we use the Landauer-Biittiker formula for the zero-bias thermoelectric quantities £, [22, 23]:

1 0
L, = m /ds <—g) T, (3)

where h is Planck’s constant, I' = 27V? ", §(e — ¢;) is Anderson broadening[35] and fp stands for Fermi-Dirac
distribution. The quantity

T= 7FIm(g~d1d1) (4)

is electronic transmittance through the QD, with gd1d1 being retarded Green’s function for the QD in the energy
domain ¢, obtained from the Fourier transform Gap = [ dTgABe%(E""’OﬂT, where

Gas = —+0(7)Tr{oA), B 0)]} 9

corresponds to the Green’s function in time domain 7, expressed in terms of the Heaviside function 6 (1) and thermal
density matrix o for Eq. (1).
Experimentally measurable thermoelectric coefficients can be expressed via Ly, L1 and Lo as:

G = ezﬁo, (6)



2
K= (62— 7) g
and
5= 45)2—; (®)

for the electrical and thermal conductances and thermopower, respectively (T denotes a temperature of the system).
We also investigate the violation of Wiedemann-Franz law, given by

1 K
WF = T(E)’ 9)

in units of Lorenz number Lo = (72/3)(kp/e)? and corresponding behavior of the dimensionless figure of merit [22, 23]

2
T
ZT:S[? . (10)

For Eq. (4), we use equation-of-motion (EOM) method[36] summarized as follows:
(e +1i0M)Gas = [A, B4 + Gla s, (11)

As our Hamiltonian given by Egs. (1) and (2) is quadratic, the set of the EOM for the single particle Green’s
functions can be closed without any truncation procedure [37]. We find the following four coupled linear algebraic
equations:

(5 —E&1 — E)Gd1d1 =1- tg~d2d1 - A(jdgdﬂ (12)

where ¥ = —il" is the self-energy of the coupling with the metallic leads

~ Angd tg~
141 didy
_ _ 13
iy =¥ 0T (= ea +07) (13)
5 AGd1d1 tgdidl
_ 14
Gaga, (e +e2+i0T) + (e +e2+i01) (14)
and
gNdIdl - _QtARgd1d17 (15)
with
- Kwnrs
K = 16
e+ X -K_’ (16)
(e+1i0T)
Kyrs = 17
MES T e — €2 + 2ie0F — (07)7] (7
and

(e 40 (2 + A?) £ ey(t2 — A?)
Ke= (2 — e +2ic0+ — (0+)7] (18)

This gives the Green’s function of the QD:

1
e—¢e1— X — XMrs

g~d1d1 = (19)

where the part of self-energy

Yurs = Ky + (2tA)2 K Kyps (20)



describes the hybridization between MFs and QD.
Importantly, for the low temperatures regime, the substitution of Eq. (19) into Eq. (3) and its decomposition into
Sommerfeld series [23, 26] allows to get analytical expressions for thermoelectric coefficients:

G K
GO GOLOT T‘E:O ) ( )
1dT
S~ eLQT — 5 (22)
T de|__,
where
fz
T — S —, (23)
B N Y TS ST
with
- 2tA Ky )?
r=[ ( Mrs) IT. (24)

(e+e1— K_)2+T1?

Comparison of the Egs. (21) and (22) allows us to conclude that the peak values of the electric conductance are
reached when S = 0 for which d7 /de = 0 which happens when

As we will see below, fulfillment of this condition corresponds to the presence of an electron-hole symmetry in the
system. Note that as 2 enters in the denominator of the Eq. (25), even slight differences between ¢ and A will be
enough to change drastically the position of the resonance if hybridization between the MFs is small.

RESULTS AND DISCUSSION

In our further calculations, we scale the energy in units of the Anderson broadening I' = 27V2 3", §(e — &1)[35]
and take the temperature of the system kgT = 10~*I". The Anderson broadening I" defines the coupling between the
QD and the metallic leads, which is assumed to be symmetrical for a sake of simplicity.

We start our analysis from the case when only a single MF (n4) is coupled to the QD. In terms of the amplitudes

t, A this corresponds to t = A. To be specific, we fix t = A = 4T". Looking at Eq. (2), we see that the terms dldg +H.c.

and dgd{ + H.c. enter into Hamiltonian with equal weights, and thus we are in the superconducting (SC)-metallic
boundary phase.

Fig.2(a) shows the electrical conductance G = €Ly scaled in units of the conductance quantum Gy = €?/h as
a function of the QD energy level £, for several coupling amplitudes o between the MFs. Note that, if MFs are
completely isolated from each other (g2 = 0), the conductance reveals a plateau with G = G/2 whatever the value
of 1 (black line), and similar trend is observed in the thermal conductance shown in the Fig. 2(b). The effect is due
to the leaking of the Majorana fermion state into the QD[38]. The MF zero-mode becomes pinned at the Fermi level
of the metallic leads, but within the QD electronic-structure. With increase of the coupling between the wire and
the QD, the MF state of the Kitaev wire leaks into the QD. As a result, a peak at the Fermi energy emerges in the
QD density of states (DOS), while in the DOS corresponding to the edge of the wire the corresponding peak becomes
gradually suppressed. Consequently, the QD effectively becomes the new edge of the Kitaev wire. This scenario was
reported experimentally in the Ref.[9].

To get resonant response of the thermoelectric conductances one should consider the case €2 # 0, corresponding
to the splitting of the MF zero-bias peak. The resonant behavior of G and K can be understood as arising from the
presence of an auxiliary fermion ds, in the Hamiltonian [Eq. (2)], whose energy €2 is now detuned from the Fermi
level (see inset of Fig. 2(b)). In this case, the regular fermion state instead of the corresponding half-fermion provided
by MF 14 gives the main contribution to the charge and heat current. In this scenario, filtering of the electricity and
heat emerges: the maximal transmission occurs at ¢ = 0. Our Figs.2(a) and (b) recover the findings of Fig.5(a) in
Ref.[23]. Our work, however, have an important novel dimension: we demonstrate that even small deviations of the
system from the SC-metallic boundary phase which can be achieved by the control of the asymmetry of the couplings
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Figure 2. Electrical and thermal conductances of the system corresponding to SC-metallic boundary phase, t = A = 4I":
(a) Electrical conductance as function of the QD energy level €, for several €2 values of the couplings between MFs. (b)
Corresponding thermal conductance. For both cases the resonance at the Fermi energy €1 = 0 occurs if €2 # 0. For €2 = 0 the
conductance plateau is observed (see main text for the corresponding discussion). The inset shows the equivalent circuit with
an auxiliary fermion da constructed from MFs n4 and np (red half-circles).
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Figure 3. Electrical and thermal conductances as functions of the QD energy level outside SC-metallic boundary phase. Slight
deviations from the condition t = A, result in the shift of the resonance peak for the electrical (panel (a)) and thermal (panel
(b)) conductances. The corresponding resonances are blueshifted for ¢t > A and redshifted for ¢ < A as compared to the case

of the SC-metallic boundary phase. Insets show the equivalent circuit with auxiliary fermion da constructed from MFs 14 and
ne (red half-circles).

allows realization of the efficient tuners of electricity and heat. This effect is shown in the Figs.3(a) and (b). As
one can see, even small detuning of the coefficient ¢ from the value t = A leads to substantial blueshift (for the case
t > A) or redshift (for the case t < A) of the conductance resonances. Such sensitivity is a direct consequence of the
Eq. (25) defining the position of the resonances.

To shed more light on the effect of the tuning of charge and heat transport in the system, we make a plot of the
quantity 7 = —I'Im(G4,4,) appearing in the Eq. (3) and Eq. (4), as function of 1 and ¢, see Figs.4(a)-(d). Fig.4(a)
corresponds to the case t = A, g5 = 0. One can recognize a “cat eye”-shaped central structure, corresponding to the
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Figure 4. Transmittance 7 spanned by the axes of €1 and . Panels (a) and (b) show the regime corresponding to SC-metallic
boundary phase with ¢t = A, for e2 = 0 and finite e2, respectively. Panel (a) reveals characteristic “cat eye”-shaped central
structure at the Fermi level responsible for the onset of the conductance plateau. Panel (b) exhibits a double-fork structure
responsible for the resonant character of the conductance for €2 # 0. Introduction of the asymmetry of the QD to MFs coupling
leads to the vertical shift of the double-fork feature resulting in the blueshift (panel (c)) or redshift (panel (d)) of the resonant
conductance curve. The bright arcs visualized in all panels represent poles of the Green’s function of the QD.

vertical line at € = 0. Everywhere along this line 7 = constant, which according to the Eq. (21) means that changes
in €; do not affect the conductance. This corresponds well to the conductance plateau in the Fig. 2. If g5 is finite,
the “cat eye” structure transforms into a double-fork profile as it is shown in the Fig.4(b). Note that in this case,
movement along the vertical line corresponding to € = 0 lead to the change of the function 7, which according to
the Eq. (21) leads to the modulation of the conductance. The maximal value is achieved at the point e; = 0, which
corresponds well to the resonant character of the curves shown in the Fig.2. The introduction of the finite value of €9
and the asymmetry of the coupling between the QD and MFs (¢t # A) leads to the shifts of the double-fork structure
either upwards by e; scale for t > A (panel (c), blueshift of the resonant curves in the Fig.3) or downwards by &,
scale for t < A (panel (d), redshift of the resonant curves in the Fig.3). It should be noted that similar results to the
transmittance were reported both theoretically (Ref.[30]) and experimentally (Ref.[31]) for the geometry of a linear
Kitaev wire with a QD attached to one of its ends placed between source and drain metallic leads. Differently from
the case considered in our work, the authors account for the spin degree of freedom and particularly for Ref.[31],
they evaluate the dependence of the conductance on the energy level of the QD and magnetic field, while we further
analyze € and asymmetry of couplings dependencies relevant for the understanding of the tuner regime. Despite the
distinct geometry and spinless regime, our results and those reported in Refs.[30,31] are in good correspondence with
each other, thus validating the mechanism pointed out in Refs.[30,32] of field-assisted overlapping between MFs and
tunnel-couplings with the QD.

The possibility to tune electric and thermal conductances opens a way for tuning the thermopower (.5), Wiedemann-
Franz law (WF) and dimensionless figure of merit (Z7') as it is shown in the Figs.5(a)-(c). In the Fig.5(a) the
dependence of the thermopower on ¢7 is demonstrated. If ¢ > A, at &1 = 0, S > 0 and the setup behaves as a tuner
of holes. On the contrary, for ¢ < A, at £; = 0, S < 0 and the setup behaves as a tuner of electrons. Figs.5(b) and
(c) illustrate the violation of WF law and the behavior of the dimensionless thermoelectric ZT', respectively. Note
that ZT does not reach pronounced amplitudes, i.e, ZT < 1[26], even for finite values of G and K as dependence on
S? prevails if we take into account Eq. (21) into Eq. (10).

CONCLUSIONS

In summary, we considered theoretically thermoelectric conductances for the device consisting of an individual
QD coupled to both pair of MF's and metallic leads. The charge and heat conductances of this system as functions of
an electron energy in the QD reveal resonant character. The position of the resonance can be tuned by changing the
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Figure 5. (a) Thermopower (5), (b) Wiedemann-Franz law (W F) and (c) the figure of merit (Z7') as function of the QD energy
level g1 for several €5 values of the couplings between MFs. Deviation from the condition ¢ = A leads to the shift of the curves.

degree of asymmetry between the QD and the MFs, which allows us to propose the scheme of the tuner of heat and
charge. Thermopower, Wiedemann-Franz law and the figure of merit are found to be sensitive to the asymmetry of
the coupling as well. Our findings will pave way for the development of thermoelectric nanodevices based on MF's.
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Chapter 6

Majorana oscillations modulated by Fano
interference and degree of nonlocality in a
topological superconducting

nanowire-quantum dot system

L. S. Ricco, V. L. Campo Jr,I. A. Shelykh and A. C. Seridonio, Phys. Rev. B 98, 075142. Published
August 28, 2018.

6.1 Opverview and remarks

As already discussed in previous chapters, setups based on Majorana exotic physics have been keep-
ing the status of next generation of quantum bits. As also briefly mentioned in Sec. 2, hybrid systems,
composed by a quasi-one-dimensional nanowire with strong spin-orbit coupling, placed nearby s-wave
superconductors, have been considered the most suitable platform to explore Majorana quasiparticles
properties [1—4]. Under an applied magnetic field parallel to the intrinsic spin-orbit field, such a system
enters into a p-wave superconducting topological phase, wherein a pair of zero-energy MBS emerges at
the nanowire ends [4].

According to Liu and Baranger proposal [5], for a QD side-coupled to a Kitaev nanowire, the experi-
mental signature of an isolated MBS is the emergence of a zero-bias peak(ZBP) with €2 /2h amplitude in
conductance profiles through the QD. Although the ZBP prediction already has been observed in a series
of experiments [6—10], questionings whether such a peak emerges inside a truly topological phase still
remains [11-14]. In this context, the ZBP splitting in conductance measurements, followed by an oscil-
latory pattern as a function of applied magnetic field, which are known as Majorana oscillations, have
been looked upon as a smoking gun to claim the presence of MBSs and the transition to the topological
phase [11, 15, 16].

Taking such a prolific scenario into account, we have investigated the influence of Fano interference
process in the so-called Majorana oscillations in a hybrid T-shaped device, consisting of a quantum dot
between metallic leads and side-coupled to a topological superconducting nanowire (TSNW) hosting

Majorana bound states (MBSs) at opposite ends. as expected, we have observed a oscillatory pattern of
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differential conductance as a function of external magnetic field, applied parallel to nanowire. However,
both the amplitude and shape of such oscillations depend on the bias-voltage, Fano parameter of system
and the so-called degree of Majorana nonlocality, which was previously discussed in sec. 2.4. We also
have found the experimentally reported “bowtie” and “diamond” line shapes in differential conductance
as a function of both bias-voltage and dot energy level [Ref.16 of published paper]. We believe that our
findings can improve the comprehension of Majorana oscillations in hybrid nanowires and also can be
used to estimate the degree of Majorana nonlocality and its topological properties. For more details,

please see the paper below (sec. 6.3).

6.2 Methodology

We have employed the same approach used in previous chapters, i.e, the EOM technique (see
Sec. 3.1), which allowed us to find the spectral Green’s function for the QD G7;,(w) (see Appendix B,
for spinless configuration, U = 0 and dy; = es(l, B)), in order to obtain the transmittance 7 (w). In

linear response regime, the zero-bias conductance depends on transmittance as follows [18]:

vy =< [ (2D 7, ©1)

where €2 /h is the quantum of conductance and ff is the Fermi-Dirac distribution function. For low

temperature regime(7’ — 0) [18],

2
e
G(eV) ~ ﬁT(eV). (6.2)
The pivotal difference between this work and those found in previous chapters is the overlap function
between MBSs, given by [16]:

em(l,B) = i%e_l/% cos(1Vb) (6.3)

where, b = B/Ey, | = \/2mFEyL/h, with B being the Zeeman field applied longitudinally to the
nanowire, L the wire length, Ey = (2ma?A2/h?)!/3, o the spin-orbit constant and A the supercon-
ducting gap induced in the wire [16]. We have adopt Fy ~ 0.23 meV, the wire length L = 1 um, and
Anderson broadening I' ~ 0.17 Ejy, which are in agreement with both experimental [6—8] and theoretical

estimations [15, 17].
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We explore theoretically the influence of Fano interference in the so-called Majorana oscillations in
a T-shaped hybrid setup formed by a quantum dot (QD) placed between conducting leads and side-
coupled to a topological superconducting nanowire (TSNW) hosting zero-energy Majorana bound
states (MBSs) at the ends. Differential conductance as a function of the external magnetic field
reveals oscillatory behavior. Both the shape and amplitude of the oscillations depend on the bias-
voltage, degree of MBSs non-locality and Fano parameter of the system determining the regime of
interference. When the latter is such that direct lead-lead path dominates over lead-QD-lead path
and the bias is tuned in resonance with QD zero-energy, pronounced fractional Fano-like resonances
are observed around zero-bias for highly non-local geometries. Further, the conductance profiles
as a function of both bias-voltage and QD energy level display “bowtie” and “diamond” shapes,
in qualitative agreement with both previous theoretical and experimental works. These findings
ensure that our proposal can be used to estimate the degree of MBS non-locality, thus allowing to

investigate their topological properties.

I. INTRODUCTION

Ideas borrowed from high energy physics became ubiq-
uitous in the domain of condensed matter. The con-
cepts of quasi-relativistic particles in graphene and other
Dirac materials, acoustic analogs of black holes in Bose-
Einstein condensates, AdS-CFT duality in the theory of
the quantum phase transitions are now among standard
tools used by condensed matter specialists. Some of these
concepts still remain playground for theoreticians; the
others on the contrary appeared to be of high experimen-
tal relevance and even paved way to novel applications
in the domains of nanoelectronics and quantum comput-
ing. Among these latter are Majorana quasiparticles 12
which are currently considered as highly perspective can-
didates for practical realization of fault-tolerant quantum

computation process3.

In the domain of condensed matter, Majorana quasi-
particles appear in hybrid systems composed by a quasi-
one-dimensional semiconducting nanowire with strong
spin-orbit coupling placed nearby s-wave superconduc-
tors* 7. In this configuration, when magnetic (Zeeman)
field is applied parallel to the wire, the latter enters
into p-wave topological superconducting (SC) phase and
a pair of gapless (zero-energy) Majorana bound states
(MBSs) is formed at the nanowire edges”. To analyze
the MBSs transport properties in hybrid systems with
topological superconducting nanowire (TSNW), in sev-
eral theoretical works was proposed the use of quantum
dots(QDs) as tunneling spectrometers to reveal MBSs
signatures and topological transitions 813 . Experiments
on hybrid TSNW with a QD also were performed!'*1°.

According to Liu and Baranger prediction®, the experi-
mental signature of the onset of an isolated MBS is zero-
bias peak (ZBP) with e?/2h amplitude in the conduc-
tance profile of a system consisting of an individual QD
side-coupled to a TSNW.

Despite experimental observations of the quantized
ZBP in sophisticated devices with hybrid TSNWs 14720,
questions regarding its amplitude and emergence inside
a truly topological phase still remain'!'2:2124 " Indeed,
only the observation of ZBP itself is not sufficiently for
asserting that the system is into the topological regime,
hosting robust MBSs. In this context, non-local Ma-
jorana features'™'?  as well as ZBP splitting, followed
by the appearance of an oscillatory pattern in the dif-
ferential conductance as function of an applied mag-
netic field?12%26 have been viewed as smoking guns of
the MBSs manifestation in the topologically non-trivial
regime.

In the current work, we investigate the role of Fano in-
terference processes in the so-called Majorana oscillations
in a T-shaped nanodevice, consisting of a single-level QD
placed between the conducting leads and side-coupled to
a TSNW hosting MBSs at the ends (Fig. 1). We also
explore features of the system when the Majorana non-
locality is taken into account, by considering the coupling
A2 between the QD and lower MBS (see Fig. 1). The de-
gree of Majorana non-locality 1 was previously defined by
Prada et al.'? as the ratio between the lower and upper
QD-MBSs coupling strengths, i.e., n? = |A2|/|A\1]. When
n — 0 (JA2] < [M1]), the MBSs are highly non-local,
thus presenting the holy grail for the quantum compu-
tation: the topological protection feature. Ref. [12] also



Id
MBS-2
(lower)

Figure 1. Sketch of the T-shaped geometry considered in the
present paper: a single-level QD with energy ¢4 is hybridized
symmetrically (V) with source-drain (S/D) conducting leads
and side-coupled (A1) to a TSNW of length L, hosting zero-
energy MBSs at the edges (half-filled red circles). The cou-
pling A2 between the QD and MBS-2 is also taken into account
due to the finite length of topological nanowire. Leads are also
coupled with each other directly (Vsp). External magnetic
field B (light blue arrow) is applied parallel to the direction
of the wire. The value of Zeeman splitting induced by mag-
netic field is considered to be large enough to achieve the
full spin polarized regime in the setup. The QD-leads system
operates as a tunneling spectrometer, allowing to investigate
the properties of the MBSs by differential conductance mea-
surements as a function of the external magnetic field and
bias-voltage between leads. The presence of lead-lead tun-
neling path allows to explore how Fano interference process
affects the MBSs signatures.

proposed a protocol to estimate experimentally such a
degree of non-locality, which was recently performed by
Deng et al.'® in a TSNW, with a QD working as spec-
trometer. The ratio between QD-MBSs couplings also
can define the “topological quality factor”, being stated
by Clarke'! as @ = 1 — 5%, In this context, the higher
topological quality occurs when Q =~ 1.

It is worth mentioning that T-shaped setups with QDs
are suitable geometries to investigate the well-known
Fano effect?” 3°, once they have the key ingredients for
its emergence: a localized state coupled to the continuum
and distinct tunneling channels. Fano interference phe-
nomenon can be used to explore Majorana properties, as

theoretically proposed in earlier works®13:31:32,

In the current proposal, the quantities which define the
tunneling conductance spectroscopy are Zeeman field,
bias-voltage between the leads, energy level of QD, cou-
plings between the MBSs and QD and Fano parameter,
describing the relative importance of the direct lead-lead
and lead-QD-lead tunneling paths. The conductance as a
function of the magnetic field reveals pronounced oscilla-
tory pattern, which are both dependent on Fano regime
of interference and MBSs non-local features. In a nut-
shell, when the direct lead-lead tunneling prevails, the
Majorana oscillations are suppressed at zero-bias and re-

veal unexpected fractional Fano-like resonances as a func-
tion of bias-voltage between the leads. The degree of
MBSs non-locality also influences the behavior of such
oscillations, which are attenuated as the local feature is
increased (lower topological quality factor). We also re-
port the ability to identify experimentally such a degree
of non-locality in conductance measurements by chang-
ing the energy level of QD. Our results are in agreement
with Ref. [12], despite differences between their system
and ours, which will be discussed in due course.

This work is organized as follows: in Sec. II we present
the theoretical model describing the system of Fig. 1.
We also show the expression for zero-bias conductance
and corresponding transmittance through the QD, which
was obtained via equation of motion (EOM) technique.
In Sec. IIT we show and discuss our findings, which are
summarized in Sec. IV.

II. THE MODEL

The setup we consider is depicted in Fig. 1 and can be
described by the following spinless model Hamiltonian®:

M= barch jCan+eadtd+ V> (c d+He)
a,k o,k

+ Vsp Z(CTS’kCD,l +H.c) + Hu, (1)
k.l

where the operator c;k(ca’k) creates an electron (hole)
in the metallic lead o = S/D (Source/Drain) with wave-
number k and energy &u r = €k — [ta, Where [, is chemical
potential and ps — up = eV is the bias-voltage between
the leads. The operator d'(d) creates an electron (hole)
in the energy level g4 of the QD, which is symmetrically
coupled to the leads with coupling constant V. The lead-
lead coupling constant is Vgp. No charging effect was
taken into account in the QD energy level, since the MBS
signatures remain in presence of Coulomb repulsion and
possible Kondo physics, as Ruiz-Tijerina et al.>® have
shown.

Considering the even and odd conduction operators
Cep = CskCoS8O + cppsinfd and cop = cgpsind —
¢p,i cos B, with tanf = 1, Eq. (1) can be rewritten as

H= Z 8kc;kce7k +eqdtd + V2V Z(cl’kd + H.c)
k k

+ VSDZCZ,I@C&‘I + Hwm + Ho, (2)
k,q

wherein H, = >, Ekcl’kco,k —Vsbp Zk’q cl’kcqq describes
the odd conduction states, which are decoupled from the
QDY.

The term?>*

Hu = 1emy1y2 + Ai(d —dDy + Xa(d+d)ye  (3)



is the effective model Hamiltonian for a TSNW hosting
zero-energy MBSs ; at the ends”. The Majorana opera-
tors have following algebra ': [yi,v;] . = dij, ﬁ(j) = Yi(j)-
The parameter ey = em(l, B) = %e_l/zb cos(l\/l;) de-
scribes the overlapping of unpaired gapless MBSs at
the opposite sides of the wire?®, where b = B/Ej,
Il = Lv/2mEy/h with B being longitudinal Zeeman field
(light-blue arrow in the Fig. 1), L the length of the wire,
Ey = (2ma?A3./h?)Y/3%0 o is spin-orbit constant and
Agc is the induced SC gap in the wire. The presence
of the term cos(Iv/b) in ey is responsible for the oscil-
latory pattern in conductance as function of the mag-
netic field. The couplings between the upper /lower MBSs
and the QD are given by A\; and )y, respectively®*. As
known, the Hamiltonian of Eq. (3) can be rewritten with
usual fermion operators' f, since v, = % ( f+ fT) and

Yo = ﬁ (fT — f) To see how Hys stays in the fermionic
basis, please see Ref. [34].

The differential conductance of the system is given by
the following expression?’:

GleV) = % / (_W> T(w)dw = e}jT(eV)<,4)

where €2 /h is quantum of conductance and fr is Fermi-
Dirac distribution function. The last equality holds for
T = 0. T(w) is the transmittance across the system
which can be obtained using equation of motion (EOM)
method?>:3%, yielding:

T(w) =Ty + VToRoIRe [Gia(w)]

(127 I [Gyfe)], 5)

where T' = I'/(1 + z) is dot-lead effective coupling, ' =
27123, po is Anderson broadening®”, z = (7Vsppo)?,
po = > 0(w — €x) is the density of states (DoS) of the
leads, T, = 4z/(z +1)? and Ry, = 1 — T are the back-
ground transmittance and reflectance, respectively?38.

We also define the Fano parameter®’ ¢, = 4/ % = (;\_/? .

For asymmetric couplings between the QD and leads®?,
H, of Eq. (2) remains decoupled from the QD, with
tand = Vs /Vp. The only differences are an effective An-
derson broadening IV = 2I'sT'p /(I's + I'p) and an effec-
tive QD-even conduction band coupling V' = /VZ + V%
instead of V2V.

To calculate the spectral retarded Green’s function of
the QD G7,(w) in the Eq. (5), we use again EOM tech-
nique, which allows us to get the following expression:

where ¥ = —(v/z +9)T/(1 4+ 2), Xmpss(w) = K4 (w) +
(M ]? = [A2]?)K (W) K (w) is the part of self-energy pro-
vided by the presence of MBSs®?, K (w) = K (w)/(w* +
eq+ X" — K_(w)), K(w) =w"/[(wh)? — &3] and

W+ 12 22 M[N1 2
Koty = A D TR

with wt = w +10". Imaginary part of the Green’s func-
tion given by Eq. (6) defines the DoS of the QD,

Pdot(W) = —%Im[ ad(W)]- (8)

III. RESULTS AND DISCUSSION

We investigate the effects of applied longitudinal Zee-
man field on differential conductance of the system re-
stricting ourselves to the temperature 7' = 0. Our goal
is to analyze the changes in the conductance oscillation
patterns introduced by the bias-voltage between leads for
distinct Fano regimes of interference and couplings be-
tween the QD and MBSs. The tuning of QD-lower MBS
coupling strength |As| allows to study the degree of MBS
non-locality 7, as discussed in Sec. I. Concerning the Fano
interference process, one should discriminate between the
cases when tunneling between the leads goes preferably
via QD as intermediate (x = 0, ¢5 — 00, T, = 0) and
the opposite case when direct lead-lead tunneling pre-
vails (x = 1, ¢ = 0 T, = 1). Intermediary situations
are also considered (0 < = < 1). The parameters of
the system are taken as: Ey ~ 0.23 meV the wire length
L = 1pm, and Anderson broadening I' =~ 0.17Fy. This
is in agreement with both experiment'*16:17 and existing
theoretical estimations!'®2°.

Before discussing in detail our findings, we define the
Zeeman critical value B., corresponding to b = (7/21)2,
as the value in which MBSs begin to overlap with each
other. It is important to mention that the Hamilto-
nian which describes the system [Eq. (1)] is an effective
model that previously takes into account a Zeeman field
to break the spin degeneracy, thus ensuring the spinless
feature considered here and appearance of MBSs. Besides
this field, intrinsic to the model, there is an applied lon-
gitudinal Zeeman field B in the TSNW, which overlaps
the MBSs for B > B, and is responsible for oscillatory
pattern in the conductance, as we shall see.

A. DMajorana Oscillations and Fano interference

In this section, we study the role of Fano interference
effect in the Majorana oscillations emerging in differen-
tial conductance, for ¢4 = 0. Fig. 2 shows the differen-
tial conductance as a function of both eV and Zeeman
field, considering different TSNW-QD couplings(|A1]) for
the case when lead-QD-lead tunneling path is dominant
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Figure 2. (a)-(c): Plots of differential conductance [Eq. (4)]
as a function of the Zeeman field B and bias-voltage eV for
the case when lead-QD-lead tunneling path is dominant (z =
0,q — o0) and |A2] = 0. The QD energy level 4 = 0, the
values of TSNW-QD coupling are |\1| = 0.1Ey,0.5E, and
Eo = 1.0Ey. (d) Differential conductance at eV = 10"°FEj as
function of the Zeeman field, for distinct values of TSNW-QD
coupling |A1]. (e) Differential conductance as a function of eV’
for several values of the Zeeman field.

(r =0,q, — o0) and |A2| = 0. In such a case the MBSs
can overlap via €y, but the wire is long enough to ensure
that there is no connection between the MBS-2 and QD
(See Fig. 1). If the value of magnetic field is below crit-
ical, B < B,, we observe typical plateau in differential
conductance with G = 2 /2h, which indicates that MBSs
remain isolated from each other. When magnetic field ex-
ceeds the critical value, B > B,, an oscillatory pattern in
differential conductance as function of the magnetic field
arises. The value of the conductance oscillates between
the minimal value of €?/2h and maximal value which in
certain cases can reach e?/h. This latter points to a reg-
ular fermion signature arising due to the finite overlap
between the MBSs®.

These effects become visible at the panel (d), where the
differential conductance is plotted as function of the mag-
netic field for eV = 1078 Fy: the oscillations between iso-
lated MBSs (ep — 0, G — €2/2h) and nonlocal fermion
state formed by overlapping MBSs (G — €?/h) are clearly
visible. The increase of TSNW-QD coupling A; broad-
ens the dips in the conductance and decreases the ampli-
tudes of the oscillations. Note however, that for big val-
ues of magnetic field the maxima of the conductance still
reach the values of the conductance quantum. Effects of
the overlap between MBSs assisted by Zeeman field are
clearly seen at panel (e), where differential conductance
is plotted versus eV. Indeed, for certain values of B (cor-
responding e.g. to dashed-blue and dotted purple lines),
conductance reaches maximum value at eV = 0, which is
a signature of a regular fermion state, whereas for other
values of Zeeman field (corresponding e.g. to red filled

and dash-dotted black lines), G has minima at eV = 0,
which corresponds to the case of isolated MBSs.

The change of the Fano interference regime to the case
where ¢, = 0, corresponding to the dominance of the
direct lead-lead tunneling, brings dramatic changes in
the differential conductance pattern, as can be seen at
Fig. 3. Two qualitatively new phenomena are observed
here as compare to the case g, — oco. First, at eV = 0,
G = €2/2h and is independent on the values of |\;| and
applied field B. Moreover, differential conductance as
function of bias-voltage reveals fractional Fano-like reso-
nances around eV = 0 with intriguing minimal and max-
imal values equal to e?/4h and 3e2/4h 3138, Similar frac-
tional Fano interference process was already reported by
Baranski et al.?? in a T-shaped geometry with a QD be-
tween metallic and superconducting leads, side-coupled
to a MBS. In such a system, the fractional interferomet-
ric behavior is related to the presence of MBS in the sys-
tem, which scatters the electron waves, changing their
phase®?. We highlight that the fractional oscillatory pat-
tern reported here only can be verified for low temper-
atures (T < mK). Otherwise, the thermal effects can
smear out such Fano-like resonances, making the effect
unobservable.

We also examine the corresponding dimensionless QD
DoS for the case q, = 0. The results are shown in the
Fig. 4 for |\| = 1.0Ey. As it can be clearly seen, DoS re-
veal the resonant asymmetric pattern, which is inverted
with respect to the pattern observed in the differential
conductance: the dips in the DoS correspond to the peaks
in G and vice versa. This inversion is a straight aftermath
of the system electrical charge conservation: in the lead-
lead Fano regime the better is localization of the electron
on the dot the poorer is the conductance. In order to
catch both charge conservation and fractional Fano-like
lineshapes, we present horizontal line cuts of the color
plot of the Fig. 4(a) along red, blue and black horizon-
tal bars, as shown in the Fig. 4(b). As can be seen,
for both values of B > B, considered (dashed blue and
dash-dotted black lines), the amplitudes of the fractional
profile remain the same.

To understand better the fractional Fano interference
process, we analyze differential conductance as a func-
tion of eV for several values of coupling between the QD
and lower MBS (|Az]), which allows to verify how the
fractional feature is modified by decreasing the degree of
MBS non-locality'?. Fig. 5 shows that, for smaller val-
ues of Az, the fractional lineshape persists with slight
changes in amplitude. However, for |\s| = 1072 E; (pur-
ple dashed-line) the fractional resonances invert and, for
bigger values, vanish. This behavior suggests that the
fractional Fano effect appears just for high degrees of
MBS non-locality, i.e, [Xa| < 1072Ey < |A1], yielding
n=0.1.

Fig. 6 shows the differential conductance as a function
of eV for distinct Fano interference processes (0 < x < 1).
When the lead-QD-lead path is dominant (z = 0), the
conductance reaches maximum e?/h, indicating that the
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Figure 3. (a)-(b): Plots of differential conductance [Eq. (4)] as
function of the Zeeman field B and eV, for the case when di-
rect lead-lead tunneling path is dominant (z = 1, ¢, = 0) and
[A2] = 0. The QD energy level e4 = 0, the values of TSNW-
QD coupling are |A1| = 0.1Ey,0.5Ep, and Ey = 1.0Ey. (d)
Differential conductance as function of eV for several values
of Zeeman field. Conductance reveals sharp resonant asym-
metric profile.
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Figure 4. (a) Dimensionless DoS of the QD for the case of
the dominant direct lead-lead tunneling (x =1, g» = 0) as a
function of the Zeeman field and eV, with |A1| = 1.0Ey and
[A2] = 0. (b) Dimensionless DoS of the QD as function of eV
for three different values of the magnetic field, corresponding
to the colored horizontal bars at the panel (a).

MBSs are overlapped via Zeeman field (epr(B) # 0). As
we enhance the direct lead-lead transport, the Fano-like
fractional resonance begins to take shape. Such a behav-
ior can be verified for z > 0.15(¢g, < 1.10). For higher
values of x, which describes the predominance of direct
lead-lead tunneling (z > 0.75(gp < 0.14)), the fractional
resonances becomes more evident, showing the same line-
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Figure 5. Differential conductance [Eq. (4)] as function of eV
for the situation which the fractional Fano-like resonances are
present(z = 1, ¢» = 0). Several values of the coupling between
the QD and the lower MBS are considered(|Az2]).
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Figure 6. Differential conductance [Eq. (4)] as function of eV’
for the several Fano regimes of interference (0 < z < 1) and
highly non-local situation (|Az2] < |[A1]).

shape, with small deviations in amplitude. These fea-
tures state that the fractional Fano interference effect
takes place when direct lead-lead tunneling process is
dominant over those lead-QD-lead, thus indicating that
the measurement system (metallic leads and QD) can
distort the MBSs local/non-local signatures due to inter-
ference phenomena.

In order to have an overview about the influence of
Fano interference in the Majorana oscillations, in Fig. 7
we analyze the differential conductance for eV = 0 as
a function of Zeeman field, considering several values
of z(gy). For the highly non-local situation (JA2| = 0,
n = 0) [Fig. 7(a)], we verify that as x increases, the am-
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Figure 7. Differential conductance [Eq. (4)] as function of
Zeeman field, for eV = 0 and several Fano regimes of inter-
ference (0 < z < 1). In panel (a) the coupling between the
QD and the lower MBS is neglected |A2 = 0|, while in (b) is
considered.
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Figure 8. Differential conductance [Eq. (4)] as function of
Zeeman field, for eV = 0 and several values of |A2|. Panel (a)
exhibits the Fano regime x = 0, while (b) and (c) show the
situation for x = 1 and x = 0.5, respectively.

plitude of oscillations are suppressed until total quench
for x =1 (¢, = 0). Thereby, the enhancement of direct
lead-lead tunneling process (x > 0.95) can destroy the
oscillatory behavior at zero-bias voltage (eV = 0), hid-
ing the information about the overlap between MBSs via
Zeeman field. The suppression of oscillations amplitude
is also verified for |As] # 0, even for a high degree of
MBSs non-locality (n ~ 1073), as depicted in Fig. 7(b).
The main difference is that for the finite |\s| situation,
the oscillatory pattern is not completely quenched for
z =1

Fig. 8 exhibits how the degree of MBSs non-locality af-

fects the Majorana oscillations at zero-bias voltage. The
oscillatory behavior is well defined just for higher non-
local situations in all the three interference processes con-
sidered here [(a)z = 0, (b)z = 1.0 and (c)z = 0.5]. As
we decrease the Majorana non-local property (enhancing
|A2]), the oscillation pattern is totally suppressed due to
the MBSs peak splitting, which points out that the MBSs
can experience each other. The data indicates that for
[A2] = 0.1E (orange solid line), yielding n = 0.32, the os-
cillatory pattern is completely absent, which shows that
the presence of well-defined oscillations at eV = 0 in the
differential conductance as a function of Zeeman field is
a feature of highly non-local MBSs (1 — 0). These find-
ings suggest that our device can work as a fine tunneling
spectrometer to investigate the non-local MBSs features,
once it catches changes in oscillations amplitude appear-
ing in differential conductance at zero-bias, even for small
values of 7.

B. Degree of MBS non-locality and experimental
protocol

In Sec. I, we recall the concept of degree of MBSs non-
locality 1 proposed by Prada et al.'?, who also indicated
a protocol to measure it in a QD-TSNW hybrid system.
Such a theoretical proposal was followed by its exper-
imental achievement by Deng et al.'®>. We also intro-
duced that 7 is related to a topological quality factor, as
stated in Ref. [11]. In this subsection, we present that our
simplest effective Hamiltonian (spinless carriers, absence
of charging effect and additional ABSs) is also able to
catch the information of the degree of MBSs non-locality
using the same protocol previously proposed!?!5. Be-
fore presenting our findings, it is worth mentioning that
the QD setup in our device is distinct from the origi-
nal proposal'?. Here, the transport is through the QD,
placed between metallic leads and side-coupled to the
TSNW, while in previous works!!:!2:14:15:26 " the trans-
port is through the QD-TSNW system, placed between
metallic and superconducting leads. Furthermore, in
such works the QD belongs to the nanowire structure
and, therefore is not a separated entity as in our device.

Fig. 9 shows contour plots of differential conductance
as a function of bias-voltage eV and QD energy level ¢4,
for several values of eyf(B) and |A2|. The QD energy level
can be experimentally accessed by a gate potential Vy,
which can be tuned separately from the gate voltage eV
between metallic leads by changing both in a compen-
satory way!'®. Panel (a) describes the higher non-local
situation, i.e., there is no overlap between the MBSs
(em(B) = |A2] = 0). This highly non-local property is
characterized by a plateau at G(eV = 0) = €2/h, inde-
pendent from the value of 4. It is known from previous
works!'424 that Andreev bound states (ABSs) can trans-
mute in a topological MBS as they become merged at
zero-energy. However, the ABSs also can coalesce form-
ing near-zero energy mid-gap states in a nontopological
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Figure 9. Differential conductance [Eq. (4)] as function of
both QD energy level £4 and bias voltage eV. Panel (a) shows
the highly non-local situation of isolated MBSs (em(B) =
[A2] = 0). (b) exhibits a non-local situation, wherein the
em(B) is dominant (“bowtie” overlapping MBSs in Ref. [12]),
while (c) and (d) show the case correspondent to “diamond”
of same reference, described by the dominance of |Az| over
em(B). The difference between (c) and (d) is the degree of
MBSs non-locality n = +/|A2|/|A1], with [Ai] = 1.0E, for all
the situations considered. The values €, and ey;55 allows to
obtain experimentally n ~ 2.

regime, mimicking MBS signatures. Such ABSs analysis
does not belong to scope of this work, since no additional
ABSs were included.

Now, let us consider the situation in which MBSs over-
lap with each other via ey(B) > |A2|. We verify in
panel (b) the “bowtie” pattern, in qualitative agreement
with the same situation reported in Fig. 4(b) of Ref. [12]
and 3(b) of Ref. [15]. As indicated in Fig. 9(b), such
a measurement is able to provide the value of ep(B),
which is ~ 0.12E, for B = 3.5E;. Figs. 9(c)-(d) de-
pict the situation wherein ep(B) < |A2|, which reveal
information about the degree of MBSs non-locality using
the same protocol previously stated'?: € ~ 7 can be ob-
tained experimentally by the ratio 5§§IBS / 5diot. Let us pick
out the values indicated in Fig. 9(d): eypg = —0.30Ey
and 5, ~ —1.5E). Since Q% = eypg/cq, >, we
find Q ~ 0.45, in agreement with the theoretical pa-
rameters adopted (JA2] = 0.2Fy, |A1] = 1.0E; and

7

n = +v/|A2|/|A1] = 0.45). In such panels, we also con-
firm the “diamond” shape, which was previously verified

in Figs. 4(d) and 3(c) of Refs. [12] and [15], respectively.
By comparing panels (¢) and (d), it can be noticed that
the enhancement of €, i.e., the reduction of MBSs non-
local properties, is characterized by the opening of the
“diamond” shape. Qualitative agreement between our
results of Fig. 9 and those found in Ref. [12], which were
experimentally verified in Ref. [15], evidence that our de-
vice can be used to explore the MBSs non-local proper-
ties.

IV. CONCLUSIONS

To summarize, we studied Majorana oscillations in a
T-shaped hybrid device composed by a QD embedded
between a pair of conducting leads and side-coupled to
a TSNW hosting zero-energy MBSs at its ends. Analyz-
ing the differential conductance profiles of the system as
a function of the applied Zeeman field and bias-voltage
eV between the leads, we found that Majorana oscilla-
tions are very sensitive to the changes of the regime of
Fano interference and degree of Majorana non-locality
7. This latter can be tuned by changing the coupling
between the QD and lower MBS. Unexpected fractional
Fano-like resonances were unveiled for high non-local sit-
uations (n — 0), in the regime where direct lead-lead
tunneling prevails. Moreover, differential conductance as
a function of both bias-voltage and energy level of QD
revealed “bowtie” and “diamond” shapes, in qualitative
agreement with the original theoretical proposal'?, de-
spite differences between the models. Such correspon-
dences indicate that our device also can be used as a
tunneling spectrometer to obtain experimentally the de-
gree of Majorana non-locality and investigate its topo-
logical properties following the same protocol proposed
by Prada et al.'? and experimentally performed by Deng
et al.'®.
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Chapter 7

Spin-dependent zero-bias peak in a hybrid
nanowire-quantum dot system:
Distinguishing isolated Majorana fermions
from Andreev bound states

L. S. Ricco, M. de Souza, M. S. Figueira, 1. A. Shelykh and A. C. Seridonio, Phys. Rev. B 98, 075142.
Published August 24, 2018

7.1 Opverview and Remarks

The current work concerns the detection of Majorana bound states (MBSs) in hybrid nanowire-
quatum dot devices. The pivotal difference between such a work and those found in previous sections
is the full spin description in our system Hamiltonian, instead of a spinless model adopt in our earlier
papers. Parallel to this, we also have considered the Coulomb repulsion between the charge carries at dot
energy level (intradot correlation). As we already have done in sec. 6, the coupling of dot with both MBSs
was kept, as well as the direct overlap between them. The consideration of all this ingredients allowed us
to theoretically analyze a physical system more faithful to recent experimental devices and also propose
a way to solve a key issue in the area of Majorana detection: Differentiate the truly topological MBSs
from the so-called Andreev bound states (ABSs). For further information, please see the paper at end of

this chapter. We also present some supplementary results.

7.2 Theoretical Model and density of states calculations

In this section we will provide some details concerning the theoretical calculations of the Green’s
function of quantum dot, which are in a summarized way in the paper. The full procedure can be found
in Appendix B, at the end of current thesis.

Let us start by writing the Hamiltonian which describes the hybrid system that is being considered
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Chapter 7. Spin-dependent zero-bias peak in a hybrid nanowire-quantum dot system: Distinguishing
isolated Majorana fermions from Andreev bound states

[please, see Fig. 1 of draft]:

H = ) Ekoely ko + > dondo + Unarna,

ko o

+ \@V Z(eLng + dl-eko') + Hqu (7.1)
ko

where ng, = dlda is the number operator for electrons in the QD single-level and efw(ekg) depicts
electrons (holes) in the normal (N) lead with wave number k, spin ¢ =*, | and energy ¢k,. The energy
level of QD is €4, = €4 — 0V, wherein V7 is the Zeeman energy splitting induced by external magnetic
field and U accounts for the charging energy. The dot is coupled to N-lead with strength \/2V. Hpy,,
represents the effective model Hamiltonian for a SC nanowire hosting MBSs ~; at opposite ends and

coupled to the QD and is given by:
Hyw = 16u707R + (Ade — Mpdb)vz + (Ardo + Xpd) ) yr, (7.2)

wherein the Majorana operators -y; are self-conjugated (y; = fyg ) and obey the algebraic relation {~;,v;} =
0;;. The dot is coupled to left and right MBSs, with hoppings A7, and Ag, respectively. The direct hy-

bridization §;; between MBSs is the same which we have adopt in Sec. 6.3, i.e,

o—l/2b

o =
M

which is function of both Zeeman energy splitting b = Vz / Ey and SC nanowire length [. This theoretical

cos(l\/l;)Eo, (7.3)

prediction can be related to experiments by choosing the energy scale Ey = (2m*a?A3./ hQ)l/ % and
l = L\V2m*Ey /h, where L is the actual SC nanowire length, m* is the electron effective mass, « is
spin-orbit constant and Agc is the induced SC gap.

As already have established in previous sections, Hp,, [Eq. (7.2)] can be rewritten in a regular
fermionic basis, since a Majorana excitation can be decomposed into a pair of fermionic operators, i.e,
vr = (fr + f;)/\/i and yg = z(f%t — f1)/V/2. In such a basis, H ., becomes into

Huvw = Ou <fTTfT - ;) t+tnp ) _(doff + frdb) + A (dofr+ fld}) (7.4)

wherein the hopping term 5, and the binding energy between the delocalized Cooper pair A are given
by thy = (AL — |Ar|)/vV2 and A = (|]AL| + |Ar|)/V/2, respectively.
Our goal is to obtain the total density of states (DOS) in the QD, which reads:

DOS(w) =T > po(w), (7.5)

where the constant I' = 27V 2 pg is the QD-N lead effective coupling, with pg being the DOS of lead. The
quantity p, (w) = —%Im[GZ’Z(w)] accounts for DOS per spin orientation, which depends on the retarded
Green’s function of the QD G;"Zl(w) in spectral domain w. To obtain such a function, we apply the EOM

procedure as described in Sec. 3.1. We remember the reader that this technique can be summarized as
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Figure 7.1:  Green’s functions Tree showing a bird’s eye view of evolution of each Green’s function under application of
EOM technique. The functions with a red X were thrown away due to Hubbard-I truncation scheme.

follows

(w + )G, (W) = i + ({[ei, H]s b)), (7.6)

for single-particle Green’s functions, where ¢;(;y are fermionic operators belonging to Hamiltonian 7—[

which obeys the usual anticommutation relations {c;(;), ¢;(;)} = { T )2 Cig ])} = 0 and {¢, c]}

Thus, for the Green’s function of dot:
(w+m")Gha, (@) = 1+ ({dy, H];df)), (7.7)
where H is the Hamiltonian of Eq. (7.1). after calculating [d,, H], one gets:
(W—edo +m )Gy 4, (W) = 1+UGY ., 4 \fVZGek dy

_ thpzfsw Ty (@ Z&UUAG;W o @), (7.8)

wherein we can notice the presence of new Green’s functions, which will be computed by applying the
EOM again.

However, we drawn attention for the Green’s function of four operators G7; , ~; (w), which emerges
due to many-particle correlations ng ;14 s introduced by Coulomb charging energy in the system Hamil-
tonian [Eq. (7.1)], as we have discussed in chapter 3. As can be seen in Appendix B, the calculation of
such a many-particle Green’s function via EOM yields new ones, which, in turn generate new many-
particle Green’s functions. In other words, successive application of EOM in this kind of Green’s func-
tions will generate an infinite chain of others Green’s functions and thus, the system can not be closed.
Here, we apply the Hubbard-I truncation scheme, which allows us to describe better the Coulomb block-
ade regime. For suitable discussion, we kindly ask the reader to see the paper version of our paper at the
end of this chapter and also go back to chapter 3.

Instead of present a step-by-step calculation of Green’s functions of Eq. (7.8) with the truncation

72



Chapter 7. Spin-dependent zero-bias peak in a hybrid nanowire-quantum dot system: Distinguishing
isolated Majorana fermions from Andreev bound states

procedure, below we present a scheme of the complete set of Green’s functions to show how the system
has grown by applying the EOM approach and in what point it was needed to truncate. We properly
called this scheme of “The Green’s functions Tree”. Detailed calculations can be seen in Appendix B.

The final Green’s function of dot is shown in Eq. (17) of the paper.

7.3 Published Paper
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Hybrid system composed by a semiconducting nanowire with proximity-induced superconductivity
and a quantum dot at the end working as spectrometer was recently used to quantify the so-called
degree of Majorana nonlocality [Deng et al., Phys.Rev.B, 98, 085125 (2018)]. Here we demonstrate
that spin-resolved density of states of the dot responsible for zero-bias conductance peak strongly
depends on the separation between the Majorana bound states (MBSs) and their relative couplings
with the dot and investigate how the charging energy affects the spectrum of the system in the
distinct scenarios of Majorana nonlocality (topological quality). Our findings suggest that spin-
resolved spectroscopy of the local density of states of the dot can be used as a powerful tool for
discriminating between different scenarios of the emergence of zero-bias conductance peak.

I. INTRODUCTION

The possibility of achieving of fault-tolerant quantum
computing with qubits based on Majorana bound states
(MBSs)!? started a new era in the domains of mesoscopic
physics and quantum information. These exotic non-
Abelian excitations® emerge as topologically protected
mid-gap zero-energy modes in so-called topological su-
perconductors®®. The topological protection stems from
the separation between individual MBSs, i.e, nonlocal-
ity, which is also responsible for the immunity of a setup
against local perturbations and consequent loss of the in-
formation due to the processes of decoherence®®. How-
ever, it should be noticed that, for practical realizations
of quantum computing systems, the MBSs qubit becomes
vulnerable to the decoherence process caused by local
perturbations when coupled to environment”®, which can
lead to unwelcome errors in the processing of quantum
information.

Topological superconductivity can be realized ex-
perimentally in hybrid superconductor-semiconductor
nanowires with induced proximity effect in the presence
of strong spin-orbit coupling and external magnetic field,
favoring the formation of superconducting (SC) triplet
states %!0. In these hybrid devices, manifestation of a
robust zero-bias conductance peak (ZBCP) has been con-
sidered as an experimental signature of the presence of
highly nonlocal MBSs emerging at the opposite ends of a
nanowire'! 1. However, it was argued later on that other
physical mechanisms such as disorder'%, Kondo effect!”-'8
and formation of Andreev bound states (ABSs)'? 2% can
be responsible for the appearance of analogs of ZBCP.
In particular, there is ongoing controversy?’ whether
near zero-energy ABS, constituted by weakly overlapping
MBSs, can mimic robust 2e?/h ZBCP 2223, Overall,
there is currently consensus that observation of ZBCP

L

Figure 1. Sketch of the system consisting of a hybrid super-
conducting (SC) nanowire (blue region) coupled to a quantum
dot (QD) with energy level €4, which can be tuned by appli-
cation of an external gate voltage Vpot. The QD is coupled
to both Majorana bound states (MBSs) . and yg at the
opposite ends of SC nanowire with strengths Az, and Ag, re-
spectively. The MBSs may be hybridized with each other by
dar in the presence of an external magnetic field applied lon-
gitudinally (purple arrow) due to the finite size effects. The
QD levels are broadened due to the coupling I" with a normal
metallic lead N.

epitaxial sc

only is not enough to guarantee the presence of topolog-
ically protected MBSs in the system.

A possible way to clarify the origin of ZBCP is perform-
ing tunneling spectroscopy of a quantum dot (QD)3%3! is
assumed to be coupled to both ends of SC nanowire. In
this type of experiment one can access the so-called de-
gree of Majorana nonlocality'43233 characterizing “how
topological” are MBSs and distinguish between the cases
of well-separated MBS and near zero-energy ABSs (over-
lapping MBSs)!13:21:34:35,

Distinct from earlier works , in the present
paper we analyze how charging energy of the QD single-
level coupled to a normal lead affects the energy spectrum
of the device sketched in the Fig. 1. To account for the
correlation effects we go beyond the Hartree-Fock mean-

13,14,32,33,36



field approximation used by Prada et al®? for larger Zee-
man fields, applying the method developed by Hubbard?3”
to treat the charging energy which allows us to recover
qualitatively the recent experimental profiles reported by
Deng et al'* for a set of tunable parameters. In this
sense, we demonstrate that for highly nonlocal MBSs, a
plateau at zero-energy is formed in the QD density of
states in the wide range of the values of the dot level and
charging energies. In the case of strongly overlapping
MBSs forming an ABS, the spectrum is strongly modi-
fied and this plateau disappears. Moreover, changes in
MBSs degree of nonlocality strongly affect spin resolved
density of states of QD, which means that spectroscopic
experiment with spin-polarized local probe3® 43 will al-
low to identify whether ZBCP is induced by topological
MBSs or ABSs (overlapping Majoranas).

II. THE MODEL

The effective Hamiltonian describing the device de-
picted in Fig. 1 takes the following form323¢

H = Z Skoeltgeka + Z €doNde + Ungrnay

ko o
+ \/iv Z(eltgdo + d:ffekn) + Hyw, (1)
ko
where ng, = d:‘,do is the operator of the number of

the electrons residing in the single-level QD, the opera-
tors e;fw(ekg) correspond to the creation of the electrons
(holes) in the normal (N) lead® with wave vector k, spin
o =7T,]) and energy ex,. The energy of an electron in
the QD is spin dependent, €4, = €4 — 0V, where Vg
is Zeeman energy splitting induced by an external mag-
netic field. U is the charging energy of the QD. The dot
is coupled to the normal lead N with coupling strength
V2v.

To describe the SC-nanowire hosting a pair of MBSs
~; at the opposite ends and coupled to the QD, we use
low-energy effective model developed by Prada et. al?,
and characterized by the following Hamiltonian:

Hyw = 10pyryr + (Ardy — Xidj;)%
+ (Ardy + Nd! )vg (2)

where self-conjugated operators v; = fyZT describe local-
ized Majorana fermions and obey the algebraic relation
{7i,7} = 51»]-1’4’6. Hp, can be rewritten in the reg-
ular fermionic basis, since Majorana operators can be
decomposed into pairs of normal fermionic operators,
e = (fi + f1)/V2 and g = 2(f{ = f+)/v/2. The dot is
coupled to the left and right MBSs, with coupling con-
stants Ay, and AR, respectively. The direct hybridization
Sar between MBSs reads*®4°

o—1/2b
oy = 7 cos(1vVb) Ey, (3)

which is the function of both Zeeman energy splitting b =
Vz/Eo, By = (2m*aA23e/h?)"? and | = Ly2m*Ey/h
with L being the length of the wire, m* being electrons ef-
fective mass, a the spin-orbit coupling constant and Agg
the induced SC gap**. The degree of MBSs nonlocality
n can be defined as ratio between QD-MBSs right/left
coupling strengths??:

2 |AR|
= 2Rl 4
"= (4)

This parameter can be experimentally accessed through
the measurement of the conductance as a function of the
gate potential changing the energy of a QD and drain-
source voltage!® and estimated as the ratio between en-
ergy values in which the Majorana and QD states are on
resonance (anticrossing points)®?, 7% ~ fﬁBs/eéD [See

Fig 2(d-f)].

A. Density of states calculations

Our main goal is to investigate how the spectral prop-
erties of the QD accessible in spin-resolved measurements
are changing when the degree of MBSs nonlocality char-
acterized by the parameter 732 is modified. Hence, it is
suitable to evaluate the total density of states (DOS) in
the QD, which reads:

DOS(w) = 7T po(w), (5)

where the constant I' = 2wV ?2pq is the QD-N lead effec-
tive coupling?®, with py being the DOS of the lead. The
quantity

o) =~ TmlG5(w)] (©

denotes the DOS corresponding to a given spin orienta-
tion, which is determined by the retarded Green’s func-
tion of the QD GJ%(w) in the spectral domain. The

application of the equation of motion (EOM) method*”
leads to the following equation (Appendix A):

(WJF - 5do’ - EE/L:JO + ZF)GZV,(ZI(W) = 1 + UGS,,nd;,,da (W)
+U (AL = MRPEGY (),
(7)

where w* = w—l—iO*, Eﬁ;o = Kl + (‘)\L|2 — |)\R|2)2KRU
is the self-energy>® due to QD-MBSs hybridization in the
absence of the charging energy, and

1 1 1
K=-
2 (w++(5jy[ +w+—5M>7 (8)




_ 1 K
K==
2 <w+ +€d[,—K2+ZF> ’ (9)
L Tl = PeD? (AL + [AR])?
K _5 |: wt — 0 wt + 0 (10)
and
L[l = [AeD? | (ALl +[ARD)?
Ky =—- . 11
2 2 [ wt 4+ ou wt — oy ( )

The presence of the two-particle operator corresponding
to the charging energy term in the Hamiltonian [Eq. (1)]
leads to the appearance of the two particle Green’s func-
tions in the Eq. (7). The iterative application of the EOM
procedure to such higher order functions will produce
an infinite chain of the equations which should be trun-
cated at some point*’. Distinct from the earlier work3?
in which the charging energy of the dot was accounted for
using a mean-field approximation, here we take a step fur-
ther by following Hubbard-I truncation scheme®”. This
allows us to account for the appearance of the so-called
Hubbard peaks and thus describe better the physics of
Coulomb blockade regime. Note, however, that in our ap-
proach Kondo-type correlations are fully neglected, and
it is applicable only if Tx/Agc Z 0.6%2 or T > Tk,
wherein Tk is the Kondo temperature'”'®. Further de-
tails of the calculations can be found in the Appendix
B.

After Hubbard-I truncation, the two-particle Green’s
functions take the following form:

. (nas)
f Nds; (LU) = ? (12)
donazids wt —ego —U — E&io +
and
oo (@) = (AL = AaPIEGG, 0,y a, (), (13)
wherein

0
() = [ dips @) (14)

— 00

gives the occupation number of the dot per spin & (op-
posite to o) at T = 0. The self-energy term provided by
the presence of MBSs and charging energy U is given by

e = K1+ (As]* = [Ar[})2KKY (15)

where

1 K
2 wt+ege +U+ Ko+

Kg = (16)

After some algebra we get from Eqgs. (7), (12) and (13)
the following expression for the retarded Green’s function

of the dot:

o Mw,05) —U(AL]? — Ar[*)*M(w, 05)
Gyalw) = W — gy — BU=0 4l (17)

with

Mw,oo) =1+ wt — e4o Ugldgé&io + (18)
and

M(w,05) = <”d6>l_{0}_{6 (19)

w+—6dJ—U—EﬁiO+zF.

IIT. RESULTS AND DISCUSSION

We investigate the energy spectrum of the device de-
picted in Fig. 1 analyzing the DOS of the QD [Eq. (5)] as
a function of spectral frequency w and dot energy level
gq for several regimes corresponding to the different ra-
tios between the parameters of the system. The relevant
parameters of our model, in units of Ey, are the charg-
ing energy U, hybridization A (Ag) between the dot and
MBS(left /right) and Zeeman energy splitting V7, which
modulates the direct overlap d3; between the MBSs at
the opposite nanowire ends. The length of the SC was
chosen as L =~ 0.1lpm, in accordance with the results
presented in the Ref. 44. The occupation numbers for
each spin [Eq. (14)] were self-consistently computed. In
all the situations, the QD-left MBS coupling strength is
kept fixed (A, = 1.0Ey). Concerning the charging energy
strength U, we follow Prada et al.3? effective Hamilto-
nian, assuming that U > A.

Fig. 2(a) corresponds to the highest nonlocal situation
(n = 0), where SC nanowire is long enough (L ~ 2.0pm)
to ensure formation of isolated MBSs at the ends (65 =
0). In this regime, the dot couples only with the left MBS
(Ar = 0). As predicted by the earlier works!43233 the
Majorana states remain unperturbed under variations of
the QD energy level, since the latter can not cross the
topologically protected zero-energy MBSs.

For shorter wires (L ~ 0.4pm), Fig. 2(b), DOS of the
dot reveals the so-called “bowtie” profile, characteristic
to the regime when the overlap between MBSs is finite
and the dot is only weakly hybridized with rightmost
Majorana (Az,dar > Ag)??. In this situation the topo-
logical protection is absent and the energies of the over-
lapping MBSs are strongly perturbed in the vicinity of
the resonance with the QD state. The splitting of near-
zero states is ruled by direct hybridization between MBSs
20ps (See yellow bar in the panel (b)).

Fig. 2(c) demonstrates the spectra for the case of the
local fermionic zero-mode (dpy = 0 and n = 1), cor-
responding to the highest localization of MBSs (lowest
topological quality factor3?), for which any pronounced
structure at w = 0 is absent.
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Figure 2. Color scale plots of the DOS of a QD as a function
of QD energy level €4 and spectral frequency w for distinct
regimes. In all situations we chose U = 5Ey and A, = 1.0Ej.
(a) highly nonlocal isolated MBSs (dp = Ar = 0) for
Vz = 0.8Ep and L = 2.0um; (b) bowtie profile, wherein
Vz = 1.72Eo, L = 0.4pm, 6y = 0.12Eo and Ag = 0.003E,.
(c) regular fermionic zero mode (A, = Ar = Ey, dm = 0),
with L = 0.4pm and Vz = 1.38Ejp; (d)-(f) diamond profiles
(0m < Ar,AL), with actual nanowire length L = 0.4pum.
Panel (d) exhibits the situation for Vz = 1.4Ey, dp =
0.004FEy and Ar = 0.03Ey. In (e) we have set Vz = 1.5E),
O0m = 0.04Fy and Ag = 0.25E, while in panel (f) Vz = 1.6 Ey,
5]\/[ = 0.08E0 and )\R = 0.5E().

The panels (d)-(f) of the Fig. 2 correspond to the case
of the shorter SC nanowires (L ~ 0.4pm), for which
Oy # 0 but dpy < Ag. This regime corresponds to the
situation wherein the wave function describing the right
MBS moves towards the QD due to the application of the
magnetic field'®23. One can notice the presence of the
previously reported “diamond” profiles'*32. Fig. 2(d)
shows the diamond lineshape for a quasi-ideal case of
the isolated MBSs (n = 0.17), while panels (e) and (f)
illustrate the situations where the nonlocal feature was
suppressed by enhancing A\r and, consequently n. The
loss of the nonlocality (n — 1) is related to the displace-
ment of the right MBS (yr) wave function towards the
left MBS, increasing the overlap between such states and
enhancing the hybridization A of right Majorana mode
with the dot state. By comparing the Figs. 2(d)-(f), it
can be noticed that ABS formation due to the strong lo-
calization of the right MBS near the QD gives rise to the
disintegration of the diamond shapes. In other words,
the closer €pg is to €5, (See panels (d) and (f)), the
higher is the local nature of MBSs and the lower is the
topological quality of the device.

It is worth noting that the results presented in
the Fig. 2 differ from analogous results of the earlier
works'32 due to the presence of extra crossing points
appearing in the middle region of all the panels. This
feature is direct outcome of the theoretical treatment af-

() Ar = 0.003E,

6w = 0.28E,

(e)Ar = 0.25E,
6w = 0.03Eo

75 50 25 00 25 50
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Figure 3. Color scale plots of the DOS of a QD as a function
of QD energy level €4 and spectral frequency w for distinct
regimes. In all situations we chose A\, = 1.0Ey. Left panels
show (a)isolated MBSs, (c)bowtie and (e)diamond profiles,
corresponding to the cases illusrtated by Fig. 2(a), (b) and
(e), respectively, but for the distinct values of Zeeman split-
ting Vz and charging energy U. Right panels reproduce the
corresponding left ones in the reduced gray scale.

forded by Hubbard-I approximation®” to charging energy
term of the system Hamiltonian [Eq. (1)]. It is known
that such approximation makes the condition of the tran-
sition to ferromagnetic state more restrictive compared
to Hartree-Fock mean-field approximation, since it ac-
counts for the higher order correlations thus reducing the
energy of non-magnetic states with respect to ferromag-
netic ones®”. For this reason, Hartree-Fock mean-field
approximation works well for larger Zeeman fields, as pre-
viously noticed by Prada et al??. However, within such
a mean-field approach for any value of Vz, the informa-
tion about correlated motion of electrons is only taken
into account with the mean occupation®®. Hubbard-I
decoupling scheme accounts for such correlated motion,
which gives rise to the appearance of the so-called Hub-
bard peaks at €4, and €4, + U, describing the regime
of the Coulomb blockade. From the experimental per-
spective, the work of Deng et al'* shows the validity of
the Hartree-Fock approach, since such an experiment was
performed under relatively larger Zeeman fields, which
are enough to resolve the QD spin-degrees of freedom.
In this work, by using the Hubbard I decoupling scheme,
we predict the system behavior in the scenario of weaker
Zeeman splitting, which could be addressed in future ex-
periments.

Detuning of the parameters V; and U from the value
corresponding to the Figs. 2(a), (b) and (e) allows
us to recover low-energy spectrum theoretically pre-
dicted within the Hartree-Fock mean-field approxima-
tion32, which was experimentally verified by Deng et.
al**, thus ensuring the comprehensiveness of the ap-
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Figure 4. Density of states as a function of the QD level g4
at w = 0 for (a) isolated MBSs, (b) bowtie and (¢) diamond
configurations. Plots for several values of charging energy
[U = 2.5E) (blue squares), 5Ey (magenta triangles) and 7.5Fq
(green crosses)| are presented.

proximation employed here. Figs. 3(a)-(b) illustrate the
case of isolated MBSs, but with V; lower than that of
Fig. 2(a). Such a Zeeman splitting is unable to resolve
spin up and down states of the QD. Consequently, instead
of a four-peak structure, profiles with only two peaks re-
sembling those presented in the Fig. 4(d) of the Ref. 14
appear. Figs. 3(c)-(d) show bowtie profiles correspond-
ing to V; = 2.5Ey and U = 20E; and comparable to
those presented in the Fig. 3(b) of Ref. 14. In the cor-
responding scenario only two peaks are present as well,
since higher charging energy sets other peaks outside the
considered range of 4. Increase of the value of U results
in the profiles shown in the Figs. 3(e)-(f) corresponding
to the diamond situation shown in the Fig. 2(e) and com-
parable to those presented in the Fig. 3(c) of the Ref. 14.

Fig 4 shows the DOS of the dot as a function of QD
level 4 at w = 0 for (a) isolated MBSs, (b) bowtie and
(c) diamond situations, for distinct strengths of the dot
charging energy [U = 2.5F; (blue squares), 5Fy (ma-
genta triangles) and 7.5F; (green crosses) ]. In the high-
est nonlocal case [Fig 4(a)], the insensitivity of the zero
frequency peak to the tuning of the QD level and varia-
tions of the dot charging energy is verified!3233. There
is a plateau in the total DOS characteristic to ZBCP.
This scenario breaks down for the possible situation of
the formation of ABS due to the overlap between MBSs
[Fig 4(b-c)]. In this case the plateau in the DOS is de-
stroyed and positions of the peaks change with variations
of both position of the dot level €4 and charging energy
U. Fig 4(b) describes a linecut at w = 0 for the bowtie
configuration, wherein the four resonances for U = 5E)
(magenta triangles) correspond to the anticrossings be-
tween the dot level and near zero-energy states appearing
in the Fig 2(b) (indicated by magenta rectangles). These

Polw)
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Figure 5. (a)-(d): (a)-(d): total DOS as a function of w for
MBSs (corresponding to the Fig.2(a)) for various values of g4
corresponding to the vertical dashed white lines in Fig. 2(a).

(e)-(h) spin resolved DOS p,(w) for same parameters as in
the panels (a)-(d)
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total DOS as a function of w for bowtie

Figure 6. (a)-(d):
profile (corresponding to the Fig.2(b)) for various values of £4
corresponding to the vertical dashed white lines in Fig. 2(b).
(e)-(h) spin resolved DOS p,(w) for same parameters as in
the panels (a)-(d)

anticrossing points (resonance positions) are strongly de-
pendent on the charging energy, since near zero-energy
ABS, which can be a trivial non-protected state, is af-
fected by the QD energy levels. Similar behavior is found
for a diamond profile with degree of nonlocality n = 0.5,
as it is shown in the Fig. 4(c). Moreover, the plateau
depicted in the Fig. 4(a) also allows to distinguish the
Majorana ZBCP from that induced by usual Kondo ef-
fect, since Kondo resonance only appears when a QD is
single occupied, 4 < e, as verified by one of us in the
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Figure 7. (a)-(d): total DOS as a function of w for diamond
profile for various values of £4 corresponding to the vertical
dashed white lines in Fig. 2(e). (e)-(h) spin resolved DOS
po(w) for same parameters as in the panels (a)-(d)

Ref. 49 (see Fig. 1(g)-(i) of that paper).

The impact of each spin component to the total DOS
is presented in the Figs. 5, 6 and 7 for isolated MBSs,
bowtie [Fig.2(b)] and diamond [Fig.2(e)] configurations,
respectively. Panels (a)-(d) of the Fig. 5 show the DOS
of the dot for isolated MBSs configuration [Fig.2(a)] as
a function of w for several values of ¢4 indicated by the
white dashed lines in the Fig. 2(a). As can be seen, a
peak at w = 0 emerges for all values of the dot energy
as observed in the panels (a)-(d). Panels (e)-(h) of the
same figure reveal that zero-peak structure in the total
DOS is spin degenerated: at w =0, py = pj.

This degeneracy is broken when MBSs overlap (55 #
0) and the dot hybridizes with the rightmost Majorana
(Ar # 0) as well, as it is demonstrated for the bowtie
configuration in the Fig. 6. In this case a zero-peak struc-
ture in the total DOS emerges only when ¢4 crosses zero-
energy as it happens in the panel (b). In this case DOS
around w = 0 becomes spin sensitive, py # p,, as one can
verify from the panel (f), thus suggesting the situation of
the spin-dependent transport.

Diamond configuration also displays spin-dependent
behavior, as it is shown in the Fig. 7. However, there
is a remarkable difference from the bowtie case: the near
zero-energy two-peaks having ¢ =1 are no longer pinned
and merge with one another at w = 0 [panels (e) and (g)]
for certain values of g4, giving rise to zero-peak struc-
ture in the DOS, as displayed in the panels (a) and (c).
Such a feature is consistent with the picture of coalescing
ABSs (overlapped MBSs), which can mimic the behav-
ior MBSs under certain conditions?! 233435 Tt also can
be verified for the situations where the QD level does
not shift the near-zero peaks describing ABSs towards
w = 0 [panels(f) and (h)] and consequently there is no
peak structure at zero-energy in DOS [panels (b) and

0
~ o} Bowtie, 4= — 10E,
3 [Fig. 6(a)-(e)]
o<
Q -4f
B (a) ]
0
§ Diamond, €4 = — 4.8Eg
oz [Fig. 7(c)-(g)]
Q
-10f 1
, , . _(b)
-0.4 -0.2 0.0 0.2 0.4
w[Eo]

Figure 8. DOS related to AR processes for each spin compo-
nent, wherein two representative situations were considered.
Panel (a) depicts the same case of Figs. 6(a)-(e), while panel
(b) is related to Figs. 7(c)-(g)-

(d)]-

It is worth noting that the presence of ABSs in the
total DOS of a QD [Eq. (5)] in the results presented in
the Figs. 4, 6 and 7 can be confirmed by the computation
of the anomalous Green’s function G:w 4. (w). The latter

enters into the Green’s function of the QD according to
the Eq. (A4), describes the correlation between QD (d!)

and SC nanowire appearing due Andreev reflection (AR)

20,5051 and can be defined in the time domain as:*8

Gla, (t =) = bt - A, (20)
wherein 6(t — t’) is Heaviside function, {...,...} denotes

anticommutator and f; corresponds to the creation of a
non-local fermion in SC nanowire, which is formed by the
linear combination of the left (1) and right (yr) MBSs,
ie, fl = (o —1yr)/V2 and fy = (y1 +17R)/V2.

AR can take place through different transport chan-
nels, once QD is coupled to the both ends of a nanowire
(AL and Ar # 0). The presence of the coupling asymme-
try can give rise to the appearence of Fano antiresonances
36,52754 a5 it can be seen in the Fig. 8, where we illustrate
AR process by plotting p% p(w) = —Im{G’}T p (w)}/m for

1ds

two representative “bowtie” and “diamond” configura-
tions (see Figs. 6(a)-(e) and 7(c)-(g), respectively).

IV. CONCLUSIONS

We presented the theoretical study of MBSs nonlocal-
ity in the hybrid device sketched in the Fig. 1. It was
analyzed in detail how the charging energy affects spin
resolved DOS of a QD coupled with MBSs. For highly



nonlocal MBSs there is a plateau at zero-energy in the
QD density of states for any values of the dot level and
charging energy. For overlapping MBSs the spectrum
of the dot is strongly modified. It was shown that the
zero-peak structure in the DOS reveals pronounced spin
dependence if MBSs become hybridized. Our findings
suggest that a spin-dependent local probe may be used
as a tool to resolve an outstanding problem in experimen-
tal Majorana physics: discriminating between the cases
when ZBCP is due to the isolated MBSs or ABSs.
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Appendix A: Quantum dot Green’s function
derivation

In this Appendix we present the main steps concerning
on derivation of Eq. (7) via EOM technique. It is known
that such a method can be summarized according to*748

cj (W) = {Civ cj} + G{Civﬂ]?cj (w)7

wherein ¢;(; is a fermionic operator belonging to Hamil-
tonian H. Hence, the Green’s function of QD is given
by:

(w+10M)G, (A1)

(W+ 0G4, (W) =1+ Gla, Hid, (A2)

with
do, H] = €aody + Udgnas + V2V exq
k

— )\Zég&fT - )\/ Zéa&flv

where fTT( f+) stands for creation(annihilation) of a non-
local fermion in the hybrid SC nanowire, since it can
be rewritten as a linear combination of MBSs at op-
posite ends of the nanowire. Within this picture, the
coupling strengths between the QD and the nonlocal
fermionic site are given by A = (JAr| — |Ag|)/v2 and
N = (|]Az] + |Ag|)/V2, respectively. Eq (A3) allows to

(A3)

write that

(W' —eao)Gya, (W) =
L+ UGy 4, (W

A b5

with wt — w +20T". The three last Green’s functions
also are obtained through straightforward application of
EOM technique [Eq. (A1)], being respectively given by:

+WVZGek i

!/
)\Zéw Hds (w), (A4)

r _ 1 r
Geka do LU) - \/ﬁvg (w+ _ 5ko) dods (w)7 (A5)
(W = 0m)Ga, (W) =
A Gl (W) + N ZGde (A6)
and
@ + oG,y (W) =
A Z Gl g, @) =N D G, (@) (AT)

Substituting Eqgs. (A5), (A6) and (A7) into Eq. (A4), we
find

n )\2 )\/2
<(JJ _6d0+21—‘_w+_6M_w++5 )Gdada(w)_
14+ UG, g0, (W) = CANVEG, | (w),
(A8)

where K is given by Eq. (8) and I is the Anderson param-
eter’®. We now evaluate the Green’s function Gl (W),

getting the following result:

N )\2 )\/2
<w g 1l = e = _5M> hg (W) =
—UGh () = 2A)KG] g, (w).

(A9)
Substituting into Eq. (A8) and recognizing K, [Eq. (9)],

K;[Eq. (10)] and K»[Eq. (11)], is now easy to show that
Eq. (A8) becomes into Eq. (7).

Appendix B: Hubbard-I Approximation

We now evaluate the two particle Green’s functions of
Eq. (7) according to EOM. Following Eq. (A1), we have

(W+m )Gy, (W) = (naa) +Gla,ny, w14, (@) (B1)



Deriving the commutator

[dand&7 H} - Edadand& + Uda”d&
+\/§V Z(—elﬁda-dg‘f'dgeka'da + ekandé')
k

AN (—0s5ds flde+055 frdsdy — 056 frnas)

N> (0550 frdo+0s5 fldlds —

G

Ss0finas), (B2)

we find
(W* =0 —U)GY s a, (W) =

+fVZG

(nds)

(w +fV2GdTekad do (w)

€koNds ,do

_fVZGTT o, —)\ZégngTndadd(w)
+/\Z<555G;Td;d5da(w)—AZ(SMGZ fdods (w)
_/\/Z‘S&UG;;TL > +)‘/25‘”’ fldldy:d, (w)
=N Z 066G, frdyd, (w). (B3)

At this point we apply the Hubbard-I decoupling
scheme3” by considering the following approximations:

;;ekadndo (LU) ~ <d;ek5>050da ((.d), (B4)

Gl g, (@)~ (elda) G, (@), (BY)
Gl it g, (@) ~ (015G a, (@), (B6)

G; al d d, ( )% <d5a$> ggda(w)v (B7)
Gz;di,d(,;dg(w) (a dT> dod, (W), (B8)

and
Q;,aTdod(, (w) = (dzat)Gy, 4, (W). (B9)

Taking into account that (diexs) = (ef.ds), (ardl) =
<d5ai> and (a%d;) = (dzaq), Eq. (B3) becomes into

("~ car = U)Gli,nyp.a, (@) =
fV Z Gekcrnda7

!/
_)\ Z:(sa—a- finda-da (w).

As can be seen in the procedure above, we threw away the
Green’s functions which describe spin-flip mechanisms
between the QD level and the metallic lead, thus lead-
ing to the impossibility of catching Kondo-type correla-
tions*748,

The other two-particle Green’s functions of equation
above also are found with the EOM, followed by approx-
imations introduced by Hubbard-I procedure. Hence, we
get

(ndz)

A Z 050Gy a, (W)

do (w) —

(B10)

szdnd(rg fVZ w+ _fko—) Zgndg,da(w)a
(B11)

_6M Z(SUU ftnas,de w) =

7>\Gd(,nd<7 U( ) + /\ GdT Nas,de ((.d)
(B12)
and
w +5M 2500 fT 05, (UJ):
AGdTndU,d ( ) /\ Gd Ngs,do (w)7
(B13)
allowing us to find that
(W' —ede —U =K1 +D)GY .. 4 (W) = (nas)
—(22N )KGdI, ol (w). (B14)

By adopting the same procedure described above, we

evaluate G7; s d (w), resulting in Eq. (13), which al-

lows us to rewrite Eq. (B14) as expressed in Eq. (12). It
is worth noting that turning off the QD-MBSs couplings
(A=X =0)in Eq. (B14) and Eq. (7) allows us to recover
the well-known Hubbard solution for Green’s function of
QD37-18

1- <nd6>

wt —egy +I

(nd,)
wt —egge — U+
(B15)

* corresponding author: luciano.silianoricco@gmail.com
t corresponding author: acfseridonio@gmail.com
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Chapter 7. Spin-dependent zero-bias peak in a hybrid nanowire-quantum dot system: Distinguishing
isolated Majorana fermions from Andreev bound states

0.1 0.5 0.9

U=5E
Vz = 08E0

DOS(w)

(€) ,— . - - - - - -

-10 -8 -6 -4 -2 0 2 4 6
€4l Eol

Figure 7.2: (a) Color scale plot of density of states for a QD under external magnetic field coupled to a normal lead as a
function of QD energy level €4 and spectral frequency w. (b) Line cut in the above panel at w = 0 (dashed line in (a)). The
arrows indicate the spin of each possible QD state. (c) Total occupation number of the QD state obtained by self-consistent
numerical calculation [Eq. (14) of draft], showing a singlet-doublet-singlet transition.

7.4 Supplementary Results

To ensure the validity of our calculations, in Fig. 7.2(a) a color scale plot of DOS is shown
for a QD under external magnetic field coupled to a normal lead as a function of spectral frequency w
and QD energy level €;. The two structures at negative ;4 correspond to the spin up and down states,
respectively, since €4, = €4 — oV, wherein V7 is the Zeeman energy splitting induced in the QD
level due to external magnetic field. Due to the presence of charging energy U, a second possible state
emerges at positive QD energies, which is also splitted up by the external field. Panel (b) of same
figure exhibits a linecut in the above panel at w = 0 (dashed red line in (a)), which shows a four peak
structure reflecting both the Coulomb blockade physics and Zeeman splitting processes. The arrows
indicate the spin of each possible QD state. Total occupation number of the QD state obtained by self-
consistent numerical calculation [Eq. (14) of draft] is depicted in Fig.7.2(c), showing a singlet-doublet-
singlet transition. At first negative ¢, the dot presents double occupancy with opposite spins, forming a
singlet state ({(ng+) = (nq;) = 1). For intermediary values of €4 (white background) the spin degeneracy
is broken by the Coulomb charging energy ((n4+) # (nq4y)), giving rise to a doublet state. At positive
energy levels the dot is empty, ((n4y) = (nq;) = 0), which depicts a singlet state again.
Density of states as a function of w keeping fixed ¢4 = —2.5F) in the Anderson symmetric regime
(U = 5Ey) is displayed in Fig. 7.3, considering distinct physical situations. Inset shows DOS of each
case in low-energy spectrum. The gray triangles describe the simplest situation of a QD-N lead system

decoupled from the SC nanowire (A\;, = Ar = 0), corresponding to the same situation explored in
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Chapter 7. Spin-dependent zero-bias peak in a hybrid nanowire-quantum dot system: Distinguishing
isolated Majorana fermions from Andreev bound states

10 T T T T T
Lum], VZ[Eol, ArlEol, 6mlEo] PN
— 20,08,00 § b e €9 = —2.5E0
—-. 0.4, 1.40, 0.03,0.004 3 L,\_JL/ symmetric regime
sl —— 0.4, 1.50, 0.25,0.04 & |
—— 0.4,1.60,0.5,0.08 5 A NA—
—-=—' 04,138,100 o r /"‘\‘
- 0.4,1.72,0.03,0.12 ; —— 1 S
—A— Hubbard peaks, V, = 0.8E, o
6r ' . .
—~ -0.2 0.0 0.2 .~
! -
3| e L e
5 ,
Q AN NS
O 4k------- -7 Semme e N A N e S ==
n=07
1=05
-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
wlEo]
Figure 7.3: Density of states as a function of w with e; = —2.5E) in the Anderson symmetric regime

(U = 5E)), for distinct physical situations. The curves where shifted for better visualization.

Fig. 7.2. The emergence of a four resonances characterizes the presence of both charging and Zeeman
energies, being localized at ¢4, = ¢4 — oV and €4, = €4 + U — 0Vz. When the nanowire is long
enough to ensure ideal condition of highly nonlocal MBSs (black line, 5y = 0, Ag = 0), the emergence
of a zero-bias peak is verified. However, for smaller nanowire lengths and Ar > 5, which is equivalent
to diamond profiles of Fig. 2(d-f) of draft, a peak splitting is verified due to displacement of right MBS
towards to left MBSs and finite overlap between them. These near-zero-energy resonances evidently
changes with increasing n [Eq. (4) of draft] (blue dash-dotted, green and magenta lines), leading to
a stronger peak splitting, which characterizes the enhancement of local nature of MBSs (formation of
ABS) and therefore loss of topological protection. The extreme situation (red line) wherein A\;, = A and
dpr = 0, describes a local fermion with zero-energy. For 6, > AR (teal dotted curve), corresponding to
bowtie situation of Fig. 2(c) of draft, a two-peak structure is also verified, wherein the distance between

them (strength of splitting) is modulated by the direct overlap 5, between MBSs.
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Chapter 8

Conclusions

Throughout this thesis, we have studied the electronic transport features of a hybrid device composed
by a quantum dot coupled to a topological superconducting nanowire hosting Majorana bound states at
the ends. In a nutshell, we have shown that such a setup can be used to enlarge the discussion concerning
the Majorana controversial detection, as well as having potential to be applied to the next generation of

quantum devices. Related to this applications:

* In chapter 4, we have demonstrated that a setup composed by a quantum dot between two topolog-
ical superconducting nanowires within the topological phase can work as a qubit storage mecha-

nism, wherein the information is trapped by means of the so-called bound states in the continuum;

* In chapter 5, we have explored the thermoelectrical properties of a quantum dot coupled to both
ends of a U-shaped Kitaev nanowire and between metallic reservoirs. Basically, we have shown
that is possible to tune the heat and charge through the system by changing the coupling strengths

between the nanowire and the quantum dot.
Regarding the Majorana detection:

* In chapter 6, we have studied the role of Fano interference processes in the so-called Majorana
oscillations for a T-shaped hybrid setup, wherein the quantum dot hybridizes with both ends of the
topological superconducting nanowire, i.e, when the degree of Majorana nonlocality is taken into
account. We have demonstrated that both the amplitude and shape of the Majorana oscillations

depend on the bias-voltage, Fano parameter of system and the degree of Majorana nonlocality;

* In chapter 7, we have shown that the spin-resolved density of states of the quantum dot responsible
for the zero-bias conductance peak strongly depends on the overlap between the MBSs at opposite
ends of the topological superconducting nanowire and consequently, of the degree of Majorana
nonlocality. Such a main finding suggests that spin-resolved measurements can be employed for
distinguishing the trully topological Majorana bound states from the so-called Andreev bound

states, for instance.
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Appendix A

Obtaining the DOS of Majorana
quasiparticles

In this Appendix, we provide the calculations concerning the Green’s functions which describes the
DOS of Majorana quasiparticles, by employing the EOM approach (Sec. 3). The results were employed
to yield the findings of Sec. 4.

The DOS for Majorana operators 77; and 750 are given by:

P (€) = = (i) m { Gy (<)} (A1)
and

Prans (€) = — (;) Im {g~772772 (5)} ) (A.2)

wherein the correspondent system is described by the follow Hamiltonian in the regular fermionic basis

/2
Za‘kclkcek + eldidl + NVZ Cekdl + H.c.)+ —Zc 1:Ceq
k k

1 A A
trp_ 1) 24 ( t T) AB < gt t)
+ € + dif'+ fdy) + d d , A3
with A\4/v/2 =t and Ag/+/2 = A in the paper (Sec 4.2).

As can be seen in Egs. (A.1) and (A.2) we should calculate the Green Functions for Majoranas 1,

and 72, given by

G (6= (300027175 (| [l 0)] | ) (Ad)
and ‘
G (0= (0002717 (| [0 kO] | ) (*5)
respectively, with the Majorana operators
1
m=—=(f1+ 1), (A.6)



Appendix A. Obtaining the DOS of Majorana quasiparticles

and
1

n2 ﬂ

rewritten in terms of a regular fermion operator f, with 7(2) = 171r )"

(ff =) (A7)

A.1 Finding the Green’s Function for the Majorana Quasiparticle 7;
m@.0{)] = mOm)+mOm @) (A8)

m(t)n(0) =

(F1 @10 + F1©0) + £E110) + £(1)£(0)) (A9)

m(0)m @) = (f1(0) + £(0))
= §(fT(0)fT(t) + f10)f (1) + FO)F1(t) + £(0) £ (1)) (A.10)

m.{©)] = 5 (7O + 0 70) + F0)510) + £(1)70))

1
(Fort o+ rofie)
(F0s10) + FO)F®) +
(1), £1(0)]
[f(1), F(O)], - (A.11)

[m(t% ?71(0)] =

+

NP N RND RN~ DN
r
~
e

By substituting Eq. (A.11) in (A.4), we obtain:
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G (1)

Gy (1)

(A.12)

1 1 1 1
39711 (@) + 595151 (0) + 5975 (0) + 5G4 (2). (A.13)

Let us calculate the first Green function, namely G+ ¢(t), defined as

gfff(t)

(A.14)

= (B E Y e < 0. ro) > |

By applying the Equation of Motion (EOM) method, we obtain:

8tgf’rf(t)

We have to evolve the fer

)
3

mionic operator in the time, by using the Heisenberg equation:

= (oY e <7"

+ (—%)H(t)Zflze*BEr <7"

1) 11(0)]

+

(A.15)

o o.£10)]

af () = () [/
= () [ el |+ () [ eadfa] + () [ftﬁchlkde.c-)
L k k
| | 1 o
+ (—%) f*,VBT%czkceq] +(—%) [f*,aM <f*f—2>}+(—;) [f*,\/’%(dlf“rfcﬂ)]
i [ A T
+ (=) _ff,ﬂ(dlf—dlf*)}, (A.16)

Due to the commutation

the equation above becomes:

relation with fermionic operators which belong to distinct Hilbert spaces,
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8th (75) = (*ﬁ)

_fT,H}
[ 1 ) A +

o (117 5) |+ [ 55 (s s

i i/% (dlf —~ dif*)] : (A17)

Now we calculate the commutators:

Thus,

)

= S (£17-5) —ew (517 -5) 7

= eSS —en T =en s = en st (1= 11F)
= enfUf f—emfT+ensifis
= enfTff —emfT —enffTf = —enf. (A.18)

e (art )] = 220 (it ga) = (st ) 1)

V2

2 (g —dis")] =

NG
- yﬂﬂdlﬁ ©fRd — duft g

_ ?; duft o f ]+ do o+ ft)

= ﬁ(f*fdi + ffid) = 7%(fo + ffhdl

= Ed} (A.19)
(17 (drg —dift) = (arf - alst) 17)

(ffarf - flalst—arfrt+alsish)

(—arftr+dl it —anr st - sty

>§\§§\§§\§§\§

( aif'f—difst) =—7d1 (117 +1s1)
B

- b (A.20)

l\')
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afi () = ()|
i M i A

= Pl + (P2l + (=D
(A.21)
8tgfff(t) = 126 pEr <7“ { va( )} 7'>
i <-;>5M<_% e (o [[raro] |
T A4, 1 .
+(h)\fh 1ZGBE< +>
_ 2B gy z-1§7 A
. h)f 25 (r| a0, 110) |r)
8tgf’rf(t) = IZ 5E< { fT( )} 7">
- <—;.L>5Mgﬂf<t>+< PG 0 = () s 0
(A.22)
By performing the Fourier transform (—%)(e + i0)Gap(e) = [ dtdGap(t)e” i) we obtain:
(e-+ e +i0)G717(6) = 4G ,(0) = G s (o) (A23)
Now, let us calculate G+ f+ (t) by the same EOM approach:
1) = (- oz e (v [0, 50)] | 1) (A24)
oG50) = (502 L (o[, 50)] | )
+ (—%)e(tw*lZe*ﬂEr <r [atf*@),f(mL r>- (A.25)

But we already have found 0, f7(t) according to the Heisenberg equation, as one can see in Eq.
(A.21):

afte) = () [f* H]
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Therefore,

XGpipi(t) = (—%)5@)2—126—5& <7,

0Gppr(t) = (—1)ZY e <r

N
i A ¢
- (P TGERIOZT Y (|l (®), £(O)) | r) =

(A.27)
After of apply the Fourier transform in Eq. (A.27), we find
(et en +id)Gpipi(e) =1+ jggdf (o) - Aj’igdl (6. (A28)
We also should calculate Gy (t), definite as
Gis(t) = -0z e (][0, 0)] |r). (A29)
0G55(t) = <—%>5<t>z*2 25 (| [0 0] |r)
+ 126 BE < [atf 1), f*(o)]+ r>. (A.30)
0f (1) = ()1 H)
() [ S enclienr| + D [fadid] + (1) | £VAVY (el + )
Lk k
‘ . 1 . N
s vBTkzqczkceq] g [rew (17-5) |+ 124 (art+ )
(— )[f, Yo (dlf de*)} (A31)
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Sl

As
V2

atf(t) = (*

DI

= Cplren (7= 3) ]+ e [7.25 (@ + 1)

+ (- )[f,f(dlf de*)] (A32)

o052

(o esi)] -

2[5 —air)] -

O f (1)

XGrr(t) =

= e (1 (s1-5) = (r1-5) 1) =ew (570~ 1101)

= eu ((1=119) F=1158) =en (1= 111) £ = £155)

= e (F=FAF+111F) =enf. (A33)
(7 (st pat) = (s ) 1) =2 % 2 (fduft+ £1d} - drf'f — pdi )
A (ts = i =g ) = =S (£ 4 717) = =R

(A.34

f/i(f(dlf dift) = (arf—dis) ) = T(fdlf falft—diff+alstr)
L (s dipr g edlsif) = 2 (584 1) = 22l (Ads
= (DA
= (et + () (=24 )+ () 2l
(A.36)
-y BE< o0 )
(—%)EM - 126 P < [ fT(O)}+ 7">
(- ;Qﬁ Pz e (| [ae.s0)] |r)
( ;L)Aj( ;>0<t>z—12 (ol ldwro) [y ae
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J’_

0G0 = (-2 e (v ][50 510)] |r)

_1’ Y i A

+ (=5 )emGrs(t) = (—ﬁ)ﬁgdd(t) + (_ﬁ)ﬁgdif(t)

(A.38)
According to the Fourier transform, we have
(e —em+10)Grr(e) = 1—)\—AQ~ (<€)—F)\£g~ (e)
M If - V2 dif V2 i f
(A.39)
Similarly, we obtain G rri(e):
5\ G A 5 AB 5
(e —em +16) Gypi(e) _ﬁgdlﬂ (e) + ﬁgdiﬁ (€)
(A.40)
We can regroup the mean equations up to now:
5 _ M 94y A8 Gaiy(e)
. 1 A ngfT (€) Mg Ga,rt(€)
— 424 L — ! A.42
Gt 1) Ctem+i0)  Valetem+i0) V2(etem+id) (A42)
> 1 M Gas(e) s Yas(©)
Grrle) = — = — + —= —,
(e—em+1i0) V2(e—em+1id)  2(e—enm+1id)
(A.43)
N ; Gyt 11 (e)
Gri(e) —A—AM—FA—BL
V2 (e —epy+id)  2(e—enm+1id)
(A.44)
and
1 1 1 1
Gnm (1) = §gftf(t) + §gffff (t) + §fo(t) + igffT (t). (A.45)

On the time domain:
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Appendix A. Obtaining the DOS of Majorana quasiparticles

- 1~ 1~ 1= 1
Gnm () = §ngf(5) + Qgﬂﬂ(e) + §gff(5) + ngff(g)-

By substituting Egs. (B.31), (A.42), (A.43) and (A.44) in Eq. (A.46), we obtain:

Gyis (2) U 0@ ap Gag)
mm (& 2 |2 (e+em+id) 2 (e+ey+1id)

n }_ 1 +)\A gd*ﬂ() A Gayile)
2 | (e+em+1i0) V2(e+em+id) 2(e+em+1id)

Ll G as 9a©
2| (e—em+1i0) V2(—em+id) 2(e—em+1id)

+ 1-_LA Guni©) s Gaipil®)
2| V2(E—epm+id) V2(e—epn+1id)

1 Lo,
2 \e4eytid e—epy+id

1 A AB
+
s—i-aM—i—zé €—epm+id

AB
6+5M—|—2(5 6—€M—|—25

AB
E—&M—i—zé e+enm+1id

o}
QU
<
©

5—5M+16 e+eym+id

. 1 A Ap i i
- K ( )
G * 2v/2 <5+6M + i * eE—em —1—1'(5) gdlf +ngfT

1 )\A )\B ~ ~

Notice that we have to find four new Green functions. We start with G dt
1

Gy = 12 e <

i), 11(0)]

). 1)

+

8tgd1f(t) = (_%)5@)3712675& <r

+ (—%)9@)2712676& <7’

r

ol (0. £1(0)],

(A.46)

(A47)

(A.48)

(A.49)

(A.50)
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adf (1) = (—)[a},#]

—ﬁ) di, ZEkClkCek
%

i i
-) [d{,gld{dl} + (=) [di, ﬂV%:(clkdl + H.c.)

kq

+ (-3) dJ{,VBTZcZkCeq] + (—%) [dJ{ny (fo— ;)] + (—h) [dT Af (dlfwde)]

+ (- ;,L) [d‘{, Ap (dlf d*f*)} (A51)

V2

ol (1) = (—)[a},#]

= (-3) :d}sldidl} - (—%) [d{,\/iVZ(clkdl —l—H.c.)]

b a2 (st )|+ a2 (af - dirt)]
(A.52)

€1 [d{, d{dl} = g (d{d{dl - didld{) _ (d{d{dl —dl (1 - d1d1)>

\@VZ [d{, (Clkdl + Hc)] = \@VZ

k

Sl

= e (~dlald, - a} + dlald)) = —=1d] (A.53)
di(clpdy + dicer) — (cldi + dicek)dD

= VoV (dichdi + dld]co — clydrd] — dlcopal)
(—elpdlar — dldlco — clydrd] + dldlcer )

= Vv (=cly) (dlar + dial) = —v2 VZc (A.54)
k

lal, (@ + ra})| = ff(dT (arft+ sal) = (ar s+ raf) df)
_ ff (alarst = pld} +dudl s+ rald})
— 24 (v ad) =207 A5
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22 [l (ars —dls)] = 22 (df (aas —dis") - (anf — als?) al)

g

_ i\/]i<de1f+deTfT+dlde deTfT)
_ 2B (i i) ¢ _
- \[<d d1+d1d>f—\ﬁf (A.56)
o (1) = (1) [al. ]
A . )2t (LA
= —(—p)ed] — (-5)V2 VZcew ; ff A1l
(A.57)

00 = iz w<
- (—;)51{ 126 o <

- <—%)f2vz {(—h)a(t)z—lze—m <7“
k T
Aa
AB
7

.10,

)

EICRACIN

BRONUC)

710, 51(0)]

( 1)— ZilzefﬁE’“ <r
b ISz e

70, £10)]

)

7‘>} (A.58)

06,1, (1) = (~1)s(0)Z Y e <T

dw. o),

i i oA TA
- <—h>slgd“<t>—<—h>¢§v§kjgcgkf<t> —3) 59+ (=3 550
(A.59)
By performing the Fourier transform we obtain:
e +i0)Gy () = —VAVY Gy )+ 2460 (0)+ Lagyy(e)
i f - el f V2 ff V2
(A.60)

Therefore, we have to calculate GCT f(e), definite in the time domain as:
ek
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r> (A.61)

r> (A.62)

ol (t) = (-3 :cik,H}

= (_%) Clkazekclkcek
L k

1 1
+ (—%) [clk,sld{dl} + (_ﬁ) [clk, ﬁV;(Cdel + H.c.)

+(-7) [czk,eM (f*f - ;)] +(-7) [ i f/é (st + de)}

+ (=3 [clk, 7 <d1f - dif*)} : (A.63)

ol () = (- :clk,ﬂ}

1
= (_ﬁ) CZk?ZEkCchek
L k

+ (_%) [Clka ﬁVZ(Cdel + HC)]
k

+ (_ﬁ) ek’VBTZC kCe‘I]

(A.64)

T _ T
[cek, Zspclpcep = Zep kcepcep cepcepcek Zsp kcepcep ch 5pk — CopCep
P

= Zep( kcepcep kalp kCepCep) = Zekcek (A.65)
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clp V2 VZ yd + Hee) ] = ﬁvz (el (el + dfeer) = (clyds + dlear)el, )
= \/§VZ (cepcekdl + c dlcek kdlclp - d];cekclp)
= \[VZ( Cep ek d cek +cech dy — dicekczp>

- V2 deT (cepcekJrcekcep) V2 deT (A.66)

Vir

Clk’ ZCchet;f] = VBTZ( ekcipceq Clpce‘lcek) VBTZ( ekcepc€q 5chlp + cipclkc‘?(I)
pq

- VBTZ ( ekcepceq daucly + cepcekceq> = _VBTzcek (A.67)

aucti(t) = () [l ]
- ek VS Y
k k kq
(A.68)

06, (1) = (~1)sHZ Y e <r
- (_%)ng {(—;)Q(t)Z‘lze—ﬁEr <7~
k '
(—%)\/ivz {(—;)e(t)zlzeﬁm <T
k

T

— (—%)VBTZ {(—2)9(75)2_126_5& <r
kq T

BRGRA)

)

BRONUC)

+

ERONAOIR

After applying the Fourier transform, we find:

(e+er+ i5)gclkf(€) = \[ngT VBTZQCT &

(A.70)

But,
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B gcgq (e)
Zk:gczkf(e) == \[VZ 5+gk+15) VBT;WM =
1 B ~
]_—FVBTZm chlkf(e) = _\/ivz mgdif(e) =
. —\fVZk 3 5
ch (8) _ (€+€k+z g ( ) (A71)
zk: exf 1+ VBT%W

By substituting Eq. (A.71) in (A.60) we find:

\fV Zk e—i—ak-i—z&) g

(e+e1+i0)Gy,(e) = —V2V tf (¢)

+ j\/%gfff(g) + i\/%gff(f)

2V Zk (€+Ek+15) g~

A5 AB
Gt (E) + 7gff(5) (A.72)
1+ VBTZiﬁ_Sk_H(;) i

( ) + L
4TV V2

We know from other calculations that ) , m = 7mpo(q — 1), where py is the DOS of leads and
q is the intrinsic Fano parameter. Thus, Eq. (A.72) becomes:

2V27Tp (q—1) A4 = \
1+L%T£qu—i)cﬁﬁeﬂ‘*vggﬂf@)+-dggﬁ«@
(A.73)

(e +¢e1+10) Qdif(e)

In the wide band limit, § — 0 and therefore

= _ —i2V27mpy AA 5 AB
(E +e1+ ’L(S) gd“(e) = _(I—H/Bj“ﬂ'p())gdif(g)] + \ﬁgf’rf(g) + ﬁgff(g)
—i2V2mpo (1 +iVermpo)

= : : 1941 f(é?)] + i\/%gfff(g) + i\/%gff(ff)

_(1 - ZVBTﬂ'p()) (1 + ZVBTﬂ'pO

[—i2V27po (1 + iVermpo) ~ ] A - s
R O O MNCR R
- Car. L A

— (M DTg 0] + 2dn e+ 2o

= (A.74)
where we use © = (VBTﬂ'po)2 andI' = 2V27rp0 as Anderson parameter. Furthermore,
s _Wr=ip (A75)
1+«

and due this Eq. (A.74) becomes:
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(e+ea1+i0) Gy () = —SGy,(e) + =5 (&),

AA 5 A
ng’ff(s) + %gff

(€+€1+i>g~dif(€) = j\/%gfff(E)+i\/B§gff(€).
(A.76)
Now, let’s calculate G dl ft (e):
Gy pr(t) = (—%)Q(t)Z’lze’BEr <r i ,f(O)]+ r>. (A7)
Gy (1) = (-%)5@)3—12@—% <r ), f(O)L 7«>
4o leeﬁE< { ), f(O)]+ r> (A78)
o (t) = (1) [al.H]
= —(Dad] ~ (—1)V2 WYt (-5 DA+ (D
(A.79)
NGy (1) = (—%)5(75)2—126—5& <r [d*(t), f(O)L r>
- <—;>sl{<—;>e<t>zlze” < .70, >}
- (—;)\/5‘/2{(—;)9(15)2126515 <T BRONIOIN r>}
k r
A4
+ (- h)ﬂ{ 0 126 @E< [ ,f(o)L r>}
T A
+ (- h)\/%{ =) 126 PEr fo)]+]r>} (A.80)
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Opdr (t) = (

)

+
i i oA oA
- (—ﬁ)&gdlﬁ (t) — (_h)\@‘/;gclkﬁ (t) + (—ﬁ)j%gﬂﬂ (t) + (_ﬁ)jggff?‘ (t)
(A.81)
By performing the Fourier transform we obtain:
(e+e1+i0) Gy () = —V2V> G (6)+)\—Ag~ | r(6)+/\—BQ ()
dlft - el f V2 fif V2 ff
(A.82)
According to Egs. (A.74) and (A.75) we obtain:
~\ = AA 5 A
(6 +e+ E) gdm (e) = %gﬂﬁ (e) + %gfft ()
(A.83)
Now, we will calculate le #» definite on the time domain on:
Gap(t) = <—%>9(t)2*1ZefﬂEr <r [ch (1), fT(O)} N r> : (A.84)
0Gust) = (a2 (| [, o) |r)
+ (—%)0@)2426 BE: <r {atdl (1), fT(O)} X r> . (A.85)

1

h

= (_ﬁ) dq, Zekclkcek
L k

) [dlﬂtH}

+ (—%) [dl,ald{dl} + (—%) [dl, Vavy (el di + He)
k

v -h dl,vBTZc;kceq] (1) [dl,eM (f*f - ;)] +(-7) [dh (s di)]
kq

‘ AB gt
+ (-3 [dl,ﬂ<d1f—d1f )} (A.86)
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Oy () = (=

h

LYFRY)

= (—%) |:d1,61dj{d1:| + (—%) [dh ﬂVZ(Clkdl + HC)]

£ 02 (st )|+ ) [dl, 2 (s - aiff)]
(A.87)
[dl,aldidl} = g (dld*cz1 - d*dldl) ) ((1 - d{dl) dy — d{dldl)
= &1 (d - dididy + dldidy) = &1y (A.88)

[dl, Vary (el + d;{cek)]
k

S

SlE

[dl, (d1 A fd{)}

[ (0 =i s")]

<d1 f dl + dJ{cek) — (Cikdl + dJ{Cek)d1>
(d L+ ddl e, — clydidy — dicape )
V2 VZ (i + drdfeer = clycrdy + dldicar)

fVZ dld Cei +d dlcekz> = ﬂVZCek
k

(A.89)
A4 gt (gt gt
s (n (st ray) = (auf + pdf) )
)\z <d1dlfT +dyfdl —dyftd; — fd1d1>
)\; <—d1d1fT — fdud} + dydy fT - fd1d1>
Aa Y P AN
= (— fdvdl — fdldl) =5 (A.90)
Ap et gt
7 <d1 <d1f d1f) (dlf dif )d1>
A
T (dnan — ddi £t = i+ di i)
A
T (—didif —dudl T+ dudif — dfa /1)
—)‘—Bﬂ (A.91)

V2
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0 (t) = (~3)ldi, H]

Aa
_(h

Jerdr + (—%)\/ﬁvzcek _ (_%)7]0 y i B
k

_N\AD et
N2

(A92)

0:Ga, £(t) = (_ﬁ)d(t)z_lze_ﬁ& <T

r>} . (A93)

0Gay(t) = (—ﬁ)5(t)z_lz€_wr (r[lda(t), f(0)] ] )

b (D000 0+ (- 1)VEVS Gy (1) <—;§>$‘%gff“)
‘ k
- ()0 "o

By using the Fourier transform property, we obtain:

iy 5 A 5 AB 5
(e—e1+i0)Gap(e) = V2V Geor(e) = S5Gss(e) = “5Gsi5(e)
2 V2 V2
(A.95)
As one can see in the relation above, we should calculate Q~cek G
Gewrf (1) = (—;)9@)2‘1;6‘“’“ <r [cer(®), 11(0)] . r> (A.96)
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0¢Ge, f(t) = (7%)5(15)2—126—6&« <T

r> (A.97)
+

dcar(t) = (~7)lcan M

? l
+ (—ﬁ) [Ceka€1did1:| + (_ﬁ) [cek, ﬂvzk:(clkdl + H.c.)

= (—ﬁ) Cek> ZEkClkCek
L k

+ (=3 _CekavBTZCZkCQfI] + (_%) [Ce’“EM (fo_ ;)] * (_%) [cek’ )\\f (dlfhrde)}
kq

+ (- %) [Cekaf\[<d1f de*)} (A.98)

1

Ot () = (=1) lewws M

h

T
— (_ﬁ> cek,chzkcek ) [cek, \/QVZ(Cdel + Hc)]
L k k

1
+ (_ﬁ) Cek VBTZCLCCeq]

kq

(A.99)

[Cek, Zspclpcep] = ZEP (Cekclpcep Cepcepcek> ZEP ((5kp Cepcek) Cep — Clpcepcek)
p

p

= Zep ((5kpcep clpcekcep—i—cepcekcep) Zskcek (A.100)
P

[cek, ﬁVZ(czpdl + Hc)] = \fVZ cer:(C d1 + dlcep) ( chh + dicep)cek>
p
cekc pd1 + cekdlcep clpdlcek — dJ{cepcek>

= fVZ <CekC dy + dlcepcek + C Cekdl dkep%k)
- V2 VZ (cencly + chycer) di = V2V (A.101)
p
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vzf] - VS (saea )
pq
= VBTZ (<5kp Ce cek) Ceq — Cipceqcek)

= VBTZ (ékpceq + clpceqcek — Clpceqcek)
k

_ VBTZCeq (A.102)
q

1

O (t) = (=7) lewns M)

= (—%)ngcek + (—%)\/ﬁVZdl + (—%)VBTZCeq
k p q

(A.103)

0¢Ge, f(t) = (_%)5(75)3—126—5& <T

+
|
D?‘\\_/@
=
N
—N—
|
St .
>
=
N}
L
7
sy
e
§
/\
=

0Gens(t) = Z1y e (7 )
b )kG (1) F (VY S G g (0) + (VBT G (1)
k q

(A.105)

[can(®), £10))]

+

By performing the Fourier transform we obtain:

(6 — ex +10) Ge,, () = ﬂVZGdlf(E) + VBTcheqf(ff)
k q

(A.106)

We can rewrite the expression above in a better way:
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(e—er+1i0)> Gepple) = ﬂVZQNdlf@) + VBTZQNCeqf(g) =
K

(e —er +1i9) € — ey +1id)

écekf(f) _ \[VZ gdlf VBTZ ( chqf(E) -
q
3 1 .
1- VBTZ . +u5 Geonf(e) = ﬂV;(s_EMng(E)’
(A.107)

Using the same definition that we applied in Eq. (A.73) we obtain:

5 V2Vrpo(q—i) =
et (€)= —Ga, 1 (e). A.108
zk: Geert &) = T Vrmpola - 1 (A-108)

By substituting Eq. (A.108) in Eq. (A.95) we find:

5\ G _ V2Vrpo(G—i) A4 5 AB 5
(8 —&1+ 7,(5) gdlf(&‘) = \/§V 1— VBTTFPO(Q— Z) gdlf(é“) - \ﬁgff@) - \ﬁgﬂf(&‘)
2V2mpo(q —i) 5 } A 5 AB 5
— . (A.10
L — Vermpo(q — i)gdlf(g) \fgff( €~ \/igﬂf(g) (A109)
Applying the wide band limit condition, we have
s [ —i2Vimpg 5 A 5 AB 5
(e —e1+10)Gayr(e) = _M/W)gdlf@)} \[gff( €) — \fngf( €)

—i2V %7 po(1 — iVprmpo) AB 5

= G, £ (€ _ Mg €
— | ) G, ye)| - 2460(6) ~ 20

~ [2V%7po(—i — Vrmpo) » M _AB

- | gd1f<s>] 24G140) - 22016
[—2V2r T 7

- | G, 0| - 2465566 - 220500

1+ (Varmpo)?

7 ~ AR ~
= TR0 - 220550 - 20000 (A.110)

But we can define:

_ —(\ﬁzi)r (A111)

and therefore
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Appendix A. Obtaining the DOS of Majorana quasiparticles

E—e1=2+i0)Guyle) = ~2AG5(e)— S20p )

_ (A.112)
The last step in this stage is calculate Qd L

Go i (1) = (-%)9@)2—12@—% (r |lda(8), FO)), | ). (A.113)

0Gusi (1) = (~ )02 S e (r (1), FO)L, ] )
- (—;)G(t)ler:eﬁET (7|0 (t), F(O)] | 7) - (A.114)

O () = (=) ld1 M)
= e+ VAV e (AT - ()R

(A.115)

O ) = (O (0. O |7
+ (=3)er {(—2)0@)2—126‘% (r[lda(t), £(0)] | r>}
b VY {(—2)0@)2‘126‘% (7 |leex(®), FO)| T>}
_ (_ﬁ)ﬂ {(_;)e(t)z—lzje‘w" (r|[f(®), F(0)]] 7“>}

- <—;>Aj;{(—;wa)z—lze—w«r +>} (A116)

710). 5 0)]

0Gu,si(6) = ()02 S e (r [ (0), FO)L, | 7)

)G () + (VYY) = ()2 Gy 1)
' k
- PR (A117)
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Appendix A. Obtaining the DOS of Majorana quasiparticles

By applying the Fourier transform:

P 5 A 5 AB 5
(e —e1+140) Gy, pi(e) = \/ivzgce gt(&) = —=Gspi(e) = —=Gyiyi(e)
1 - k \/5 \/§
(A.118)
and using the definitions of Eq. (A.110) and (A.111) we find:
(c—c1—S4i6) Gy i(e) = —Aj%g*fﬁ () - j/%g*ﬁﬂ (e).
(A.119)
A.1.1 Summary of mean relations
One can write down the following main relations obtained so far:
5 1 AA AB - ~
= K
Gimm +2\/§ (€+EM+Z'5+E—6M+Z'5> (gdif—i_gdif*)
1 AA )\B ~ ~
2v/2 (z-: —enm + 10 - E+em +é6> (gdlf +gd1fT> ’
(A.120)
=\ 5 _ Mg AB
(5 +e1 + E) gd{f(g) = \ﬁgﬁf(g) + \ﬁgff(é%
(A.121)
=\ 5 _ Mg AB
(ster+3)Gyne) = G+ ZGupi(e)
(A.122)
(e —e1 =S +i0)Gus(e) = —:\/%fo(&‘) - i\ggfff(ff),
= (A.123)
N AA ~ N
(e—e1—=X+1i0)Gy si(e) = —ﬁgfft(é‘) — i\/ggfrﬁ(&‘)
(A.124)
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Appendix A. Obtaining the DOS of Majorana quasiparticles

and

5 Y gdif(g) A Ga r(e)

Griple) = aetemti) Vil tem1id) (A.125)
. Gt ()
Gpp(e)=— L T Ap Gan(e) (A.126)

(e+em+i0)  V2(e+em+id) 2(e+em+id)’

g — 1 A Gage) e Gy 4 (€)
1) = Ee 0 VAl —emt ) VR et B)
(A.127)
5 — A4 g~d1ﬂ (5) AB C;d’{f’r (5)
(A.128)

A.1.2 Grouping terms

g

In order to obtain QN,hm [see Eq. (A.120)], we have to regroup some expressions. Let’s start with

dt p where we have to use Egs. (A.125) and (A.127):
1
~ ~ /\A )\A ngf(g) )\B Qd f(E)
) = Zl Y e
(e +2) Gy 00) Vo | V2 (Etem +i0) V2 + e +id)
PV L Gase) s Ya®
V2 | (e—em+1i0) V2(e—em+id)  /2(e—epm+1id)
- )‘73;4_1 )\2M_)\ A M
T V2(e—en+id) 2|7 (e+en +ib) A B(5+5M+z'6)’
1 G s () o Gaps©)
* 2[ )\A)\B(E—sM—i-z'é)+)\B(5—EM+1'5)
AB 1 1 1 1
= ——— —AaAB | =
V2 (e —en +1i0) AB[Q (5—5M+2'6+5+5M—|—i6>}gdlf(e)
1 1 1 ~
112 \2 A.12
* 2[‘4(5+5M+i5)+ B(s—sM—kié)}gdif@) (A-129)
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Appendix A. Obtaining the DOS of Majorana quasiparticles

(c+e1+5) Gy ,00)

(5 +e1+ f]) Qdif(s) =

Now we will obtain Q

(6+81 —l—i) ngfT(6)

AB 1 1 1 1
V2 (e —epr +140) ~Ads [2 <5—€M—i—i5 * €+€M+i(5>:| Gans ()
W 1 Y- 1 .
2 (e +en +id) * <)\?4> (e—em —|—i5)} gdif(g)
AB 1 1 1 1
V2 (e —ep +1i6) AdAs [2 <5—5M +1id * e+em —i—z’éﬂ Gans ()
N [(e—em +i6) N + (e +em +10)A5 G (o)
2 | (ctem+id)(c—em+i6) N dif
AB 1 1 1 1
AB_ T NS
V2 (e —ep +1i6) AB[Q (6—5M+i5+6+€M—|—i5>:|gdlf(e)
1 (e+i0) (M4 +28) —enr(N3 — 22 | -
L] >(2 4 B). u ! 5) G, (e). (A.130)
2 g% —¢eqy +1i2e0 -0 1f
B 1 -
———— — MK K_
V2 (e —en vy ArsE G () + Ky (0)
(A.131)
1 1 1 1| i) (AN —em (MR —2E)
where we used K = 2 <6—6M+i5 + s+€M+i6) and K_ = 2 [ 5214—5%/[3—1'255—5214 == | . Thus,
(E—i—e’fl—i-i—K_)G + (6) = E;—AAABKQCI f(&‘) (A.132)
di f V2 (e —en +1i0) !
dl i To this end we have to employ Eqgs. (A.126) and (A.128):
Aa 1 Aa gd*ff( ) Mg Ga,ri(€)
V2 | (e+em+id)  V2(e+em+i6) 2(e+enm +id)
M| A Gup®  As YGan©
V2 | V2(e—em+1i8)  2(e—enm +id)
M1 1 AQ%f_f“ ABM
V2 (e +en+i6) 2|7 (e+en+id) (e +en + 1)
1 (jd fT(E)
— | dap— Ly
2|: AB(€—€M+i5)+ 5—5M—H(5
)\A 1 1 2 2 >
— 4+ — | X}
ﬂ(€+€M—i—i5)+2 [ (5+5M+u5) B(€—5M—i—z5)] ngfT(E)

Using the definitions of K and K_, Eq. (A.133) becomes:

1 1 1
s [2 <€+6M+i5) * 5_5M+i(5>:| G, 1t () (A.133)
) G A 1 -
<5+51+Z> gd{ﬁ(&‘) = ém—i—l(_gdiﬂ(g)
= AMABKGy, i (e) (A.134)
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5 N W 1
(5+61 +27K,) Gyt 1(e) T MG i)
(A.135)
Now, we will calculate le f
. ~ )\A 1 )\A lef(s) )\B ngf(S)
e =4S - M 2 A YdfE)  AB Tl
(e =1 =% 410) Gy s(€) o |e—emtd) V2le—en+id) " Vo(e—zcar +0)
Lo 94D A Gagle)
V2 | V2 (e+em+i8) V2 (e+enm+id)
Y ) 1 1 1 1 ~
T V2(e—enm+1id) ~Adp [2 <5+6M—i—i(5 * 5—5M+i5)] gdif(g)
1 1 -
= |3 by
+ 2[‘4(5—51\4—1—2'6)7L B(5+€M+i6)]gd1f(8)
AA 1 ~
e K
+ K.Ga (o), (A.136)
eti 2 2 e 2 12
where we define K, = 1 [( - 6)(5/\2{;)\ i)i;;i ((;);A /\B)} . Furthermore,
M
Ap 1
Gy p(e) = Y2\ s G (e (A.137)
dif
<€+51+Z—K_)
T K
with K = (e k) Thus,
A 1 )\*B( . )

. 5 V2 (e—em+id ~
e—e1—X4i8)Caple) = A — A K X — MABKGy, (e
( 1 ) lf() \/§(€—€M—|—25) (5+51+2_K_> 1f()

+ KiGas(e)
A 1 A MK 5o -
= —— - — Aadg) KK
V2 (e —ep +i9) \/§(€—5M+i5)+(AB) Gars ()
+ KiGa (e) (A.138)
. A (1+A3K
(e—e1— % — Svgs) Gy ple) = ——& (1+ABK) (A.139)

V2 (e —epn +19)

where Yyps = K + ()\A/\B)2 KK. At last, we have to obtain leff :
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Appendix A. Obtaining the DOS of Majorana quasiparticles

o | M Gap® s Gan®
(5_51_2+26)gd1ﬁ(5) - \/§|: 5(6—6]\4—{—7;5)4_%(6—6]\/[—1-7;5)
RV M Gan® s Guple)
V2 |(e+em+i0)  V2(e4+em+id) V2(e+em+id)

\p 1 1 1 1 .
- 2B C  aagle
V2 (e ten+is) 4 3[2 (s+eM+i5+s—sM+z'5>}gdif*(g)
1 1 1 .
- AQ )\2
- Q[A(5—6M+i5)+ B(5+5M+i5)]gd1ﬁ(€)
_)\B 1

— B L\ sKG K. G
Ve rem vy AABKGy (&) Ky Gaypi(e)

(A.140)

But according to Eq. (B.104):

AA 1

= V2 (e+en+id)

Grple) = . — MABKGy ().
di ft (E+€1+E_K_> AABIR Yy, ft

(A.141)

By substituting Eq. (A.141) in Eq. (B.109) we find:

™ A 1 -
(e—e1—=X+1i0)Gy i(e) = _ﬁm—’_K-FmeT(E)

A 1

V2 (e+en+10)
(e+51+i—K_)
AB 1 - AA 1
= 2B AgKE =

V2 (Eten+i0) BN B(eten +i0)

+  (MaAp)’ KKGy, si(e) + K4.Gy, 41 (e) (A.142)

— AAgK — )\A)\Bkgdlﬁ(g)

Finally:

. A (1+XMK)
(e—e1 =X —2mrs) Gy pi(e) = et e 1i0) (A.143)

A.1.3 Summary of Results for Qmm

The Green’s function for the Majorana quasiparticle 7; is given by
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Appendix A. Obtaining the DOS of Majorana quasiparticles

~ 1 AA AB 5 5
= K
G + 2v/2 <e +enm +1id e EM +i5) (gdif +gd1ﬂ>

1 AA AB ~ -
o <E—€M+i6+5+8M+i5> (gd1f+gd1f1‘)7

(A.144)
wherein
g (HX3K)
5 V2 (e—epr+19d)
= A.145
gdlf(g) (5_51 _E_ZMFQ? ( )
g (+MK)
5 V2 (et+ens+19)
= A.146
Gar 1 (€) (e —e1— % —YmEs)’ ( )
Ag o1
Gyt p(e) = L2 XA G, 4(e) (A.147)
! <€ +e1+X— K,)
and
Ao 1
Guple) = 2D 3\ ARGy, 5i(e),
! (5 +e1+ 32— K,)
(A.148)
with
Swmrs = K4 + (Aadg)’ KK, (A.149)
K = s , (A.150)
(5 te 43— K_>
1 i8) (A4 +\%) £ A2 — \2
Ry = 1| )(2A+2 b) = en(X — Xp) (A.151)
2 €2 —e5, +12e0 — 62
and
1 1 1
K=— . A.152
2(5—5M+i5+€+€M+i5> ( )

A.2 Finding the Green’s Function for the Majorana Quasiparticle 7,

In order to obtain f,,,, (¢), we should calculate G,,,,, given by:
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Appendix A. Obtaining the DOS of Majorana quasiparticles

where

Gipans (t)

Thus, we have to calculate [ng(t), 772(0)} as follows:

n2(t)n2(0) = 1

n0)n2(t) = i—=

(f1() = F)i—=(F1(0) = £(0) =

= (—é)e(t)zlzr:em <7~ [mm,ng(mL r> : (A.153)
m=is (1= 1 (A.154)
VoAl -
;
.
[nz(t)’ng(o)h = m2(t)n2(0) + m2(0)m2(t) (A.155)

1 1
NG 2

(~F1OF10) + £ F(0) + F(0)F10) - F(2)7(0)

(=o' ®) + £1Of 0 + FO£1(1) - £0)£0))

5 (7O O+ FOF0) + 5 (F1070) + 710)70))
(FOF10) + FOF ) — 5 (FOFO) + FO)1F()

5 [1w. )+ 5 [f0.r0)]

[f(1), F(0)], (A.158)

N~ N -

1
2

(A.159)

By substituting Eq.(A.159) in Eq. (A.153) we obtain:
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Appendix A. Obtaining the DOS of Majorana quasiparticles

1
Gram(t) = —5(=1)0OZ 1Y e P < fw.r'o)], >
1
* R0z e (oA, 50] )
1
v 0z e (o [fw. 50 )
1
= SEOOZTY P (e[, FO)] | ) (A.160)
Thus,
1 1 1 1
G (t) = —§gfff(t) + §gffff (t) + §gff(t) - igff‘r (t)
(A.161)
~ 15 15 15 1
G (€) = *§ngf(5) + ngTfT (e) + §gff(5) - ngff (e)
(A.162)
But we already have obtained the Green functions above, which are given by:
5 _ A gdif(e) A Gas(e)
911 = e rem10) V2l ten 1 10) (A.163)
- B 1 Aa ngfT (e) AB gdlfl‘ (e)
Gyir(e) = Chem+i0)  Valetem+id) Va2letem+id) a.164)
Gorte) — L M Gar© A 9al)
)= e ey +i0) V2(e—em+id)  V2(e—en+id)
(A.165)
G — M Gun@  As Gunl®
Iie V2 (e —epy+id)  2(e—epm+1id)
(A.166)

Therefore,
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6 - LM Sa® A Gase)
me\&) =Ty V2(e+epy+id) V2 (e+enm+1i0)

L) (e + enm + i0) +ﬁ(s+eM+i5) V2 (e+en +id)

1_ 1 A gd{ff(e) Mg G, pi(€) ]

T | et @) Vale—emtid) T Vo(e—em t+id)

1| 1 Aa Gayle) xs o Yals©) ]

N

M Gup@ e Gupl)
V2(e—em +i0) V2 (e —en +id)

[ 1 1
B | (e +em +10) * (€—€M+i6)}
')\73 1 _)\7,4 1 g~
V2 (e—cm+i6) V2(et+em+id)] d

/\73 1 _)\714 1 5
[V2(e+em +1i0)  V2(e—em +1ib)

ML d 1 g
V2 (e+enm+id) 2(e—enm+id)] dj f1
[ A4 1 AB 1 ]

V2 (e —em+i6) 2 (e+en+id)] G, 1t () (A.167)

N~ NI~ NI~ N~ N

1A 1 A 1 5
517 = Gat;(©)

2 |V2(e+em+id) 2(e—em+i6)
XA 1 AB 1 1 -
ST TR AT | G
V2 (e+em+id) V2(e—epm+id)]  hf
Va2 (e—em+id) 2(eten+id)] ™
[ A4 1 AB 1 1

e —en T ) i tem iy Gure (A.168)

=

g~772772 (5) =

N~ NI~ N~

~ B 1[4 1 B )\73 1 ~ s
g772772(5) = K+ ) {\/5(5%1\44'25) \/54(6 —en +i5)} (gd}ff gd}f)
1[)\A 1 AB 1

2 o )] (gdlfT - Gdlf) (A.169)

+ V2 (e —ep+1id) 2(e+eym+io

wherein G di g}h fQN dt ft and G, rrare given by the same expressions previously calculated, as can be
1 1

seen in Sec.A.1.3.
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Appendix B

DOS of the Quantum Dot for the
Interacting Spinfull Model within
Hubbard-I Approximation

B.1 Single particle Green’s functions (two operators)

Let us apply the EOM approach to obtain an expression for the Green’s function of quantum dot:

(w+m")Gy (W) = 14 ({[do, Hel:d})) (B.1)

(w+mHG 4 (w) = 1+ ({[de, Hicadl; ) + ({[do, Haotl; i) + ({[dors Haotrcad]; d5))
+ {[do, Hul; d5)) (B.2)

W+ NG 4, (w) = 1+ (([do, Haotl; db)) + (([do, Haottead]; db))
+ (([do, Hu); dl)) (B.3)

do Haotl = > a5ldo, dids] + Uldg, naynay) (B.4)
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Approximation
> casldo dids] = Y eas (dodlds — dldsd, )
& = E&:sd& (005 = dLds ) d5 — dldsd, )
= igd& (G0 — dldods — didsd, )
- ied;, (d05ds + dldsdy — didsd, )
= Egpdy. (B.5)

Uldy,ngtna)] = oNdtNd) — NatNd o)

d de¢de¢ ~ djdsdd,d, )
(601 — dld, ) drd]d, - didydld,d, )

ordyd|dy — dld,did]d) — didydldyd, )

U(d

U

U

U (s

— U (dordrd]d, + djdrdydld, ~ did:d]dyd, )

U (0s1drdld, + didr (8, — dld, ) d, — dldsddyd, )
U (0s1dsd]dy + b, ydldrd, — didrd]dod, — didsdd,d, )
U (0s1dsd]dy + b, ydldrd, + dldraldydy — dldsd|dyd, )
U (8p1dsd|d, + b5y dldrd, )

= U (dordsd)d, + 8,dydldr)

= Udyd.ds = Udyngs. (B.6)

where & is opposite of 0, e.g, 0 =1 ({), 7 =] (1).
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Approximation
[do, Haovtet] = [, V2V 3 (el + dfers)]

= [dy, V2V i elsds] + [do, V2V dleys]

- vvy <ka,eL&d5 - eL5d5da> ’

+ VAV g: (dodlers — diersd,

_ VoV g: (elsdsds — eldsds )

+ VAV i (exadodl + exsdlds, )

_ v gj €1z (dgdl, n d:;dg)

- \/ivi exslos = V2V Y dozens

= V2V gj ko N (B.7)

”

(w+m")Gyq, (@) = 1+ea((doidh) + U({donas; b)) + V2V ((exos dh)
k

+ (([do, Hu; dl)) (B.8)

In the equation above, we have the well-known result for a QD between metallic leads without a

Kitaev wire. The novelty is due to the following commutation relations:

1
(o H] = [dg,aM (a$aT—2>]+ dg,thpzu&@mdg)]
+ dU,AZ(d&aﬁam)] (B.9)
o, Hy] = [da,thpZ(d&ahade}) + dU,AZ(d(;CLT—i—aM;)]

(B.10)
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Approximation

do, thp(dzal + ang)} =ty > [da, dg.aH + Z [da, aTdH

_ _thpZ (dgdl, " dfﬂo) ay = —thpz {dg,d&} ay

- —thpi?o&aT (B.11)

do, A (dsar + a}dg_)] = AY [y dsar] + AN |do,aldl]
! = A XU: (dodsar — d&aT;,,)
+ A ZU: (dra}d} ~ alald,)
= A (dedsar — dydzay)
+ A ZU: (—aldod}, - alald,)
- —AUZ al (dodf + did, )

— 7AZ(5”&G$ (B.12)

(@ +m")Ghq, @) = 1+ car((doidh) + Ul{donas: b)) + V2V Y ({exoidh)
k

—thpzaw ar;df)) + Azaw (al; db)) (B.13)

(W —E&do t Z77+)G:lgdg (w) = 1+ UGganda,d + fvz Gek do

- thpzéffff aTd ZéaaAGrtd( ) (B14)

Now, let us apply the EOM to find G, ; (w):
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Approximation
(@ + )G a, (@) = Serd, + (([exo Hel; d)) (B.15)
lexos He] = [eko, Hicad] + [€kos Haot] + [€ko> Hdotlead] + [€kos HM]
= [ekos Hicad) + [€ko, Hdot-lead] (B.16)
[ek0'7 Hlead] = [ek0'7 Z Epée 5€ps T Vsp Z € eqo’
6 P,qc
= ekm Z Epae epa eka; Vsp Z € eqa (B.17)
p,qad
[ekm Z Ep&e;r,aep&] = Z Eps (ekaei,gepé - €L5€p56k0>
po po
225~((55 —el e )6~ Tee)
po kpYoc pc ko joled po‘ pJ ko
pé
= > eps (5kp50&6p0 piCkoCps paepaeka)
po
= Z Eps (6kp5006pa €p56piCko — Laepaeka>
po
= EkoCko- (B.18)
ko, Vsp Z elseqs] = Vap Y (ekaeLaeqa - 6L5€q66k0>
p,q0 p,q0
= Vsp Z (<5kp oG 6L56k0> €qs — ei,geqaeka>
p,q0
= Vsp ) (5kp505€q& +el seqreuo — I,geqaek(f)
p,q0
(B.19)

= Vsp Zqu.
q

121
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Approximation

exos Haotlead] = [ekos V2V Z(el&d& +dleps)]
o
= lexs, V2V Z eI,;,da] + [exo, V2V Z dj-}ep&]
. e
= \@VZ (ekae ~ds — GL&dgeka)
+ \[V Z Bkod 56ps — dx 8p06k0>

(
>
(
(

= \[V Z D, k0o ds — p kéaaepgekad + 6L5€kad&)

( Op,kdo5 — € ~€ka) ds + 6L56k0d6>

d:g-epoeka ds epaekg)

= \[V( ekgekad +6Tkgekgdg>

= V2Vd,. (B.20)
(w+m )G, g, (@) = exo((exoi db)) + Vsp Y ((eqos dh)) + V2V ((dg; d)) (B.21)
q
(w— ko +m)GY, 4, (@) = Vop Y _({eqoidl)) + V2V ((do3 db)) (B.22)
q
(w = ko +mM)GL, g (W) = Vep ¥ GL, g (W) = V2VGy 4 (w) (B.23)
k

Let us divide the expression above by (w — e + 10T ):

T €k w) ﬁVGT d (w)
2d = 7=z B.24
Geka —Vsp Z ke + ”7+) (w — e + “7+) ( )

Vsp V2VGY, 4, (@)

1- ¢ = oCe B.2
zk: (W —eko +mT) Corpar () (W — eko +1mT) (B.25)
. V2V (w —exe + ™)L
Glrd, (W) = ) ( e ) L d, (@) (B.26)
[ — 2k (w— 5kg+177+):|

Substituting the expression above into Eq.(B.14):
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2V2(w — ey + )71

(0= ear +m7)Gla, @) = 1+ UG 0, @)+ Vap T Cots ()
k |:1 o Zk (w—exo+wnT)
— twp ) 005G, (W) =AY 805G (W) (B.27)
& & v
As we have shown in previous works:
S (— ) = k) (B.28)
w — ks +mt

k

in the wide-band limit, where pg,(w) = () 3, § (w — £x,) is the DOS of metallic leads. Thus,

2V2 (_Zﬁpka (w))

_ =\ - 1 r -
(UJ Edo + 11 )Gdgdg (w) + UGdandg,da (U.)) + [1 — VSD (_’“Tpka CU))] Gdo—do— (w)
— D SostmpGh g, (W) =Y 605AG2MU (w) (B.29)
, , 12V 37 ppeo (W .
(OJ — E&do t+ Wl+) dods (w) = 1+ UGdgndg,dg (OJ) - [1 +1 (VSD"I:,OI(C zw))] Gd[,dg (OJ)
— thp Y 005Gl g, (W) =Y 605AG:LMG () (B.30)

However, the Anderson parameter I', = 2V 27 pg, (w).

o
W—¢edo + MG, 4 (W) = 14+UGY ,, 4 (w)— z Gy 4 (w
( d, n ) dgdd( ) do dmdo( ) [1 T Z(VSDT‘_,OkO'(w))] d[,dg( )
— thp Y 005Gl g4, (W) — AZ&U&GZL%(@ (B.31)
Let us label vz = Vspmpge (w):
—1lg [1 — 1/] =il — /2T,
[1+0/x][1 —0/z] 1+z
_ -GV,
N 14z 7
= _Vale ? Lo (B.32)
14+ 1+
Valy, I,
Yo = — — = Re(X,) + Im(2, B.
14+2x Zl+x e(Xo) +Im(%o) (B.33)
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(w—edo +m")Gg4,(w) = 1+UGG 4, )+E Ga,d, (W)
— thp Z 805Gy g, (W) — A Z 500Gﬁd (w) (B.34)
(W= €do = B+ )Gy g, (W) = 1+UGY 1.4, (@) =ty Z 055 Gopa, (W) = A Z 5WGTTdC,( w)
(B.35)

Below, we present the calculations for the Green’s functions related to the Kitaev wire:

(w+m )G g, (@) = (([ar, Hel; df)) (B.36)
lar,He] = [ar, Hicad] + [ar, Haot] + [ar, Haot-lead] + [ar, Hm]
= [ar, Hu] (B.37)

1
[CIT, HM] = [aT, oM <a$a¢ - 2>:| + | ar, thp Z(d&&}t + ang)]
+ |an, A (dsar + aM})] (B.38)
1
[aT, oM (a$a¢ - 2)] = oM (aTahT — aﬁamo
= oM <(1 — CLMT) ar — a$a¢a¢>
= oM (aT — a$aTaT + a%aTaT)
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Z [CLT, thp(d(}a* + ade;)]

o

> [% Aldzar + aMa)}

(e

A ay,dsag] + A [am GMH
A i (ardzay — d&aT;)
A ZU: (arald! — aldlar)
A i (dsaray — dyaray)
A Z (GT df — T“T)

A Z (aTa$dj} + aTaTd:g>

(B.40)

(B.41)

(B.42)

(B.43)

(B.44)
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[G/L He] = [aj]:a Hlead] + [U/L Hdot] + [QL /Hdot—lead] + [QL HM]
— [a};’ /HM] (B.45)

1
ol = [ (s 3)] b Tl s ant)

al, AN (dyas + a$d3‘,)] (B.46)

(B.47)

aLthp(d&cﬁ + aTd:[T)} = thp [ai,dgaﬂ + thp |:a$,a1~dl;:|

= tppdl. (B.48)

aL A(dzar + a$d2)] =

= —Ads. (B.49)
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(w+mH)G" (w) = —dm((a] +thpz ((dlsdl)) — A ((dss b)) (B.50)
i ok
(w+ 0w +m" )Gy, (W) =thy Z ((dhsdl)) — A ((ds; db)) (B.51)
(w+ Op + o™ Z thpG dT o (@) = D AGH 4, (W) (B.52)
From Eqgs.(B.43) and (B.52):

¢ 0y (@) = =2 5 Cipae@) | 220 Gy, (B.53)

ards \W) = (w—0m+ ™) (w—om + ) '
ar thp 2o Ggf.,dg O > 5 G a, (W) B.54
a*da( T (wHom+wmt) (W O+t (B.54)

Let us substitute them in Eq.(B.35):

(UJ —E&do — EU’ + Zn—i_)GQJdJ (w) 1+ UG:land(—, do (w)

thp 225 Gpa, (@) 82 Gde )
- Zéaathp { (W—="0om+wm*)  (w—dm+um®)
25 Gy, @) A, G (w)
- 2500 { @romtm)  @romtm) ]

(W — Edg — X + “7+) ng(, (w) 1+ UGQandEnda (w)

b Y b ) e @) wAG 0, ()
o5 77 (w — dm + ) Dadd (w — Om 4 mT)
oy e 5 (8)2,, (w
= UU(W+5M+7/T]+ 00W+5M+Z7]+
(W—cdo — S0 +m )Gy (@) = 14+UGH . 4 (@)
1 1
A r
thp [(w + om + 177+) + (w — oM + @n+):| Gd:ryd(7 (w)
(thp) (A)?
i [(w —om+mt) | (w+dm+mt) dod, (WIB-57)
1 1
K= B.58
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(W= car =g + 1 )Gla, (@) = 1+UGH, 4,(@) —tipAKGl | (w)
t 2 A 2
+ (thy) (2) dydy (W)
(w—=m+mt)  (w+du+wmh) 7%
(B.59)

According to the equation above, both spins couple with the Kitaev wire. To find

Gy 4, (w), we also must obtain G (w), which is performed below. According to Eq.(??):

(w+m")Gh () = {db,db}y + ([}, Hel; df)) (B.60)
(WGl (@) = (([d], Helsdb)) (B.61)

[dh He] = [dh, Hiead] + [dF, Hao] + [dF, Haotteaa] + [df, Hu]
= [d}, Haot] + [df,, Haotread] + [dF, Hm] (B.62)
[ Haol] = [dj,,za:edadj,dg]+[dj,,UndTnd¢] (B.63)

[dl, Z €d&d:[7d5] = Z Eds

= gl (B.64)
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[dj,, Ungngy] = d%”dTndi - ”dT”didD

dt

(o

dhdidrdld, — didid] (6, — didy))

didrald, - dld:d]d,d})

dt

(o)

dididydldy — 6, d]dld; — d]dydfd]d ¢)

didrdld, — 5, d}dyd] + dld:d]dld,)

dbdldrd]dy — b,d]d}dy — d} (5,4 — dbdr) dld,)

dhdldrdld, — 0,y d]dld — 0,rdld]d) — dididyd]d ¢)

= U (~0od]dld; - o5d}d]d,)

= —Udlngs. (B.65)

(], Haovread] = [dL,v/2 VZ oo + dfei)
_ fvz el dy +\fVde,,dLeka
- fVZ(dTekgd — el d, dT)
+ WVZ( l
-
(

dhdbexs — dhexyd})
= WVZ
- \fvz dhdbexs — dldfex, )

= fVZ( ely) (dbdo + dydl )

= vaaw( ls)

N VZ( eka>. (B.66)

elpdldy — el dodl)

wm)Gy, (@) = (eardlidl)) + (V2 S (el )idD) + ((~Udinas: df))
k

+ (([dh, s dl)) (B.67)
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(w+ o + “7+) erdo' (W) = —V2V Z GTT dg UGdT ndada( w)
+ (4 mHM]; db)). (B.68)
1
[Cl:rj,,HM] = [d 5M ( aT — 2>:| + dt,,thp Z(d&(& + CLTd;)]
+|dE, A (dsar + a$d§)] (B.69)
[df, Hy] = [dj,,thpZ(d&c@ +ardl) | + [df, A (dsar + a}dg)] (B.70)

it Dt v = 1,3 il -, 5[]
& Y (] -]
- thpz<dj,aTdT aTdeT)
_ thpz(dw + dyd}) al

+ tipy_ (ardldl - arald})
thp Z Oo5a

_ (B.71)
dj,,AZ(dz;aT-l-aMg)] = AZ[d dyn +AZ[ bobt]
& =Az@wwﬂww)
+ A (diabdl - afdldh)
_ AZ(de +dsd}) ay
+ A (abdldl — aldLd})
- AZ&,&aT (B.72)
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(w+edo + ™) e, W) = *WVZGTT dg —UGy, (W)
+ ((twpal; do>> ((Aag;dl)) (B.73)
(w+ edge + ™) sza(w) = —\fVZGT UGd*ndgd (w)
(B.74)

+ thpZ(Sg&ngdc w +A26‘76
I c

@+m)Gy (W) = el db} + (el Helsdb)) = ((lel,, Hel: )

ko 0
[eTko-a He] = [eTkO'7 Hlead] + [eircga Hdot] + [61[{0; fHdot-lead] + [e;r(ga HM]
= [e;r{rﬂ Hlead] + [e;r(ga Hdot-lead]
[eLa,Hlead] = [eLG,Zepge seps + Vsp Z e 5€qs)
G P96
= 6ko” Z EI’(Te ePU eko" VSD Z € qu

p,qo

ekg, Zepge seps] = Zs & | CroCpstps — Lgepgefw>

(choe

= Z Eps ( epaekaepU - eL&ePf}eLT)

= Zs 5 ( epg ((5kp e €p&€110) - €L56p5611;0)
_ Zs 5 (“Okpbosehy + chocprtly — chocprel, )
= Zspa ( Okp aaepg)

= E&ko <—€LU) .

(B.75)

(B.76)

(B.77)

(B.78)
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6ka7 VSD Z e eqo' = VSD Z (QLJBL&ecﬁ I)oqueka)
p,q0 pP,ac

= Vep Yy <—6L56La€q& - eLaeq&GL(;)
p,qo

= Vsp Z (—eL& ((5,“1(500 quefw) elweq;,efm>
p,qo

= Vsp Z (—5kq5m~,eLU + epaeq;,eL7 eL(}eqaeka)
p,aé

= Vsp Z (—GLU)

p
[6L0'7 Haotlead] = [eLﬂ V2V Z(eTp&dfT + dgep5)]
- eka,fvz + e, ,vad eps]

+ \fQVE:(eT dgepg d epgefw>
pG
= ﬂVZ(e eJr 55 feka pgd )
pG
+ \/§VZ (—d;e;&aep& — d;epaef(a>
pG
= \@VZ (—d;) (eLoepgf —i—ep&eLo)
po
= V2V Y (~dL) bkps
pc
- Vav (—dj,). (B.79)
(w+m+)Gelfde(w) = ({exo(—ef,);d VSDZ +((V2V —df;db))
= —ewo((el ;db) VSDZ el ;di))y — V2V ((di;d})) (B.80)
(w+8kg+m+)G£LGdU(w) = VSD%:GZLU% w) — V2 VG (W) (B.81)

Let us divide the expression above by (w + ek, + 1n™):
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Vsp ZkGZL dg(w) \fVGde (w)
B (W~ exe +1T) B (w+ exe +1yT)

Gy, (W) =

ekgd

vaver, (@)
(w + eko + )

r

1 V —
+(Vsp Z w+€kg+z77+) (w)

t
K Cko d”

\fVGde (W)(w + exe + )t
G, (W) = (B.82)

€ do
ko [1 + (Vsp) Xk m

Substituting such a relation into Eq.(B.74), we get

2V2(w 4 exe + ) 1G2Td( w)
k [1+(VSD)ZI< m}
+ thpzcsg&GZid +AZ§M e, (B.83)

(w+ed +mMG":  (w) —UGdT (w)

dT do ( Nds do

As we have done previously,

1
; (W) = —1T Pko (W) (B.84)

2V2 (—1mpre (w)) Gy | (w)
(w+5da+”7+> Z’Ldo(w> _ [ Pk de

T Van) (mpra@)] © Cbmaats )

+ ot Y 5(,5(;2% (W) + A 055G, 4, (@) (B.85)

(=2V27ppo(w)) Gy | (W) )
(@t edr + )Gy, (W) = 1+ (Von) Conpmo @] dT"d”d"( Y

+ thpzd,&G%d +A250<f heds ( (B.86)

—2V %1 (W) G (w)
(W + ety + ") i, @) = ([ Pro() dbds

1+ (Vsp) (—mpro (W) vaGy, 4. @)

+ thpzd,&c;%d +Az5w hds ( (B.87)

Following previous definitions, T'y = 2V 27 ppq (w).
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-G (w)
TN dbdo 17
(w+ear +u7) did, (W) (1 =1 Vspmpros(w )) UGdT onds do )
+ iy Z 50&G2$d )+ A Z 005Gl aTd (B.88)
As we have stated, Vsp7mpg, (w) = v/x. Thus,
—IMG" o (w)
+ r . _ dede r
(w + €da— + /”7 ) dj;—do- (CU) - (1 _ Z\/>) UGdT ndadg <w)
+ inp Z 506G2$d0 )+ A Z 005Gl aTd (B.89)
T, (14w -l (+0/a)  Val, I, (B.90)
(1—/z) (1 +2y/x) (1+z) (142 (1+2) '
Comparing with Eq.(B.32):
- ( Vily D, > _ _Vale | e g (B.I91)
1+x2) (A4 (I+2) (142
¥, = Re(Z,) — Im(Z,) (B.92)
with
Vls
Re(X,) = — B.93
(%) 1+2 (859
71
m(%,) = — B.94
m(%o) 1+2 ( )
Thus,
(W + €do + 7,77+) :lj,do (w) = -3 Gde ( ) UG;T ngsde (w)
+ thp Z 5U&G21d )+ A Z o aTd (B.95)

(@+ear + Sy +up" )G (@)= -UG (W )+thpZ<SU&GZ$d +AZ§M eds (

(B.96)
From Eqs.(B.43) and (B.52):
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ro(w) =— tp £ G, () B 20 Gy, (@) (B.97)
@l (w = dm ) (W = dm + ") |
GT ( ) thp Z& G;;dg (U)) A Z& Gggdg (W) (B 98)
e T Wt Su+mt) (@t o+ ot) .
(w + €40 + ij\ + ’L?]Jr) nga (W) = _UG;Lndadg (W)
t h) 2.5 GZI—,dU @ A 25 Ga,4,W)
S e T
LAY b | o Glga, @) | 220 St | 99)
P Tl w=dm+wmt)  (w—dmtwmt) [
(w + €45 + iT + Z77+) gj,dg (W> = _UG:ij,nd&dg (w>
(thp)2 (A)2

+ ;50& [(w-f—éM—l-m"‘)

1

(w—dm + )

1

GZ; do (W)

_ A _
" ;5@- [(w—5M+m+) i

-UG"

dgndc’r do

(thp)2

(W + e + St +m )G, (W)

(w) - thpAKG:lgd(, (w)

(A)

(w4 dm + )

+ [(w + dm + )

(w—om+ )

Now, we have the following relations between Green’s functions:

(w —&do — Ecr =+ ”7+) Zada (w) =

1+ UGy, o d, (W) — thpAKGT:  (w)

did,
L) (&)
(w=dMm+wmT) (w+dm+wmT)
(w + &40 + ET —+ 277+) ijdo' (w) = _UGZLndadg (w) — thpAKGZlada (w)
L[ ) (A
(wH+dm+wmt)  (w—0du+wmth)

| cigpt00

s

Glra, (@)

o

(B.101)

Gggdg (w).

(B.102)

GZE; d, (LL))

(B.103)
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B.2 Hubbard-I approximation (1*! order)

It is known that a mean field approximation is valid in the regime where I' > U. Otherwise,
a better approximation is required to catch the effects introduced by the electronic correlation. In this
section we derive the so-called Hubbard-I approximation, which is valid when the temperature of the
system is bigger then the characteristic Kondo temperature (7' > Tx). Such approximation allows to
verify the Hubbard peaks arising due to Coulomb interaction.
Let us start from Eqs.(B.102) and (B.103):

(W' —edo — B0)Gl g, (w) = 1+ UGy, nys.d, (W) — thPAKG:lI,dU (w)
+ Ki1Gj 4, (), (B.104)
(wh +e4o + 55 — Ka2) g, W) = UGy (W) = thpAKGG g, (W) (B.105)
From Eq.(B.105):
) - UG nin, W tpAK Gy 4, @)
dydo (W +ego + B0 — K2)  (wh + &40 + S0 — K)

T (W) iingoa, ) thyAKTGY 4 (w) (B.106)
w — _ o o 70‘ _ ag w .
dbds (WF + o + 50 — Kg) P dodo
Let us substitute Eq.(B.106) into Eq.(B.104):
(Wh —etr = B0)G,q, (W) = 1+UGHp,, a4, W)+ Ki1Gy g, (W)
T
dt Ngsdo (w) [ T
— thpAK — 7_<g — thpAK Gdada ((JJ) =

(WJF +€do + 2cr - KQ)

(W' = do = X0)Glq, (W) = 1+UGH 4, (@) + EK1Gl g, (w)

+ UtpAKGY  (w) + (thpA)? KK°GY , (w) = (B.107)

(@F — et = o) G, (@) = 1+ UG, 0, (@) + [Ki + (tipA) KE7| Gl g, ()
So
+ UthpAKGZTndi (W)= (B.108)
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(w (W) (B.109)

T —ao — 8o = BM)Gha, (W) = 1+ UGy . 4, (W) + Uty AKG

oNdsdo

The equation above has two many-particle Green’s functions (four operators): Ggond[—,, dy (w) and

th o (w). Below we present the procedure to apply the Hubbard-I decoupling in both of them.
oNds o

B.2.1 EOM and decoupling schemein Gy, (w)

The many-particle retarded Green’s function is defined as:

G, (1) = —06(t — 1) <{ci(t>c,1(t)ck(t), j(t/)}>, >t (B.110)

where n., = czck is the number operator. Using the Zubarev notation:

Gl e () = ({cickeni ch)) (B.111)

Thus, the EOM technique can be summarized as:

(w+m )G e (W) = {eimer, b }) + (e, Hs c])) (B.112)

Let us apply the EOM procedure in order to obtain Gy ,, ~; (w):

(W + )G a, (@) = {donas, di}) + (([donas, Hel; df)) (B.113)

Udpnas, dt}) = d(,ndadi.—i—df,dgnda)>

dydtdyd + df dgnd(,>>
)

dyddlds + ddynas >
— {(d,di +dtd )nd5>
= (nds) (B.114)
W+ NGy a, (W) = (nas) + (([donas, Hel; ) (B.115)
[dongz, He] = [dondz, Hiead] + [doNds, Hdot) + [donds s Hdot-lead] + [doTdz, Hm]
= [donds, Haot) + [dondz, Haotlead] + [doNds, Hm)- (B.116)
(Ao, Haol = [donaa, Y cazdlds] + [donas, Unayna) (B.117)
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[don4s, Z 5d&d:[,d&]

stg< donasdlds — dldsdynas )

> e (
<

dpdldydlds — dLdsd ndg)
dydh (855 — dids ) ds — dldsdomas)

Sssdodlds — dydldldyds — dLds dgndg)

Z i (Oasdodlds — dodldldsds — dldsdonas )

g

> e (5 d
(

{dy — dydl (55;, . d&dg) dy — dgdgdgndg)

~ do5dodldy + dydldsdlds — dldsdonas )

— bo5dodlds + (855 — didy ) dymas — dldsdonas )

%de-mmwmadwwmﬁ—@%%ma

> cus (dsadodids — Sradodids + 855d5nas + dldsdonas — ddsdynas )

(e

Z €ds <5a&dgd§d5

- 56&dad2;d5 + 5a&d&nd5)

i (dodlds = dodlds ) + aodonas

EdodoNds -

(B.118)
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[donds, Ungrngy]

—

doNdzNatnd), — Narnd|doNdz )
dodgdad$d¢d1d¢ — d$deid¢dgdj}d5)

dydh (851 = dlds ) drd]d, — dldrd]dydyd)ds )

Sordydidid]d) — dodldidydid]d) — didyd]d idgdj_,al(})
Sordpdldrdldy + dodldldidydld, — dldyd]d idgdgda)
Sordydldid]d) — dedldldydyd]d) — didyd]d idgdj_,ol(-,)

bs1dodbdrd|d, — dpdl (051 — dyd}) dpd]d) — dldrd]dydydlds )

o @ ¢ 9 ¢ o g g

N N N - N N NN

Ssrdpdldrdldy — drdodldsddy + dydldrdldsd]d ¢)
Udldyd!dyd,did,

U (851dpdbdrd]dy — pdydldsdld, + dodjdidl (65, - d|ds ) d,)
Udldsd|d,d,d}ds

U (051dpdbdrd]dy — d51dydidsd]d, + 05 ydodldydbd, )

(
(dstdodsdra]dy — dotdodidsd]d, + b5 dpdldrdld, )
(~dodldydldld,ds — dldsddyd,dlds )

(dotdodbdrdld, - 051dpdldsd]dy + b5 d,dldrdld,)

(~dodldrd] (05, — dyd}) ds — dldyd]d,dydlds )

(dotdodbdrdld, - 051dpdldsd|dy + b5 d,dldrdld,)
(—0s1dodidsd}ds + (351 — didy ) drd]d,dlds — didrd]d,dyd)ds )
(dstdodbdrdld, - 051dpaldsdld, + 65,dydldrdld, )

U (=0sydodidsd|ds + 0,1dyd]dydlds )

U (+dldidyd|dydyds — dldyd]dydydlds)

(dotdodbdrdld, - 051dpaldsdldy + b5 d,dldrald,) (1)

U (~b5,doddrd]ds + Sp1dydldydlds ) (IT)

U (d}de(,djdidI_,d& - deMdadj_,d;,) (III) (B.119)

Let us work with expression (/1) :
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(III) - Lf(d}deadjdidgdg 4—d$d¢d1d¢dad§d5)
_ t t f to gt g gt
= U (alds (80 — ddy ) dyalds — dldsddyd,dlds )
= U (do1dldyddlds + dldra]dydydds — didrd]d,dyd}ds )
= Ubyydldrdydlds (B.120)

Let us consider o =1

(I) : Opddldpddy — dyydydld did) + 0, drdldrdld, = dpdldrdld, (B.121)
(1) = U (=dpdididrdld, + Srydrd]dydld, ) = —dydidrd]d, + drd]dydd,  (B.122)

(IIT) : Ubyydldpdydidy =0

Thus,

(donas, Unayna) = U (drdldrd|dy — dididsd]d, + drd]dyd]d,)
= Udpdldydld,
— Udynas. (B.123)

wherein we have used n43n45 = Nys-

[donaz, Hdottead) =  [donas, V2V Z(eﬂgd& +dlews)]
e

= V2V [donas, efsds] + V2V Y [donas,diers]  (B.124)
ko ko

1 11
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Approximation
I:V2V Z[dgndg,eL&dg] = \fVZ( Undaekad 6kad d ndg)
ko
= \@VZ( ekéd Ndzds — €y zd danda>
k&
= \/ivz( el dydLdyds — BL&d&dond6>
ko
= Vavy® (eL&dgdegdf efsds do”do)
ko
= VoV (elods (655 — dsdl) dy — el sdsdonas
5 (ot (o) s~ )
= VAV (Ssselsdods — elpdodsdlds — el dsdonas )
ko
= VAV (Ssselsdods + el dsdodlds — el dsdonas )
ko
= VIV (donelpdods ) - (B.125)
ko

I1:V2V Z[dand?ﬂdi}ekff] =
ko

[doNds, Hdotlead) =

\fVZ( oNaodLers — db ekadanda>

V2 VZ dydidydlews — d ekgdgndg)

exsdodl dgdl — df ekadand0>

exsdodl (5&5 —dd, ) - dgek&d(,nda)

srexedodl — exdodtdlds — dlexsdy nda)

srensdodt + exgdodidlds — diersd, ndc,)

soeisdodh + ers (5&0 did )ndg — dleysd, nda)
56€k5do d + 050 €xsMds — ekgd doNgs — il seksds ndg>
V2 VZ saersdadh + dsoeksnis — s dldynis + edldynas

(
>
(
e
fVZ(
> (0
(
(0
(

sztwmd+%%%) (B.126)

\/§V Z <(555€L&d0—d5— + (55—56k5—dad:£7 + 65’06k5’nd&>

VRV (elpdody + dbersds + exgns ) - (B.127)
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(@ + ") Glnyy.d, (@)

(w+ )Gy, .d, (@)

(w = ede = U+ m)Gh o a, @) = (nas) + V2V Y [ at
K

(nas) + ((eaodonas; df)) + ((Udonas; db)) + ((—v2 VZekad dy3 d}))

Vv ((dh exsdo; df)) + V2 vz ekoMds L>>+<<[dgnd5,HM];
k

(nas) + £ao({donaz: d)) + Ul{donas; df)) — V2V > (el dado; df))
k

d))

Vv ) ((dhexsdos df) +fvz ({exonas: i)Y + ({[donas, Hul; b))
k

(B.128)

seksdods (S

+ (([donas, Hwml; df))

The first line of equation above is the well-known set of equations for an interacting dot between

metallic leads. The novelty is introduced by the term in second line, related to the presence of Kitaev

wire.

[danda'a HM] -

1
deNgs, OM (a$a¢ — 2>} +

doNds» thp Z(da—@ + aﬁdja)]

dons, A (dsar + aM})]

doNys, thy Z(d&ai + asz;)

gndU,AZ (ds aT—HLT ]

(B.130)

dongs, thyp Z(daa]} + CLTd;)] = tpp Z [dand(—,, d&CLH + thy Z [dand(—,, aTdJ;} ,(B.131)
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Approximation

thp Z {dand;,, d&aH

thpz {danda,aTdH =

= thpz dongsd aa —ds ar fd ndg)

- thpz dydldsdsal + dodydhdsal )

- thpz b55dodsal — dsdydhdsal + dsdyd}dsal)

(
(
_ thpz< do (955 — dgdl) dsa} + dyd,dldsal)
(-
( S50dzald ) (B.132)

thpz (drnasardl, - ardldynas )
thpz (dodtdsardl — ardldydbds )
thpZ( ardyd) (5&5 - dl,d(—f) - aTdédadI-,dc—,)
( bs001dod}, — aydodldbds — ardldydlds )
( booa1dodl, — ay (50 — dldy ) dhds — ardldsdlds )
thpZ( saatdbdy — dsodidzar + arddodlds — ardldydlds )
(0

ssatdbdy — d5od}dzar) (B.133)

[dgndg, thp Z(d;,a; + CLTd;)] = thp Z (—555d5a$d0 + 555a¢d:r—,d0 — (550aTnd5)(B.134)

[dgndg, A (dzay + a}d;)] = A [dongs, dzar] + A [danda, amg} . (B.135)
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Approximation

A [donas, dzay] =

I

AZ [dgndg, aldg] = AZ

G

dodldsdsay — dardydlds )

2

( dydbdsdsar + dodydbdsar )
( o (955 — dsdh) dsas + dsdydbdsar )
> (-

bsodsdsar — dsdydbdsay + dsdyddsar )

AZ (—0s5d5ardy) (B.136)

dyddsaldl — aldldydlds)

aldydl (655 — dlds ) — aldid,dlds )

(

2 (-

( Ss0aldsdl, — a (5&(, —dd )dg% —a}dgdgdj}dﬁ)
( 555 di — S5odbdyal + aldldydlds — aldldsdids )
(

MaTdT d, wd},d&a}) , (B.137)

dongs, A (dsar + a}d},)] =AY (—655dc—,a¢d0 + d50aldldy — 5(MaTnda> (B.138)

Thus,

(w+ - 5do‘ - U) Zgnd&7d0 (w) =

(nds)

WVZ[ i e dody )_GZLEdf—,da,d (@) + Glngy ds (@)
thp D Osa((ardbde; b)) —thy Y 50 ((draldy:dl))
thp2550 (arngs; dl))

AZ&— ((aldbdyidl)) — A 655 ((dsarde; df))

AZ(S&U ((aldldy; df)) (B.139)
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Approximation

(W' —ede = U)Glnyy a0, (@) = (n45)

+ \fVZ [ dlexsdody (w) =
— thp Z 550Gy atara, (w)

+ thp Z 55‘_’G;Td§d0dg (@)
E
— twp Z 060G angydy (w)
+ A Z 5&6’G21d15;d0;d0 (w
o
— A Z 5&0G2$ndada (w)
o

(w —U)Gpngsd, (@) = (ndg)

+ WVZ{ dlexsdydy (w) =
+ thpz[aéaa;dldado( ) —

+ A Z [&;UGZM )

— &do

;rc&dffdo'vda( ) + ngandmd (W)

)—A Z 5&6G25angdJ (w)

(B.140)

szgd dodo (w )+G£kando—7do—(w):|
5‘7‘7G:lg Ligda( ) 6‘70GaTnd do ( ):|
— 066G ayardyd, (W) — 6&0G2);nd6d0 (w)}
(B.141)

We draw attention for this point of the calculus, wherein we will apply the first step of Hubbard-I

approximation, consisting of truncate the following many-particle Green’s functions:

Gt endod, @) = (dexs) Gl 4, (), (B.142)
Gl o, @) = (ehss) Gl 4, (@), (B.143)
Gt goa, (@) = (@10} Gl g, (@), (B.144)
Gt dyd, (@) = (dzal) G4, (), (B.145)
Gt i, @) = (01 5) G, () (B.146)
Glsardpd, W) = (dza1)Gy,q, (W) (B.147)

Then,
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(W' —edo = U)Glppnypa, W) = (nas)

+ VRV Y [(dher) G, () = (ehlo) Gy () + Gy, ()]
k

oty Y [Daslard}) Gl g, (@) — 855 {d5al) Gl () = G50 G i, ()]
b AL (eIl () ~ draldoan) Gl () ~ 03067, ()]
(B.148)
However,
(dhers )Gl a, (W) = (elyda) Gl g, (W) (B.149)
O5a{ardl )G 4. (w) = 055 {dzal) G4 (w) (B.150)
Oos{aldb) Gl o (W) = 055(drar) Gl g, (w) (B.151)
Thus,

(w+ — &do — U) ggnd;,,dg (w) - < + \[V Z Gekgndg,dg - thp Z 500’ aT”da )

- A Z 550G2%d5d0 (w) (B.152)

Following the Hubbard-I proposal, let us apply the EOM to obtain G,

€koNds o (w) :

@+ )G o @) = Heronas, di1) + ({lexonas, Hels dh) (B.153)
({exonaz, db}) = (exonasdl + dlexonas)
= (ke de dT +d ! exonds)
= (—dlexodlds + dlexonas)
= 0. (B.154)
(@ + )Gl gy iy (@) = ({[exonas, Hel: db)) (B.155)
[ekUnd67 He] = [ekand(ﬂ Hlead] + [ekand5a Hdot] + [ekand57 Hdot-lead] + [ekand67 HMQB156)
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Approximation

[6kand6a/Hlead} = ekandoa§ 6po'e 6po'

ekandm§ 5pae epa

[6kandaa Vsp Z € eqa
p,q0

[ekoNds, Hdot) = [€koNds, Z Ed&d:[,d(r] +

s
Zw(
zsp (
<

.I_
ekandae pgepaekcrndo

T
pgepaekonda

&+ eJr ~ek(,epgnd(,)

+ [exonds, Vs Z €p5€qs] (B.157)

§ Epo ekae 5EpsNds + <5pk55’a - ekaeLa-) epé'ndc_f)

T
E Eps <€k06p5—€p&nd6 + OpkOs0€psTNds — CkoCpsCpsNds

ko (€koNds)

Vsp Z eka'ndcrepg

€k,

(
pqo<
i
(

Vsp Z ekae 5€q5Nds T <5pk560

p,q0

.|.

~ €p5€q5CkoNldo
T

p5€asTde — €p5€qs CkoMlds

T
€qcfnda +e ~€kO'eqUndO'

(B.158)

- ekaeL(}) eq&”d&)

.|.
VSDE <6kae 5€q5Nds + Opk050€qsTds — €koCpz€qsNds

P,q0

Vsp Z (6qond&) .

q

lexoNds, Unayng, ]

(B.159)

(B.160)
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[ekandmZ&d&dng&] = Z&zo €kandad ds — d:[,d&ekandc‘f>
- st exodbdydlds — exodlds ndg)

(
(
(cx0
= ngg( sexodhds — exodbdldsds — exodldsnas )
= Zed,,( siekodbds — expdhdidsds — exodldsnas)

= Zeda (dsserodhds — exodl (955 — dsdh) ds — exodldsnas )

= stg (drserodhds — daserodlds + exodldsdlds — exodldsnas )

— Z Ed5 (5a&€kadad6 - 55&ekf’dj}d6)

= &ds (ekﬁdf—,da - ekad:;d&) =0. (B.161)
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lexoNds, Ungrngy]

_l’_

_l’_

[ekandé'a Hdot-lead]

(EkoMdaNatNd) — NdtNd| EkoNds )
exodbdsdldrdld, — ekandmdma)

(
(exodt (351 — dlds ) drald, — exonarnanas)
(dotexodbdrd]dy — exodidldsdrald, - exonarnanas)
(dstexodbdrd]dy — exodldidsdsdld, — exonarnanas)
(drtrexodbdrdldy — exod] (51 — dydl) ddld, )

(—exoNdtnd Nds)

U
U
U
U
U
U
U
U (dsrenodbdrdld, — 01dsd|dyenod) + exodldrdldsd]d, )
U (—exonatnda, ndz)

U (dsrexodbdrdld, - d51dsd]dyenodl — exomarnaynas )
U (exodldrdl (35, dlds ) d,)

U (dsrexodbdydld, - d51dsd]dyenodl — exgmarnaynas )
U (0sserodidrdld, - exodldidid]dsd, )

U (Mekad dydldy — 651dsddyercod] ekandTndwd&)
U (0ssenodidrald, - exdldrd] (65, — dydy) ds )
U( sréiodidydldy — S5ydod!deod] - ekandTnCundU)
U (0syexodidrdbd, - 05 exgdidrd]ds + exgnarnaynas )
U (dsrenodbdydld, - dsrepdldsdld,)

U (05 yexodidrdldy, — o5 expdldrd]ds )

U

eyl drd]dy - exrdldraldy) = 0. (B.162)

= [exonaz, V2V Z(eg&d& +dleps)]
= Va2V Z EkoNds e 5 + V2V Z EkoNds » dt Leps) (B.163)

1 11
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Approximation

I:V2vV Z[ekanda,ef@d&]
k&

I1:V2V Y [exonas: djeps)
po

(w+wm™)

Vav Z (ckomasehotds — chadseramas)
ﬂvZ(e dhdselyds + el ensdsnas )
\@VZ(ekgeT dbdsds + chyerodnas)
VeV Y (~eurehs (30 = dodb) do + ehaeradsnan )
b

(-

(-

(-

G5 ekoehi s + oty dadhds + ehyersdsnas

\/ivz

\@VZ wekoep&d + <ekaeT~ +e ~eka> ds d ds )
PG
\/ﬁvz o‘oekae *d +5kp500d d ds )
P&
V2V (el dsers + dodids) (B.164)

V2 VZ (ekgndgd eps — ds epaekondo)

\fVZ (epaekgd ds dT — €psCrody ndg>

V2 VZ (epserodh (955 — dids ) — epsensdlnas)

V2 VZ ( s3ep3Ckody — epseiadydsds — ep&ekadf}ndc—,)
Vv Z ( 55€p5Crody T4 ep&ekod:[,nd& - 6p&ekcrd:[7ndc_r)
V2V Z (5&5€p5eko‘dj;7 + epéekadj;nda — ep&ekod:[;ndé)

Vav (dgek56k0> : (B.165)

lexoNds Hdotlead] = \fV( eka dyero + dodldy + d ekaeka) (B.166)

GT’

€koNds

dy (w)

(VY (dodds ) 1)) + <<¢5V (dhervers) s b))
{[exonds, Hml; dl))

150
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Approximation
(@ =1 + )Gt @) = VoD D Gl @) = VIVEL | (w)
k
VG, @) HVVE (W)
+  ({[exomnas: Hul; ) (B.168)

Before calculating the commutation relation of last line of equation above, let us apply the Hubbard-I

decoupling as follows:

(w— ko + Zn+)nganda,dg (w) = Vsp Z Gl do (@) — \/§V<€1T<ad5> treo oo (W)

k
+ VRVGY 4 (W) + V2V (dbews)GL, g (w)
({[exonds, Hm); dl)) (B.169)

_l’_

since (eL&dtf,)ngde (w) = (dgekﬂGkadg (w).

(w - €ko- + Z77+)G£kand5,dg (CL)) = VSD Z ngondf,,dg (w) + ﬁVGandg,dg- (CL))

k
+ (([exondz, Hul; db)) (B.170)
Now, let us calculate ({[exy,"d5, Hm]; d:r,>> :
1
exonds, Hu] = [ekando; oM <a$a¢ - 2)] + |ekoNds, thp Z(d&éﬁ + ade})]
5
+ exoNdss A Z(d&CLT + a%d};)] (B.171)
S
ekoNds, O aTa—1 —(5(6 ngsalar — alare n—)
kolde, OM ¢T 2 - Mkodo‘ij TTkad(f
= M (aiawkand& - ahwkand&)
= 0. (B.172)
lekgnda,thp Z(d&C@ + aTd:[y)] = thpz [ekgndc—,,daaﬂ + thl’z [ekgndg,aTd:;}B.l73)
5 5 5
T 1
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II:

Ty Y [ekandﬁvd&aH thpz ekoNdzd aa —dsa €kanda)
thpz (e de ds aT ekods aTndU>
thp Z ( €k d dsds aT ekad5a$nd5>
thp Z ( €ko ( —ds dJr) dacﬂ — ekgda—cﬁnd&)
thp Z ( J55€x0lzal + exgdzalnas — €kad&a$nd5>
thpz (~dsadzalens ) (B.174)
thp Z [ekandﬁa aTdH thp Z (ekandaaTdT — apd] ekanda)
thp Z ( a¢€kng (505 — ClJr ds ) — a¢d:r}ekgnd5)
thp Z ( UUQT€kgd:r—7 + ade}ekadI-,da- — CLTd;_eka-nda—)
thpZ( spardl eka) . (B.175)
[ekond(—,, thp Z(d(}cﬁ + ang)] = tnp Z 05 <—d5a¥ekg + aTd:;ekg> . (B.176)
[ekgnda—, A Z(d&CLT + a};d};)] = A Z [ekgnd(—,, d&CLT] + A Z |:6kgndc—r, a}d;] B.177)
I IT

I:A Z lexoNds, dsart]

A Z ekoNdz A5t — dzarexonds)

< a¢ekad dsdz da—CLTeko-nda->

( atekes ( 56 — dgdg) ds — d&aTekand6>
A Z (—ds5a1€k0ds + diarexonas — dsatexsNaz)

A (bszardsers) - (B.178)
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II: AZ {ekandg,ﬂdl} = AZ (ekUndUaTdT — aTdT eko—nda—)

— ( akdeTd clT —aleekandﬁ)
( akka (5&5 dld&) - awieka”d&)
( 05 ekodJr +a ekng dJr ds — aTd:r,ekgnd&)
(
(

05 d:[,a ek + a$dzekand5 — aid:r,ekgnd(—,)

Ssndl aTeka> . (B.179)

ekoNds, A Z (dsar + aT ] = A Z O55 (aTd(—TekU — di—,alekg) . (B.180)

(UJ - ekU + 1’77+)G76~k0nd5,d0 (W) = VSD Z Gekanda7 ( ) + fVGrgnd d ( )

+ thp (‘ > 555) <<d5a$€ka§ b)) +twp Y 055 {(ardbexss df))

+ Azéaa aTdaekaa o' ( Zdaa> d a#eka;(ﬁ‘)ﬁl)

(w - gkU + ZT, )ngando-7d(r (w) VSD Z ngond(;,d(, (w) + ﬂVGZUnda,do- (w)
k

" ( Z%g) dgal eka,dg )+ thpzéf“’ apdlexo ds ()
+ A Z 055 ardaeka,da ( Z 5oa> gga%kmda(BU%Z)
o

(W—eke +m)GL o a (W) = VSDZGZandJ i, (W) +V2VGy o (w)
+ thpZ«sm (dsa))GT, 4, () +thp26&a (1)) G, 0, (@)

+ AZ&;,(—, ards)Gr, 4 (w AZ&;,(-, dT )GT 4 (w)(B.183)

Thus,
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(Ww—eke + WGl g (W) = VSDZG%% (W) +V2VGy . 4 (w) (B.184)

Let us divide the equation above by (w — ek, + 1n™):

(w) Gl dy, (@)
Gy =V Corai de oy otz o B.185
errnae do () 5P Z (w—eko +uT) V2 (w—eko + ™) ( )
— fxo + +\—1
Grrngds W) = V2V (W= ek + ) Gh (W) (B.186)

1 dongs,do
{1 —Vsp oy (m)]

Substituting such a result in Eq.(B.152):

. w—eke + )71 .,
(@ e = U+ 1) Gy, @) = ) +2v2 Y T EI ()
[1 —Vsp Dy (4w_5ka+”7+>:|

Z(Smthp b dy (@ ZdeG’” L@ B187)

As we have performed previously >, (ﬁ) = — 1T Pho (W).

(—12V27rpka(w)) .

(W—edo =U+m )Gy g, (@) = (n45) + [ +Z(Vsp7rpka( )] donas do (w)
- Zam,th,, s ds Z%AG; AC)
- <nd&>+mGQ(,ndmd(,<w>
- Zawth,, A Z(SWAGZ AC)
= <nd0> + X, GZ% (w)
— Zawth,, A Zém,AG’“ g, (w(B.188)

in which we have used the definition of Eq.(B.32). Thus,

(W' = o = U = S6) Gl o (@) = (Maz) = thp Y 650Gy pyoa, (@) — A 530%%% (w)

(B.189)

Now, we will obtain G7, ., ;. (w) :

@+ )G a0 (@) = Harnas, di}) + (larngs, Hel; df) (B.190)
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Approximation
{atngs,di}) = (arngsdl + diayngs)
= (ardidad], — aydings)
= (apdidldy — ardings)
= <a¢d£ndc—, — aTdLnd(;)
= 0. (B.191)
(@ + )Gl sa, (@) = ([arnas, Hel; d)) (B.192)
[a1nds, He] = [a1Nds, Hiead] + (175, Haot] + [a47ds, Haotlead] + (04145, Hum]
= [a4naz, Haot] + [@1Nds s Hdotlead) + [@410de , Hm] (B.193)
[arnaz, Hot] = amda,zfdad dy] + [a1nas, Unagrng, ] (B.194)

[arnas > candhds] = 3 eu (arnasdhds — dhdoarngs )
’ - 2;:5d0<aTd dsdidy — ard, dgndg)
==£kw@ J -%Mﬂ%—%@%WJ
_ ii%g(wwwd ~ ardbdldsdy — ardhdonas )
_ }:%U(med —%ded-—%wdnw)
= 3 cur (dosardids — ardh (655 — dodl) ds — ardldonas )
= i}w@w%@%—@wmmfmmmw%—%@%wa

ZE@QMMerMﬂ:Q (B.195)
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la1nas, Ungringy] = (a4nasnarnd, — Nara a4 Nds )

(QTde deTd d — ndTndiaTndg)

(d ( ) de¢d¢a¢ — ndTndindgaO
(d51df deTdiaT — dbdldsdid|dyo; - nanaynasar)
(dsrdbdrd]dyay — dldidrdsd]dyay = naynaynasar)
( UTd de dyar — ndﬂldﬂlda%)

(—al (651 — dral) dod]dyar)

( UTd de dyar — nd¢nd¢nd0a¢>
(~8sraldsd]dyar + didrdldsd|dyar)
(dstdbdrd]dyar = nanaynasas — d5rdidsd]dyay)
(aldsdl (5,4 — dlds ) dyar)

(dsrdbdrd]dyar = nanaynazas — d5rdidsd]dyay)
(d1}dsdrdyar — dldydlaldsdyay)
(dotrdbdrd]dyar — narnanasar — 5rdidsd]d,ar)
(s} dsdidyar — dldyd] (35, ~ dyd}) dsar)
(dotdbdrd]diar = nanaynases — dord}dsd]dyay)
(dssdldsdrdyar — b5, dldsd|dpay + dldyd]dydlday)
(dotdbdrd]dyar = nanaynisas - d5rd}dsd|dyay )
(dsd}dsdidyar — b5y dldrd]dsas + nanaynazar )
(dstdbdrd]dyay — d5rd}dsd]dyay)
(drsdlaraldyar - 05 ydidsd]dsar )

(

didrd|d,ar — dldyd]dyay)

i I
<~
S 9 @ 0 ¢ O 9 © T 0 O © O Q9 9 o 9 o o oo o

(B.196)

[a11d5, Haot] = 0 (B.197)
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[a1145, Haottead] = @10z, V2V Z(eL&d& + dj;ep&)]

= \fVZ atnds, €y, +\fVZ aTndJ,d eps | (B.198)

I 11

I1:vV2V Z[amda,elﬁd&] \/§VZ <aTndg sd5 — €p ~cl amda)
po po
— \/§VZ (aTeT~de d5 — areps T _ds nda)
= ﬂVZ( aTe <5&5 ds dT)d* —arep; Fods ndo)
PG
( MaTe ~dz —i—aTe ~dsngs — arép; T _ds ndg>
(-

= \/ivz
po
= \/§VZ

atehods) (B.199)

IIV2V Z[aTnd6ad:[Tepc~r] = \/§VZ aTnde €ps — d};epgaTnd&)
= \/EVZ epaaTd ds al]L ep&CLTd;n(M)

(
(
= V2v Z (epaaTd (555— - dj}dﬁ) - 6p6aTdTi”d5)
P&
(¢
-

= \/iv Z ep5a¢d:£7 + epg,ade}nda — ep5a¢d2nda)
po

— VoV Cosd d (B.200)

pa &1
(@t Haovteat] = VIV Y (—ehodsar + dhepsar) (B.201)
1Y
1
[aTnd(—,, HM] = |:CLT’rld5, 5M <CL$CLT - 2):| + a1Nds, thp Z(d&&i + CLTdJ;)]

_l’_

a¢nd0,AZ (dsay + aT ] , (B.202)
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Approximation
[an—é <aTa1>] = (an—aTa faTaan—)
tMide s OM 1+ 2 M tdo Uy tp 1+t 1bde
= oM (aTaiaTnda + a$aTaTnd0)
= oM <<a¢a$ + a$a¢) CWM&)
= dm(a an Ndg ) - (B.203)

[aTnda, thp Z(d(,&j{ + ade})]

I: thp Z |:(1Tnd5, d&CLH =

II: thp Z {aTnd(—,, ade;}

I 17

thpz aTndad CLT dg,a%aTnda)
thpz aTaTde d TaTd&ner)

thp Z ara (5&5 d&df}) ds — a}angndC;)

thp Z UUQTCLT (1 — a$a¢> d;,ndg — aiaTd(;nd&)

thp Z waTa dTnda— + a$aTd5ndi—, — a$aTd5ndi—,)

(
(
(
thpZ( saaralds — azaldsnis — alasdsnas )
¢
(0
(

th,,z bsadsaral — dsnas) (B.205)

_ thpz (aTndOaTdT — apd! aTndo)

_ thpZ (arardidodt, — ararding, )
(aTaTdT (5&5 d;,da) - aTa¢d:£7nd5)
(
(
(

UJaTaTd + aTaTdT d d]L — CLTGTdT ndo>

UJaTaTd + (ITCLTd]L d d]L - aTCLTdT nd0>

thyp Z [aTnd(?, d;,aH + thp Z [aTnda, ang:| (B.204)

dssardbar) . (B.206)
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Approximation

[aTndU, thp Z(d(}al + asz;)] = thp Z (555(156%(4 — d&ﬂd5 — 555a¢d:£,a¢> (B.207)

[aTndU, A Z sar + aT ]

I:AY) " [apngs, dsay]

II: AZ [aTndg,aidH —

A
A
A

= A Z larngs, dzar] + A Z [aTnda, a%dH (B.208)

G

1 11

A Z arnggdzar — dzararngs)
AZ (arardydsds — arardsnas)

(aw ( - d&d2> dy — aTaTd&nd5)
AZ (d55atatds — arardsdhds — arardsnas )

A Z 55a¢aTd7 + aTaTd&nd& — aTQTd(;nd&)

A Z Ssparardy) (B.209)
(aTndUaT — aTdT aTnd0>
(aTaTdT ds dT =+ aTaTdT nd0>
(aTa j;, (55—5 dj}d(—,) + a$angndc—,)
( rald] + araldidl dy + alarding,
Z ( ;n;adeT (1 — a}aT) dgnda— + aiaTdT}nda)
Z ( aaaTaTdT =+ dTnd‘7 — aTaTd Nds + aTaTd nda>
Z (ds5araldh + dlnas ) - (B.210)
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@+ )Gy, @) = V2V (={(ehodsars b)) + ({dhepsa; db)) )
+ 6M<<a;zdg; db)) = thp D_{(domas: di)
-ty 2556 (<<d5a¢aT, doz>> ~ {{aydbay:db)))
+ AZ (d! ngo; df, AZ(S (arardy; df))

+ AZ&;,;, ((araldl;dl)) (B.211)

VIV Y (<6 g+ Gl 0, )
P
@) =00 )

+%z<%% v

dgaTa
(B.212)

(w = oM + )Gy, (@)

As can be shown in Eq.(B.189), the Green’s function above is multiplied by ) - d5, and therefore is

nonzero just for ¢ = o. Hence,

(w = dv + ") Z 5&UG2T”d6»do (W) = vav Z Z %0 ( GTT sdzaq,do (w) + ngepaamda (W)>
I P G

+ thp Z(S&U ( Gd nda ( ) + 60’0'G20_ TCLT do— (w) - 6&&G2Td§a®d0 (w))

* AZ(S&U( Zf;nda,dg(w)+6&5 doaray.ds (W) = 5""GT¢dT ng(w)>

(B.213

@ = bt 01) E 0o G 0) = VVE (<61 @Gy @)

dgepaaT,dg

109Gy, () + ATy (w) (B214)
At this point, we apply the decoupling scheme as follows:
(w—dm+ er) Z 5&UGZT”d6vda (w) = vav Z ( ‘ZT do (w) + <d;€p6>GZmdg (W)>
Bl
thdeand;,,da( w) +AG (W) (B.215)
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Approximation
(@ =+ 1) G50y, (@) = V2 vZ (—(ehoto) G, (@) + {dhepa) G, g, (@)
- thde[,nd(, W) HAG (W) (B.216)
thpGh . (w)  AGL (W)
Z 500 a n ) — _ hp dcrndd7dcr( ) + dondo‘ado (B217)
Nz d (OJJF — 5M) ((.:.)+ — 5M)
Now, we calculate G", (w):
a¢”d57da
(w+m )Gy, 4 @) = ({alngz, d}) + (([alnas, He); df)) (B.218)
({a#nda., dryy = (alnd(}dj, +d! (ﬂnd(—,)
= (aldldsd] — aldfings)
= (aldldlds; — aldfngs)
= <a$d£nd5 — a$dznd,—,>
— 0. (B.219)
(Wt ur )G, 4, @) = (latnag, Helsd})) (B.220)
[a;nda-, He] = [a$nd67 Hlead] + [a%nda-, ,Hdot} + [aj?nd&a Hdot—lead] + [ajrndﬁa HM]
= [alnas, Haol + [ainds, Haotiead] + [alnas, Hy] (B.221)
[ahd&,?'ldot] = ndo, ZEdUde ]+ [ 11de Unarnay] = 0, (B.222)
since [a41ngz, Haot] = 0.
[(4”(1&; Hdot-lead] = [a%da? V2V Z(€L5d& +dleps)]

= \/§VZ[ ndg,e ~ +fvz nda,d eps) (B.223)
po

1 17

Based on the result of Eq.(B.201):
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Approximation
[a%nd(—,, Haotlead] = V2V Z (fel,a.daa% + dgepaai) . (B.224)
P
Further,
1
[ainda, HM] = |:a$ndg, 5M <a¥a¢ - 2):| + a$nda, thp Z(daai + asz;)]

+ a$ndc—,, A Z(d;,aT + aM;)] ,
&
1
[apbdm oM <a$a¢ - 2)] = M a$ndaala¢ — a;aﬂﬂnd&)

[alnda, Z(dg(ﬁ + ale;)

G

I:tp, Z [ainda, dg,aH

|

= tup Z [aindg, d&aH + thp Z [cﬁnd&, aTdH

1 11

thpz (aTndgd sap — ds %%nda)
thp Z (a dj—, dgak&nda)
t Z ( I

hp

a T(w ddT>d——a ald; ndg)
Td——aTa ds de +a a d&nd;,)
50

T“)

(B.225)

(B.226)

(B.227)

(B.228)
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Approximation

11 :tp, Z [aind@ aTdH
o

( ndgaTCL — a¢d a nda>

thp Z (aTaTdT ds dT + aTaT d;[rnd&)

thp Z (a ay <55& d;,d;,) + aTaTdT ndg>

thp Z ( 05 Td]L a$aTd(‘T}d2da + aTcﬁd:gnd(—,)
( bssaldbar + ajaydldlds + araldlng, )
(-
(

Td]L 504 + ((ﬁaT + aTaD d;nda)

thpz dinas — dspaldyar) (B.229)

[cﬁndm Z(dffﬂ + ang)] = tnp Z (555a$a¥d5 — 555a$d§aT + dj}nd(;) . (B.230)

(e

[a;nda, A s+ agdp]

I: AZ [c&nda, dg,aT}

= AZ [apzd&,d&aq + AZ [a$nda,a$dg} (B.231)

1 17

aTndad ar — ds aTaTndU>

a¥d dsdsar — dsara ndg>

aTa¢d gndg) . (B.232)
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II:A Z {4”‘57 aidH

a$d§d5a$d2 — a$a$d§nd5)
a%a;d:r—, (555— —d! d5> - a$a$d§ndc—,)

Sssala d},) . (B.233)

alngs, A Z(d&aT + a}dg)] = A (5554%% — dsnas + 555@46@) . (B.234)

@+ )G,

aurnd&vda (w) -

+

As can be noticed Eq.(B.189), G",
a.

mz(_ (epodsalsdi)) + ((dhepsalsdf)))
(- 5M)<<aTndmdl> +thpz ((dLngz; dl))
thpz555 ( ((alaldy; db)) — ((aldl aT,dT>>>
AZ {dsngs; db) A2555 ((alaldl;df))

A Z 055 ((alardy; di)) (B.235)

(w) also is multiplied by > d5,. Hence, the same cancel-

de %o

lation process of Eq.(B.213) occurs in Eq.(B.235), yielding

(w+om+wm™) Z 050G+

Applying the decoupling scheme:

arNds Jdo

(wh +0m) Y 050Gy

(w) =

ZTnd;,,da (w) = WVZ < o, W)+ G b epral do (w)>

+ thde:ry’Vlda-,da( ) — AGdonda,do ((.U) (B236)

Var ) <—<e;—,d6> T @)+ (dleps) Gy (w))

o e

ey

dinasds @)~ AGUn g, a, (@) = (B.237)
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thpGT W) Agy (w)
65_0_G7" — donds,do donds,do B.238
; alngs,do (@) (wt 4+ dm) (wt +dm) ( )

Below, we list the main results obtained so far, which come from Eqs.(B.189), (B.217) and (B.238):

(W — e = U~ 20)Gayngy dy (@) +thp Z d50 G, atnds d, (W) + A Z 56UGZT d (w) = (nds),

4 de Qo
(B.239)
, thpGanda,da (w) AGZIT Ndg,do ()
ZéagGaTndm w) = — o o e (B.240)
thp Gy (w) AG; (w)
r gnd&7d0' dv'nd0>do'
o - B.241
; 0. Ga;nd(nda (W) (w“‘ + (SM) (uﬁ' -+ (SM) ( )
The Eqgs. (B.240) and (B.241) can be substituted in Eq.(B.239):
thyGh () AGL (W)
+ o . T P~ dongs,do dongs,do
(w Edo U EU)G dongs,d ( )+ hp (w+ _ 5M) + (er _ 5M)
A Gy, W) CAGy 4]
+ (W + 6m) (Wt + 6m) = (nag) =

A2
o —ow) T (@t +om)

GZUTLda— o (w)

1 1
i {(w—aM) " (w++5M)} Gt pa, @) = (niB)242)

Using the same definitions of Eqs.(B.189), (B.217) and (B.238) into the equation above, we find:

(w+ —_ 5d0 - U - EU)GQG’nd&,d ( ) KlGdandU ( ) + thpAKG

i, (@) = (naz) | (B.243)

B.2.2 EOM and decoupling scheme in G” o de (w)

Nds
Continuing our endeavor to find the Green’s function G,(w), we now proceed to find G”; 0 (w),
Undcm
following the same steps of previous section. Let us start with:
(@Am)E (@) = (dbngs db ) + ([dnas. Helsdb) (B.244)
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Approximation
Hdbnas,db}) = (dinasd] + didings )
- <d§d*d 4+ df d*ndc,>
= (did} (d0 — dids ) +dbdinas )
- <50 didl — dtdidld, + deLnd5>
- <505dT db — dididld, + dj,dj,ndc-,>
= $5 (dl dT> 0, since 9,56 =0 (B.245)
(w+wm"G" nusds (W) = ([dngs, Hel; dl)) (B.246)
[dinas, He] = [dinas, Hicad] + [d5nas, Haot] + [dfnas Haotiead) + [dhnas, Hw]
= [dinas, Haol] + [d5nas, Haottead] + [dhnds, Hn)- (B.247)
[dlnd(—,, Hdot] = [dlnd;ﬂ Z Sdc}d:[;d&] + [dinda, UndTndi] (B.248)

166



Appendix B. DOS of the Quantum Dot for the Interacting Spinfull Model within Hubbard-I

Approximation

[dinas, Y casdyds]

sta (d nasdlds — dtdsd ndg)
Z dbdldydlds — dds dTndg)
dbdb (655 — dids ) ds — dldsdinas)

bsodidbds — didbdl dsds — dldsding )

Ssadidlds — didldldsds — d;d&dlndﬁ)

5

O'

Sssdldldy — didl (555—61 dT>d —dlds d*ndﬁ)

o (%

(4

o (drod

(4ot

g

eas (Soadhdbds — d55dbdlds + dbdl dsdlds — dldsdinas )
(5 dldids — 050didldy — dLdl dsddy — dgd&dj,nd&)
st& (sl dbds — d5pdldlds)

Zs (—di (805 — ds}) dbds — dldsdfngs )

Ze (G5 dbds — d55dialds)

( Sosdldlds + dldsdings — dids dTndU)

Z eds (555d(,d},d& — Sppdldldy — 5m~,dgd},d5)

Edo (_dgdj.,dc-,) = 4 (—dj,nda> . (B.249)
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[d}nas, Unarnay)

SN
q—r

NdsNdtNd), — ndmudlnda)

didldydlddld, — dldidld idj,d},d;,)

SN
q—*

ab (015 — dids ) drd]d, — dldra|d,dfdds )
Srodbdldrdldy — dfdbdldydrdld, — dldydid idj,dgda,)
drodididrd]d) — dfdldldydyd]d) — didyd]d ¢df,dj—,d[—,>
Sradbdydrdld, — did} (815 — drd}) dsdd, )
~d\dyd|d,d}dld;)

o1

Ql

dididydld, 5T6d;d$dadjd¢)

d

Q —r

dlddldydld, — dldydld ¢d§d}d(—,>

>,
—
Ql

dhdbdydld, - o15d5aldsald,)

S
Q—r

didrd}, (85— d}ds ) d, — dldrad,dfdds )
Sradhdidrd|d, — 5rpdbdldsd]d, )

0,5d}dldrdldy — dfdldrd]dldyd, — dMdedidj,dgd&)
Srodbdldrdldy — Srpdfdidsd|dy + 6 5df dldrdld ¢>
~dialdyd] (35 — dydb) ds — aldsd]d,dfdbds )

Ot

Qi

didldrdl dy — by5dfdldsd]d, + 5wdj,d$d¢d§d¢) I

S T € ¢ @ @ @ @ g g g g o o g <c

N N S N N N N N N N NS N N, N N, N NN

At dedt d- — dtdt dedtd dtd- — dt dadt d,dt dt d-
5¢gdade¢d¢dU didgdrddydsds de¢d¢d¢d0d5dJ) 17
(B.250)
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I Tdf

~8ypd}dldydlds — d} (0,1 — drd}) d|dydbds )

—8,pd}dldyddy — dld}drdldydldy — dldd]d $dj,dgdg,)

~dld;dld idld;d(})

—6,pdldldrd! dy — 0pydid]d,dldy — dldrdldfd Ldgdc-,)
~d\dyd]d,d}d}ds )

~8y5d}d}dsd|ds — dprdld]dydlds )

~didrd] (8, — dya}) dbds — aldyd]d,dfdld; )
~bpdididdldy — S,ydldld ¢d}d5)

—bgydldrd! dlds + didyd]ddidlds — didrd]d idj,d},d(-,)

+
S T ¢ ¢ @ @ © <© g <

N T N N N N N N NN, N

—8,5d}dldyd|dy — bprdid]ddds — 6, icl}dejazgal&) : (B.251)

(dhnas, Unarnay] = U (8pd}dbdrd]dy — ipdbdldsdldy + 6,5d5dldyla, )

T U (—5wdideTdId5 — dpdlidldydlds — 6, ¢d$de1d§d5) (B.252)

For o =1

(dhnas, Unanay] = U (didldrd]d, — dlaldd]d, - dld]dyd]d,)
— U (~dd]adld,)

= U (—dj,nd5> , where we have used ngsngs = ngsz- (B.253)

[dlndss Haortead) = [dinaz, V2V Z(elt&d& +dlexs)]
e

= V2V [dinas, elzds] + V2V [dings, dlexs] (B.254)
ko ko

1 11
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I:V2V Z[dlnd(—,,ei{&d&} =
k&

[d} e, Haot-lead]

\@VZ (dlnd5e;r(&d5 — eL&dad;‘,ndC;)
k&
VoV > (dhdbdselyds — el dsdinas)
k&
V2V Y (e didbdsds — ey dsdhngs )
ko
VoV Y (elpdbdbdsds — el ydsdinas)
ko
V2V ST (el dl (855 — dsdl) dy — el dsdings
2 (chotth ( ) do = lsdodinan)
V2V Y (Ssaelsdids — el ydbdsdlds — ey dsdlngs )
ko
V2V Y (Ssaelsdids — el (05 — dadh) dhds — el dsdfings )
ko
V2V 3 (Ssselpdbds — doselydbds + elydadina, — elsdsdings )
ko
Vv Y (elydbds — el dbds ) . (B.255)
k

(

(dhdb dsdl exs — dLexadfmas )

(exsdiddod}, — dleradlnas)
= V'Y (ewsdbdl (85 — dlds ) - dlewsdings )

(

(

(

- Vary ekadj,d;). (B.256)

= V2V el _dids—el d:[,d;, + exod! dg
koo ko o
k

= AV} (~elydadh + dhexsdh, — e nas) (B.257)
k
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(w+mNGy ()

(w +e4o + U)G"

[dl-nda'a %M] =

dinas, thy Y (ds

= —caol{dinas: b)) — Ul(dinas:di)) — V2V Y (el nas; df))
k

+ VAV Y ((dbewpdh: b)) — (el dodsd])))
k

+ ({[dinas, Hwl; dl)) (B.258)

d(w) = —\fVZG w)

dJr Nds

* WVZ( endid, @)~ GZL(Tdadl:dg(w))
+ <<[dgnd5,’HM];d2>> (B.259)

1
dj,nd5, oM (a%aT — 2>} +

dlnd(—,, thyp Z(daa,]; + a¢d:[7)]

df naz, A Z(dg,aT + a@)]

dl.nda—, thy Z(d&ai + ade;)
o

d ’I’LdU,AZ gaT+aT ]

(B.260)

af + ang)] — by [dlnd(—,, d(;aH Finp > [dgnd5, ang} (B.261)

I 11
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I: thpz [dznd5—7 dgaH

—&wmwﬁﬂﬂ@w—%@)ﬁ%—%ﬂﬁwa
4w4@%+%ﬂmwﬂwmwhﬁ—%ﬂﬁwa

-—5&5d6a$dg-+»5&ga;d;d5) . (B.262)

II: thp Z [d:r,ndg,, CLTd:[;:| = thp Z dlnd(—,aTd]; — angdln%)

f@%%@—%@@%@

o

(
— thpz&x
= w3

<

= tnp Z aTdZ—dj? <5&& - d},cL—,) - ade}dI.nd&)

ardhdbdsdl - azdldinas )

= iy (~dssardidl + arddinas — ardbdinas)
c

= thp Y dspardld). (B.263)
FMWMQ]%Q+W@]_zmzxﬂ%%4@+%m@@+@4@@ﬁ%®
[@WWAEX%%+@@4::A}jpmw@wJ+A§:meﬂwﬂ(B%$

I 17
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I: AZ {dj,nd(—,,d(;aT} =

AZ

II: A Z {d};nd(—,, a$d:[7}

dings, A Z(dw + a$d§)]

(wHego+U+wmh)

.
dinasdo (

w)

ddT

g

%%%f%ﬁﬂwa

ardldldsds — d5a¢d:r,nd5)

2

(

( Sssardlds + ar (550 . d&dj,) dLd, — d(;angnda)
( Sssardlds + Sspardlds — ardsdldldy — damdi,ndc—,)
(0

ssardadl, + 05qa1dbds ) (B.266)

A Z ~dszaldbdl + aldld}dlds - a$d§dgnd&>

(
(-
AN ( aldid] (5&5 - dl,d(—,) - a$df~,dinda)
(
( Ssod Td*) . (B.267)

= A (dsoardodl — bagdbaldl + ds0ardbds ) (B.268)

[

—Vav Z sz Mo d )+ V2V Z ( ggekgdf,da (w) = GZL-d&dI,dU (w)>
k (on
thr 2 <55""GZ;d5dzda< )0 0 ) 000y )

AZ (600Gerngdo—( ) 50'0'Gd1' Td'i'd ( )+5UUGaTndado(w))

(B.269)

At this point, we truncate some Green’s function in same way that we have done in Eq.(B.141):

T
Geli&dadj,,da (w) =

Zéekgdldg (@) = {(djexs) aba, (@) (B.270)

(el _dy) b0, (@), (B.271)
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GZ}d(—,dea (w) = (a}d(—» nga (w), (B.272)
Zj;aTd:;da( ) <dTaT> de( ) (B273)
G:Lngd};dU (w) = <aTd5>GZL d, (w), (B.274)
2§a$d3da (w) = <d:£,a$> Zlda (w). (B.275)
But,
(dheio) Gy, () = (e} do) Ty | () (B.276)
(afdz) dba, W) (dbar) ita, (@) (B.277)
(atde) Gy, (@) = (d5a])Gly , () (B.278)
Thus,
(w +€da+U)GdTndUd (w) = ( \fV) a ekgndgd (w) +thpz(5mng o +A2500G2Tnd0 w)
(B.279)

We already have obtained ) _; 054 G% e

(wh +e4o +U)G"

J (w)[Eq.(B.241)] and } _; 655G,

a4 Nz do

T
thpchrndEmdcr (w) dbngs do (w)

Z(S‘” atnds da (W) =- (wt —dom) (wt —dm)
tpGly (w) AG’" w
Z 55'0'GTT (W) — donds,do dg'ndo-,dv-( )
= aindz do (wt + dm) (wt 4 om)
Let us substitute them into Eq.(B.279):
( ) - th thpGZLndt?vdcr (W) Aggondoydo (w)
dbnagds P (wh +6om) (wT + 0m)
—A _ th‘pGgo-’nda,do- (w) dT ndo’ydo' (W)
(w+ — 5M) (w+ — 5M)

9

(w)[Eq.(B.240)]:

(B.280)

(B.281)
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7 A2
((.U + Edo + U)GdT e do (U-)) (w+ + (5M) ((.U+ — (5M) d:ry'rldg do (w)
1 1
A f = '
| () (o ) Gl ) = (-V2V) 2.5 )
(B.282)

(OJ + Edo +U) K2G

do ( )—'—thpAKGZland;,,d ( ) ( \/>V> ZGrkondeU w)

(B.283)

where we have used the definitions of Eqs.(??) and (??). Following the Hubbard-I decoupling procedure,

dz- do-do-( ) dTndo'v

we should calculate G, (w):
ekand(,d
(w+wm )Gek ngs o (w) = <{6L0nd5,d b+ (([ekandJ,He];dD} (B.284)
<{€L0nda, dl}> = <€1T(gnd6dl— +d} €Land5>

= (- dlel Le,Nds + +d! ekgnd0>
— 0. (B.285)
(w+m* Gl @) = (lef nas, Hel; df)) (B.286)
el Moy He] = [ef ndos Hiead] + €)1z, Haot] + (e 1do s Haottead) + [eh,1do s Hm{B.287)
[ef(o-ndﬁa ,Hlead} = ekandaa Z 5p0'€ epa [elgndaa Vsp Z € er' (B.288)

p.q95
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ekgndaag 5p06 epa = g Epas

po
= ZEP& eLoe =€psNds — 6kp5006pgndo + epgekgepgnd(,.)
pPo
:Z€~6T ~EpsT Skpbozel -ngs — el el ensngs
pPd \ CkoCpsCpiTtds — OkplosCpsTids — CksCpsCpaTide
oo
= ek (—elnas) - (B.289)
ek ndzrs Vo Z elseqs] = Vop ) <€Lgnda€;r,g,€q& pgeqaeLgnd0>
pP,q0 P,qd
= VSDZ <6L Lgeqondo po’eqoeko-nda'>
p,qo
= Vsp Z <61T(Ue;r)0€qandcr p& (5kq600 ekgeqa> ndo‘)
P,qc
= Vsp Z (eTk Tpaeqo.ndg 5kq(5wep0nda + epaekgqundg>
P,qc
= Vsp Z (eL Lgeqanda 5kq5o&eL&nd5 - eLael,&eqanda)
p,qo
= Vepy. (fe;(,nd(_,). (B.290)
q
el Hiad] = ek (—elnas) +Vsp 3 (~ehamas ) - (B.291)
q
I Nz, Haol] = dlds U = 0. B.292
le1p e > Haot) [ekgndm Ed5dsds) + [eko-ndaa nayng)] = (B.292)
since [exoNds, Hdot) = 0.
lef o, Haortead] = [eﬂgnda,ﬂVZ(GLgdz;#-dgepa—)]
= ﬁVZ[ekandg,e . \[VZ ekgnda,daepg] (B.293)
oo
I IT
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I:V2V Z[efwnd&,elﬁd&]
po

(
(
T ok o)+ tns)
(
(

= \/iVZ —eT f de ds —i—epgekad ndg)

po
= V2V Z 5556L56L0d5 - eL&eLgdgnd;, + eL&eLUd&nda.)
pPo
= VAVY (—ehadsel, ) - (B.294)

II:V2V Z[e};and&,d(gep&] = \/§VZ <6L0nd5d26p5— - d;epg,eﬂanda)
po po
= \/§VZ < eL pngd dT €p5—€2‘(0dgnd5)
po
= VoV Y (~el epsdbdod] — epsel dlnar)
po
= V2V Z (— ((555€L06p5d; - elaepa—dgd:;d(,) — epgeTde:;ndc—,)
po
= V2v Z <—6556L06p5d:§ + eLUepa-d:r—,d:;d(—, — epa-el];gd;nda)
po
= \/§V Z <_555€L06P5d2 - (eJlr(oepi} + epéeir(a) d:[Td:%'dC_T)
po
= VaV'Y_ (Ssodbepsel, — Spdosdldlds )
= \/§V Z (555d26p56£a — Z 5kp506dt;dj‘rd6
po po
= V2V (Z dLepsel  — dj,df,do>
P
= Vv (Z dLepsel  — ndg> : (B.295)
el s, Haovteat] = V2V'Y (—ehodacl, + dhepael, ) = V2Vdlna.  (B.296)
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(w+mHG",

ekgndg,d

(W) = (—exo) {(ehynaz; df <VSDZ> ehonaz; db)) — V2V ((dinas; df))

+ V2V ((dhepoel,idh)) + (—\/iVZ> sdselyi db))

+ (el _nas, Hul; b)) (B.297)

(W+ ko + 7T )Gekonda7d0(w) = ( VsDZ) e nda7da (w) — \[VGdTnda,da(w)

+ V2 VZGdl enel a0, @) ( V2 vZ) Gn dgek(,,d(,(“)

ko

+ <<[6L,nda, Hl; dl)) (B.298)

Before calculating the commutation relation of last line of equation above, let us apply the Hubbard-I

decoupling as follows:

(w+ exe + T )G a0 = _VSDZk:GgLandmdU( w) — V2 vadTndmda(w)
+ \/ivz<d},ep5)cz fvz NG, (@)
p
+ <<[6L0nda,HM];dl>> (B.299)
(W + exo + T Gy ) = —VSDZGekgndm V2 G ()
+ V2V (dleps)G g \fvz Gy, w)
p
+ <<[€Lgnda7HM];di>> (B.300)
Wt +m G (W) = _VSDZG%% —Vavan o (w)
- <<[6Lgnd&7HM];d¢Ty>> (B.301)

Now, let us calculate <<[€1T<a”d5'7 Hul; di)):
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1
[e;rwnda, ’HM} = [eLondg, 5M <(I$(IT - 2):| + ELond5, thp Z(da&% + ade})]
+ |efynas, A (dzar + aM})] (B.302)
G
1

[eLondm oM <a$a¢ - 2)} = oM (eLondaaiaT — ﬂaTeTkgnda)

= oM (a*aTeLJnda - a%aTeLJnd(;)
= 0. (B.303)
[eLgndU, thp Z(d,}aj? + aTd:[f)] = thp Z [e;fmnda., d;,aH + thp Z [efwnda, ade}}B.304)

G G G
1 11

efwndad&ﬂ — da—ai€i‘;and5>

I: thpz {eﬂondaad&aﬂ = thpz

= thp Z eTkad;d;,d&a; — ef(gd&a$nd5)

_€LU (5&6 - d&d:%) daal — e;rmd&cﬁnda)
5556110‘%5@ + ekgd5a$nda — eLUd;,a%nd&)

(
(
_ thpZ( ety dbdsdzal eLadaaWa)
(
-
(

= iy (~dssdsalel, ). (B.305)

I :tp, Z [eLgndg, aTdH = tlpp Z (eLUnda.ale; — aTd;elenda)
& 5
_ thpZ( atelydb (355 — dbds ) — ardlel nis )
= tnp Z ( Ugaqﬁka + aTdT ekUdJr ds — ade;eLand&)

= tnp Z Ssardlel . (B.306)
o
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[e;rmndg, thp Z(dgai + ade;)] =ty Z (—555d5a$eLo + 555a¢dgefw> . (B.307)

[eLUndU, A Z(dﬁ'aT + aidé)] = A Z |:6L0_nd5-, d&CLT:| + A Z |:€Lo_nd5-, a$dH (B.308)

I:A Z [efwnda, daaT}

g

II:A Z {e;rwnd&, a$dH
I

I IT
o Nz d5ar — dg,aTelenda>
aTekngd ds — ds aTeLUnda>

aTekad + ds aTekUndg da—CLTGLTTLdg)

> (e
(
( arel, (055 = dod}) d5 — dsayel nas
> (o
(¢

AZ saardsel, ) . (B.309)

A Z —akfmd};dadj; — aidgefmnd(?)

~alel, b (35 — dlds ) — afdlel nas
~8smalel di + alel didldy — aldlel ni )
A Z —5(~,5d:£,a$e;fw + aTdJr 5, Nds — aTdJr ekand(,)

~8sdhalel,). (B.310)

ekondU7AZ (dsar + aT ] = AZ (5&5aTd56LU - 555d2a$efw> . (B.311)
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(w+ exo + )G,

(W) = fVSDZGeT I —V2vay, (w)

ekgnda' o Ndg,do

- %Za&&(— dpalel,:db) + {(ardhel,:d})))

+ AZ&;,;,( (ardgel,idb) = ((dbalel,:db)))  (B312)

(w+ exo + )G (w) = —VSDZGJ @) = V2VGE (W)

eko-ndo ,do' oNd& ’do'

+ thpz&m( doaTeT g, W)+ G rdiel 7da(w)>

ko’

+ AZ<5W< nrdoel a4, (@)= ZZJ* dg(w)) (B.313)

€keo>

Let us apply the decoupling:

(W + ek +m")GT (w) = —VSDZGZkUndde( w) = VVG (W)

+ thpZ(sgg ( .

+ AZ& <a¢d e

ko

ekanda ydo Ndg,do

Gl @)+ (adD)C (@)

ko’

L) = (dhaery (@) B.314)

(w+ exe +T)G"; (w) = _VSDZGeT ndg,da \[VGdT

+ thpzfsﬁ& (— dyal

+ AZ& (aTd )G, (@) = (dha)GTy  (w ))(3.315)

ko ko

(w)

Ndz,do

G @)+ ad)Cr (@)

Cigido

eko.nda o

_ . +
(wF +5kg)G€LJndmdo(w = VSDZGekdndm V2 VG (W) (W k)
1 _\fVGdT d (w)
1+ V. — )| G = Ndo,Co B.316
V2V (wh + exp)” 1G2T (W)
s @) = nio.Ce (B.317)
ko 'vda o |:1 + VSD Zk (m)}
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Now, we substitute this result into Eq.(B.283):

+ 2V2 3wt + 51«7)_1G2T nasd (w)
(OJ + Edo + U — KQ)thTynd&da (CU) + thpAKGzonda—7do- (UJ) 1 e
[+ Von T (o)
(B.318)
As previously defined, > (W) = 1T ppo(w) and Ty = 2V 27 pg, (w). Thus,
+ U— Ky)G" b AK G, iy,
o - Nds T =
(w T Edo + 2) dlndada (w) + hp donds,do (w) [1 —1 (VsDﬂpkg(w))]
(B.319)
+ r r _FJGfTijf”da,da (w)
(W™ +ego +U — K2)Gdf,ndada (W) +thpAKGY - a, (W) 1= /1] , (B.320)
with 2 = (Vspmpre(w))? . Further,
-y (I+w/a) — =il (L+w/z)  Val, by (B.321)
(1—2y/z) (1 4+2/x) (1+ ) C (142) (1+z) '
Comparing with Eq.(A.43):
B < Valy Y > _ Vals N Ly _5 (B322)
(14+2z) 1+ (14+2z) (1+=x)
¥, = Re(Z,) — Im(%,) (B.323)
with
Vls
Re(3,) = -— B.324
e(Zs) 1+ ( )
Iy
Im(3,) = -— B.325
m(To) = -1 B325)
Therefore,
(wh +e4o+U — K2)G23ndada () + tpAKGY 4 (W) = =X Zl,ndg,du (w) =
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(@ o fao £ U+ 8o~ K)Gy (@) + g AK Gy () = 0=
thp AK
G, P G = 0 B.326
dhnaoa, ) F (WH 4 €do + U + Tp — Ko)  donaodo ) ( )
iingd, @) T ARGy, 4, (@) =0 (B.327)
wherein we recognize

= K

Kg = (B.328)

(Wt +ege + U+ 32, — K»)

B.2.3 Resulting system of Green’s functions

After deriving the many-particle Green’s functions with the EOM technique and Hubbard-I

approximation, we get the following result:

(W = edo = U = 20)Gliny d, (@) = K1Glh gy a, (@) +tnp ARG (w) = (ngs)  (B.329)
Gt o, @) Tt AKGGY 4, (@) =0 (B.330)

Let us substitute Eq.(B.330) into Eq.(B.329):

(" —dr = U = Za) G a0, (@) = K1 Gl a0 @)+ g AK (~tip AKGG, 0 40 () = (nas) =

(W~ ctr = U = 50) Gl s (@) = K1 Gy, (@) = (t1p A2 KRGC o (@) = (na5) =

(W =€t —U = 20)G . a (W) — | K1 + (tnpA)? KKG| Gh . (W) = (ng5)  (B.331)
We recognize the Majorana self-energy modified by the presence of electronic correlation
Mo = K1+ (thpA)? KK (B.332)
Hence,

<”d5>
(wt —eao — U — Sy — o)

Uongs.dy (W) = (B.333)
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B.2.4 Results for Hubbard-I approximation
Finally, we have the following relations to evolve to an expression for Gy ; (w):
(w+ — Edo — E 2 ) dody ( ) =1+ UGQandEnd ( ) + UthpAKGdl _— do-(w) (B334)
(Wt = a0 —U = SN — Z6)Gh o, (@) = (ns) (B.335)
G g @)+ tpAKGGY g, (@) =0 (B.336)
From Eqgs.(B.335) and (B.336):
—thpAKG
Gy (W)= 2 RG (nar) (B.337)
donazd wh —ege — U — Syt — 5o
Thus,
(W — a0 — B0 — Sp0)Gha, (W) = 14U ) U0
wt =g —U — Xy, —Xo
_ thp AKG
+ UthpAK hp U<n$;>o =
wt — Edo — U Z EU
U(nas) Ul(tnpA)*(nas) KK

(w+—€dg—2 E ) ddv( ) == 1+ -
(w—sd B v 20> (w+—sda—U—2§f§)—za)

(B.338)

Let us label

Nw,05) =1+ ( Ulnas) o ) (B.339)
wt—ege —U—S70 -5,
and
M(w,05) = (nag) K7 K (B.340)
’ B ( + U#O )
wh — 4o — U — 34 20)
(Wt — €do — T — Shr, NG 4 (w) = AMw,06) = UltppA)P?M(w,05)
(B.341)

Finally, the Green’s function of the QD considering the Hubbard-I approximation is given by:
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Mw,05) — U(thpyA)’ M(w, 06
Ga(w,0) = (,00) U 2) [(Jc_uo 79) (B.342)
wt — gy — Lo — By,
with
S = K1+ (thpA)? KK° Sy = K1+ (tpA)? KK
_—_ K o I%
U (WH +ego +U + 35 — K») (WF + 4o + 2o — K2) (B.343)
o P (@ oo (P (@)
(wt =dm)  (wt+dm) (wr+dm) (wt —dm)
1 1
K= B.344
(W —om) (@ +ow) (B34
and X, = —ﬁi" - zlrfz, Yo = —‘ﬁl;g + lezfx, with I, = 2V27prs(w) as being the Anderson
broadening.
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