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Abstract

In this thesis I will find Yu-Shiba-Rusinov states, living in a multi terminal junction con-
sisting of an Anderson impurity coupled to N different superconductors in the the weak
coupling limit. I will examine the states and their energies, and show that the topology
of the system seem to heavily involve a coupling parameter, which I will examine in
detail. I will also find the supercurrents and study a simple model involving two of
these junctions placed in a circuit. This is done with a perspective to outside of this
thesis further the study, by considering topological properties of the states involved.
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Chapter 1

Introduction

In recent years multi-terminal devices have found a resurgence in academia because
of predictions of topological properties of Andreev bound states formed by the junc-
tions as described by Riwar et al. in 2016 [1] and Heck et al. before them in 2014 [2].
These junctions made use of the scattering approach set forth by Beenakker in his pa-
per on Superconductor-Normal metal-Superconductor (SNS) junctions [3]. From this a
multitude of other papers have been written, on the topic of topological properties in
multi-terminal junctions, some of which use the same scattering approach [4, 5], while
others use a Hamiltonian description [6].

At the same time Josephson junctions have also been predicted to have diode character-
istics, both as normal two terminal Josephson junctions [7], but also as multi-terminal
devices [8, 9]. These characteristics allow for fabrications of diodes with superconduct-
ing properties, which has been previously not possible by use of conventional electrical
components.

Apart from these new discoveries of Josephson junction, they are also very popular in
the construction of quantum electromagnetic circuits acting as quantum bits (qubits)
[10, 11]. There are three common types of qubits constructed with the use of Josephson
junctions called a charge, flux or phase qubit, depending on what parameter the circuit
is most robust with respect to. A proposed type consist of two different types of Joseph-
son junctions, called 0 and 7t junctions, which when placed in a large superconducting
loop can create a phase qubit [12, 13].

In this thesis I will follow in the footsteps of KirSanskas et al. [14], but generalize to
a multi-terminal system. This will be done with a Hamiltonian description describing
a multi-terminal Josephson junctions consisting of N similar s-wave superconductors,
which I will refer to as the leads. These leads will differ only in their complex phases,
they will all couple to a singly occupied spin-split Anderson impurity, which I will refer
to as the dot. This will be done in the weak lead-dot coupling limit, while allowing
unequal couplings, with the spin of the dot polarized. In this limit I will find the type



of bound states which are commonly known as Yu-Shiba-Rusinov (YSR) states [15-
17], which are different to the Andreev bound states studied by most. I will in detail
examine the parameters of the states and their energies, to get a sense of the topological
properties of the system, and show how one might use these multi-terminal junctions
in circuits to possibly create qubits.



Chapter 2

Preface

2.1 Prerequisites

Throughout this thesis I will assume that the reader in their education of quantum
mechanics have learned about second quantization, to the same level of understanding
as having read "Modern Quantum Mechanics" by Sakurai [11]. For a full understanding
of this thesis I also recommend having read most of the book "Many-body quantum
theory in condensed matter physics - an introduction" by Bruus and Flensberg [18] or
any similar introductory book on theoretical condensed matter physics.

2.2 Notations

I will throughout the thesis make use of natural units, in the sense that everything is
measured in units of 71, which amounts to setting # = 1.

I will also for variables with multiple arguments write the arguments as subscripts on
a compact form to minimize used space, such that for a variable v with arguments a
and b, the notation v, is to be understood as v,, = v(a,b). At times however the
notation v, , means (v,),, like the case of the free Green’s functions G,, where Gy is
to be understood as the free Green’s function as a function of momentum (G);. This
should however be quite clear from the context.

I will also be working with matrices and vectors in two different bases, one for the
physical system of N leads with an index « € {1,2,..., N} running over the different
superconductors coupled to the dot, and a non-physical basis of N channels with an
index v € {1,2,..., N} running over respective channels. In this non-physical basis I
will write the matrices and vectors with a ~ above, to make it easier to differentiate
between the two types. Meaning that M is a matrix in the non-physical basis, while M
is the same matrix but written in the physical basis. This will be made more clear in
chapter 5, where the non-physical base is introduced.



I'will also at times, such as in chapter 4, make use of collective indices, to minimize used
space, where I will write u = {a, 0, k} as a collective index, and define the negative of
this as i = {«, —0, —k}.

I will also at times work with matrices where I will neglect to write identity matrices
1 if possible, such that for a number a4 € C and a matrix M € My, n(C), the formula
a — M is to be understood as allyny — M. I will also neglect to write the size of the
identity matrices such that the size of 1 is to understood from the context.



Chapter 3

The system

I will be examining a system comprising of N > 2 identical s-wave superconductors,
as described below in section 3.1, surrounding a single quantum dot with electron-
electron Coulomb repulsion and a magnetic spin splitting, which is described in section
3.2. This creates what I will call a multi-terminal quantum dot Josephson junction or in
the case of a specific number of superconductors an N-terminal quantum dot Josephson
junction.

While this system can be thought of as a something one can create in a lab, like in the
examples of physically realized multi-terminal junctions from the experimental papers
by Graziano et al. [19] and Chiles et al. [9] as seen in figures 3.1a-3.1c. An impurity
coupled to N superconducting leads, is also analogous to a superconductor with an
impurity embedded inside. Here the number of leads in my system would then corre-
spond to the number of channels coupling to the impurity inside, which would depend
on the type of superconductor.

In this thesis, my system will have no lead-lead coupling, even though according to
paper by Klees et al. [6] it might lead to important physics. This is done for simplicity
of the model, but might be a subject of later research.



(a) (b)

Figure 3.1: Three different physically realized three terminal junctions; (a) and (b) adapted from
[19], and (c) adapted from [9]

SCy QD SC,

Figure 3.2: Schematic of the multi-terminal quantum dot Josephson junction, consisting of a quan-
tum dot (QD), surrounded by N superconductors (SC,).



3.1 Superconductors

In this section I describe superconductivity by using the model called the Bardeen-
Cooper-Schrieffer (BCS) model. By applying a mean field approach this will turn into
a theory describing the most common type of superconductivity. The BSC model is as
follows in a momentum basis

Hpcs = ZCkaana‘FZka/CmC KLC_ K| Ckp s (3.1)
KK

with the biased dispersion §; = €, — p, where €, = k is the usual electron dispersion

relation, such that {_; = ¢, p is a chemical potentlal and ckg (¢ ) is the usual creation
(annihilation) operator for electrons with momentum k and spin ¢. Note that the an-
nihilation operator will at times be called a hole creation operator because I assume a
background of filled states called the Fermi sea, such that removing an electron is the
same as creating a hole.

For simplicity ¢ is here taken to be spin independent. It is in appendix A.2 found
for with spin, which will be used later on. The first term describes the energy of the
single electrons, while the second term describes a potential interaction between pairs
of quasi-particles called Cooper pairs, which are pairs of electrons with opposite mo-
mentum and opposite spins that behave as a composite bosonic particle. By taking this
model and describing it using a Hartree-Fock mean field approach, the Hamiltonian
changes to the form

_ . MF " + o+
Hgc = Hpes = Y 8kChoCro — ), (AkaTCfu + AltcfkickT> p (3.2)
k,o k

where the so called order parameter is given as

Z Viee (€ €4 (3.3)

With the usual notation of (A) being the expectation value of an operator A. I will
throughout the rest of the thesis only consider the type of superconductors for which
Vi is even in k, such that A_; = A;. Further down I will restrict this even more to
s-wave superconductors for which A, = A, but for the time being I will keep it gen-
eral. Also crucially note that the superconducting order parameter A, € C is generally
complex, which will be very important for the rest of the thesis. It can from here be
shown that this will lead to zero resistivity and therefore also infinite conductance,
among other things, whereby the name superconductor comes, this however is outside
the scope of this thesis, but can be found in most modern condensed matter textbooks
[18, 20].

Bogoliubov quasi-particles

To diagonalize this mean-field BCS Hamiltonian (3.2), quasi-particles called Bogoliubov
quasi-particles or sometimes just Bogoliubons are introduced. A hint of how to define



them is found by taking the commutator of the annihilation and creation operators of
the electrons with the Hamiltonian to see how they evolve in time, since Heisenberg’s
equation of motion tells us, for an operator A

dA A

— =i - - 4
T i[A, H] + o (3.4)
By inserting the Heisenberg picture annihilation operator, it then becomes
.dc
i d];” = [cros H] = &y — 0D 4y, (3.5)

where the commutator was found using the relation [A, BC] = {A,B}C — B{A,C}
together with the fermionic anti-commutator relation {c,, c;/} =9 e with u and 3’

being collective indices 4 = k,o. Since the Hamiltonian is hermitian (H ' — H)italso
follows that

t
idcdlza(f) = (e o(t), H] = —[e_po(t), H]" = =Gicl o () — oo (1) . (3.6)

This shows that electrons evolve into holes, and holes similarly evolve into electrons.
Therefore stable quasi-particles will have to involve some mix of both electron and hole
operators. Taking inspiration from equation (3.5) I define that the electron annihilation
operator is a mix of this proposed stable quasi-particle’s creation and annihilation op-
erators.

t
Cko = UgVko + OVKY —k—¢ - (3.7)

These quasi-particles are defined to be fermionic particles, such that they also obey the
fermionic anti-commutation relation {7y, vy} = {1, 'y,:r/ » 1 = 0and {v,, ’y;;/ St =
049,/ meaning that the change from electrons to this quasi-particles is a canonical
transformation. By then writing the usual anti-commutation relations for the electrons
in terms of the quasi-particles, it follows that

!
{ekor ey} = o(Opu_g — v_jui )6y _pd, =0 (3.8
t 2 2 !
{ckorcport = (™ + [0kl ") 0050 = S 85y (39)
which is most readily solved by letting u_; = u; and v_; = v, as well as |u|* + |v;|* =

1. This means that for the time evolution of the quasi-particle to be stable it must hold
that

dt

which by calculating the commutator

!
= [IYkU'/ H] = Ek(r’)/ka/ (310)

2 *_ % *
[Yeor H] = {Ck(|“k|2 — |v]”) + Ajugog + Ak”kvk] Yio
+ |20 — oty () + oafo] v, (3.11)



shows us that

Ero = & (uwl® = [0%) + Aguiof + Aoy (3.12)
0 = 280 — Ag(ul)? + Ao? . (3.13)

Note that even though the quasi-particle have a spin degree of freedom, from the right
hand side (RHS) of equation (3.12) it follows that the energy of the quasi-particle is
spin-independent E;, = E,. This however is only true because of the assumption of the
electron energy ¢ being spin independent, the general case is considered in appendix
A.2. In appendix A.1 I then find that the energy and the constants u; and v, must follow
from the relations

Ei = Gk + 10l” (3.14)
2_1, &

™= 5+ 5F (3.15)
2_ 1 &

|oe|” = 27 2E, (3.16)

arg(Ay) = arg(uy) +arg(v) (mod 27). (3.17)

Note that this gives two energy solutions, one positive and one negative. I can therefore
define that the quasi-particle creation or annihilation operator gives either a positive or

negative energy excitation. I will here consider creation operators ')/;:U as being positive
energy excitations, such that

Hsc =Y ExYhoYio + cOnst (3.18)
ko

Ep =\ &+ A% (3.19)

In the more general case shown in appendix A.2, with a spin dependent electron en-
ergy Cr, = Gy + C,, the quasi-particle energy gain the same energy contribution as the
electrons

Eka = Ek + gU (320)

=\ + AL+ 8, (3.21)

3.2 Quantum dot

Quantum dots are one of the most simple systems, one can think of. It is a point like
system with just one electron level, such that the system have three different configura-
tions: empty, singly or doubly occupied.

Physically it can be approximated by having large enough level splittings to allow for
just a subset of levels to be considered. In this thesis I will consider a level with a



spin splitting and a charging energy U > 0, accounting for effects such as Coulomb
repulsion, giving the dot Hamiltonian

Hp =Y &gded, + Unjny, (3.22)
[

with the biased energies ¢;, = ¢; + ng'iB = €5+ g+ % B being the energy levels of

an spin ¢ electron in a magnetic field, where g, is the coupling factor of the electron

on the dot to the magnetic field, and n, = d;da being the electron number operator for
spin ¢ on the dot, such that the Coulomb repulsion energy U is only experienced from
having a fully filled level, such that a spin up and a spin down electron is located on
the dot. The energy levels is seen in figure 3.3, where one can see that there exists a
special tuning for the potential y;, which allow for a particle-hole symmetry to form
for the singly occupied states, meaning that the energy needed to remove an electron is
the same as adding one.

(a) (b)

n= n=1 n=2 n=20 n= n=2

Figure 3.3: Energy levels of a quantum dot with spin splitting. In (a) level position ¢, is
larger than 0, while in (b) the level position follow the relation 2¢; = —U.

3.3 Combined elements
By combining each element of the system, and allowing for tunneling between the dot

and each superconductor (but not directly from superconductor to superconductor),
the system is then described by the total Hamiltonian

H — HSC+HD +HT, (3.23)
with the elements
t L *

HSC = Z élkaCDékO'Clka - Z (Aacacha—ki + Aaczx—kiczka) (3,24)

ako wk
Hp =Y &did, + Un n, (3.25)

o

Hr = Z (taclkvda + fﬁi%m) . (3.26)

ako

10



Where the index « € {1,2,..., N} run over the different superconductors coupled to

the dot. The superconducting order parameters A, = |A, |ei¢“ are taken to be momen-
tum independent.

I will note that in a more in depth description [21], the phases ¢, need to be quantum
operators which are the conjugate of the Cooper pair number operator in the large
Cooper pair limit, [¢,, n,gcp)] = i, but here it is just considered a parameter, because of

the mean field description of the order parameter in equation (3.3).

The biased electron energy dispersions &, = Cur + ngc‘B = (Cu + Cuo, are taken to

be spin dependent by coupling to a magnetic field B, with coupling factors g,. The
term Hyp describes the tunneling from the different superconductors to the dot with a
complex coupling strength .

Note that to be more precise, one would have to use momenta k, which depend on the
superconductor they belong to, however I will not keep track of it here and therefore
implicitly assume equal sets of momenta in each superconductor {k,} = {k/} = {k}
for all « and a’. Timmediately perform N different U(1) gauge transformation for the
creation and annihilation operators of the electrons in the superconductors

i9,/2 c,

Cokor — € ko *

Which moves the phases onto the coupling constants ¢, instead, giving the transformed
Hamiltonians

t tt
HSC - Z 'gkaczxkvctxka - Z |A1)¥’ (CtkaCtx—ki + sz—kikaT) (327)
ako wk
—i¢./2 T * 19,/2 11
Hr — Z <tae Cakody + o€ dgcaka> . (3.28)
ako

Which in turn also mean that the coefficients of the Bogoliubov quasi-particles v, 11, €
R can be defined to be real from equation (3.17).

11



Chapter 4

Schrieffer-Wolff transformation - An
interaction expansion

Since the Hamiltonian for the system is quite complicated, it can be more enlightening
to make use of some sort of expansion, which can be truncated to some appropriate or-
der, to make the model simpler. The most common type is the usual perturbation theory
described in most quantum mechanics textbooks [11], where by expansion in a small
parameter the Hamiltonian can be truncated to some appropriate order of the parame-
ter. Here I will follow the example of reference [14], and make use of a Schrieffer-Wolff
(SW) transformation [22, 23], which is a perturbation theory that uses an expansion in
interactions, much like a Feynman diagram expansions. I will do this by closely follow-
ing the paper of Salomaa [24].

Mathematically the SW transformation is a unitary transformation, which is defined as
Hs = ¢’He (4.1)

HY) = Hge + Hp = Hy, (4.2)

where H él) is the first order expansion of Hg in terms of Hr and S, meaning that to
the first order, the interaction Hy is removed. Since the transformation is unitary, it

preserves the eigenenergies and has similar eigenstates 15 = e° P, where ¢ is the eigen-
states of the original Hamiltonian. This transformation is generated by some time-

independent skew-hermitian operator §" = —5, which is easily satisfied by defining
1.
S =S-S5, with <S+) = S . To determine the form of this operator, I start of by
making use of the Baker—-Campbell-Hausdorff (BCH) relation
¢“He ° = H+[S,H] + l[5 S, H]] + O(S%)
4 2! 7 4 M
Note that since the expansion is in terms of higher and higher orders of S, to be able to
truncate it to some order, the system must be in a regime where the scale of S must be

12



smaller than 1. As I will show this scale is related to the scale of the removed interaction
compared to all other energy scales of the system.

To the first order in Hy and S the BCH expansion shows that
HYY = Hy+ Hy + [S, Hy] = Hy . (4.3)
Meaning that I need to find an operator S * such that
Hy + (8", Hol +[5%, HoJ" £ 0 (44)

Since a lot of indicies are involved in the description of electron in the superconductors,
I will here define some collective indices y = {a,k,0} and i = {a, —k, —c'} and phase
shifted couplings, such that the electron and Bogoliubov quasi-particle operators and
the couplings are

€y = Uy Yy + vy'y;[, (4.5)
Yy = UyCy + vyc:, =U,c, — Uyc;; (4.6)
Uy = U 4.7)
v, = 00 (48)
t, = tae_i%/z, 4.9)

such that in terms of Bogoliubov quasi-particles the transport Hamiltonian is given as

Hr = Lt (,73dg + 0,754, ) + HC. (4.10)
U

To find an S that cancel this I will make use of the ansatz that it must be of a similar
form in terms of creation and annihilation operators

+
t= ;ty (% it + yurads) (4.11)
1L
The commutator in equation (4.4) is then given by
[HO,SJr ZEM’)/V’)/M +E€d0'd d + Un\LnT,Zt / (Xy/’)/;/dal +yy/’yﬁ/d(7,> . (412)

Assuming that x, and y, behaves as numbers for the operators involved, such that

[, Oyl = [y, O] =0for O, € {v,, 'y;/, n}, and making use of the relevant com-
mutators which I have found in appendix B.1, the commutator becomes
HQ, S+ Zt [ ( - - Un_g/) /’)’V/d I — (Eﬁ, + éda’ + LIn_U/) yl,l,,)/‘],_[/do',] .
(4.13)

13



Meaning that to solve [Hy, S™] = Hy, I can simply define that

X, = ] (4.14)
Ey - gda - unfa

—0
B
. 4.15
Eﬁ + gda + un—O’ ( )

Yu

Here the number operator in the denominator is to be understood by the Taylor ex-

pansion of the functions. Since electron number operators satisfy (n'é) = (n,) for
k € IN'\ {0}, only two terms are involved

_ 0 .
X, =X, +n_%, (4.16)
v =y +n.7,, (4.17)

with the number operator evaluated constants being defined as

) —

=3

x x,(n_, =0) (4.18)

=x,(n_y=1)—x,(n_, =0), (4.19)

=N

K

with the y constants being similarly defined. It is also important to note that since the
electron energies are even in k, the operators are also even Xy, = Xy_ros Yake = Ya—kor

and because only electron number operators are involved, they are also hermitian x,, =

t t
x,and y, =y,

This mean that the S™ operator can be defined as
st=Yt, ((x;” + %), + ) + n_gyy)yﬁd(,) . (4.20)
H

This then sets the scale of S, which shows directly that the regime the system must be
in for the truncation to some low order in S to be valid, must be one where

’ta’ < ’u+€d0_€ucaj:Eak| (4-21)
’ttx’ < ’gda - gao + szk| ’ (422)

meaning that the coupling between each lead and the dot must be small compared to
the other energies of the system.

Since the system of H él) is one without interaction, to regain some interesting physics I
will move on to second order in S and Hry, such that I get back some effective interac-
tions

1
HY = Hy + Hy + (S, Hol + [, Hr] + 5[5, S, Holl

1
= Hy+ 55, Hr). (4.23)

14



Then by again splitting it into S™ and S, and also splitting Hy into H7 and Hy with

Hr =Y tidic,, (4.24)
I

and H{ = (Hy )", 1 get that for the part of the second order contribution involving Hy,
I find the commutator

ST, Hy] = Z bt () + n_o %) mide + WY +n_7,) 75, dle,]. (4.25)

By making use of the other commutators from appendix B.1, this simplifies to

St Hy]| = Zt 04 2 U)(—uyno_éwf—l—'yy 5Ua)+fyﬁacy,7;5_ga, (4.26)

#

+ (y§[)+y”n_a)( 00, + VaCyOpet) + TultCt Yy o} s

where I have defined a dot spin flip operator as 71, = d_vdg.

By writing out the definition of the Bogoliubov operators defined by equation (4.6), the
commutator in terms of the electron annihilation and creation operators become

[ST,Hr] = Ztyty{ Mu, +yDo )(cﬂcﬂ,(sw,_ng(sw,) (4.27)

(7}1],[

. - t
+ (R, + 7,0,) (€0 —n_gngb, =7 che 8,
)(1_g€€,005 — ﬁgcﬂcy/éﬁa/)

M uoo
+ (= x0,) e, 0,}

Similarly for the part of the second order contribution involving Hy', I find the commu-
tator

St Hi] = 2 Lt ([0 1% )b+ 0+ oG vads, b)), (329)
which by making use of the rest of the commutators from appendix B.1, reduce to

ST, Hf] = 2%,{ o,d_,d, I N cy/y;aw/ (4.29)

Once again inserting the definition the Bogohubov operators, this in terms of the elec-
tron operators gives

ST, Hf] = Zt Aty — 0,04 _gdoclpend (4.30)

-|-( Uy, + 7,0 ;,)d d cyfcyé (y](f))uy - xito)vu)d*‘fd‘f(sﬁﬂ'}}‘

15



By then combining each of the two commutators, the full commutator [S, Hy] = ([S*, Hf] +
[ST,H7]) + ([ST,H{] +[ST, H7])" becomes

[S,Hy] = Zt},t A (x 0 Ju —|—yy v ~l—x( Ju /+_1/( v, )(cycy/ém/ —150,.) (4.31)
+ (% Ry + G0 + Xty + 7,00, MN(n_g6,y —figo_, )cycyr — n_gngéwl]
+ (yg))uy - xﬁo)vy)c €0y + (y(,)u#/ - x;(,))vyr)cycﬁ/éw
+ (Fuuy — X,0,)(n_0,0 — ngé )cycy/
Gty — %0,) (1 b — 708 )chelr}
+ Z:/ tyty/{(yﬁo)uy - xi,o)vy)d,gdaéw/
polt

+ (Futy — fyvy)d,,,dgc;fcﬁéwa

—|—(3?ﬂuy—i—]7 0,)d_yd, cf,c+5 ey
!/ — () + + !
—i—Et {y Uy —=X,0, )d 50,

(]/y’“ /—xy i )d d+ +/C d_,
+ (~ U —H/y’v )d—UdUCy,CPlé—UUI} .

Since this is a very unruly quantity to work with, it is useful to combine different terms
into coefficients, such that these coefficients describe amplitudes for different processes

as follows

[S,Hr] = Z{ i C‘uC‘uléo,o_/ - ngéwl) (4.32)

+ L (g0, = g6 ), = 160, 1]
+ ZW’CyCy"SW/ + Z;V/cyc 10,
+ T (18 = g0y )eC + T (g8 = b )y
+ D,y d_ ool + Dy pd dgd,
/d oy e /cﬂ([wr + L;V/dtgd;c;/cyéfw

+ ot t o
+ Kyﬂ/d,ad[,cy/cyéfw/ + Kyy’dfodacy/cy(sfmr'} .

16



These coefficients are defined in terms of the variables x, y, u and v as follows

W= tyt;/(xg))uy + yilo) v, + xl(l(,))uy/ + yg,)) ) (4.33)

i = bty (it + 7,0, + Xy +7,0,) (4.34)
Z, = tyt;/ (yi,o)uy xilo)vy) (4.35)
T = t”t;/ (Futty — %,0,) (4.36)
D, =tuty (y](lo)uy - xi,o)vy) (4.37)
Lo = tuty @, — %,0,) (4.38)
Ko = tut, (T, +7,0,). (4.39)

For the coefficients written in terms of the energies of the system, I have written them
out in appendix B.2.

By then noting that the spin operator in a second quantized formulation can be written
as

Sa =752 deTordy =53 drs o, —ics o, 06, d,, (4.40)
(7,(7' o0
such that
1
S, Try = 17105_00/ + *(Tla - 1’1_0)500/ p (4.41)

2

some of the terms in the commutator can be rewritten in the form of the spin operator
of the dot

_ 1
1’1,(75 — naé_ I = *(Tlg + H,U)(SUU/ - Sd * Ty - (442)

(o / oo 2
This mean that the commutator can be written in terms of the dot spin operator as

S, Hy] = Z/{le(c;‘,cy,(sw, —11g0,,) (4.43)
WH

Ny +n_ +
+ ]‘H‘Ll/ |:(‘72‘7(50_0_/ — Sd . Tg',g'/> CHC;/ — 1’1_01’105%”/:|

tot
+ ZHHICI]CV,(SUUI + ZW/C‘“

ngy+n

1.
CP/(SUD_/

n,+n

_ + _
+ Tmll <2050¢T' -5 Ta,a’) C?ZCV, + TW‘, (20500’ —Sa- TU,U') ¢

+ 4t St
+ Dy”/dﬂ,daéﬁy/ + Dw,l’dfada(sﬁ;/
+ + 4 ot
+ Lyy,dfﬂda'cylcﬁ(sf(fﬂl + Lﬂy/d,gdgcﬁ/cy(siwf

S t gt St
-+ Kyy’dfodacy/cyéﬂm’ + Kw/dfadgcy/cy(siw/}
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4.1 Hamiltonian subspace and other approximations

I will for the rest of the thesis instead of working with a Hamiltonian in terms of a gen-
eral dot level, constrict this to a subspace of the Hamiltonian in which the dot is singly
occupied, such that n, +n_, = 1. For this to be physically realised, the singly occupied
levels will have to be much lower than the empty and doubly occupied configurations.
Meaning that the approximations ¢, < 0 and ¢;, < 2¢; + U must hold. In particular,
this forces the signs of the energies to be negative §; < 0, with respect to some reference
potential, and for the electron-electron interaction on the dot to be repulsive as previous
assumed U > 0.

By these approximations a lot of terms drop from the commutator

Ju' \ t
[S, HT] ff) = Z", { (Wﬂﬂl + 0 Cﬂcy'(sm/ - ]VV/Sd : ‘L’U,U/CMCH/ (4.44)
K

7 T 5 7t T;V/ tots
+ u’ + 2 Cﬁcy/ oo’ T up! + o Cﬂcﬁ’ oo’

t t t
— Tyy/Sd . TO,,U/CFCH/ — T}l}l,sd . T(T,U,C]lcﬁl} .

I will also follow the example of reference [14], and tacitly assume that the dot spin can
be written as

S, =S2, (4.45)

where 2 = (0,0, 1)T is defined to be the unit vector in a direction which I define as the
z-direction. This assumption is therefore a spin polarization approximation, which also
at times is called a classical spin approximation. By this approximation it follows that
Sq- T, = 0S0,,, giving the commutator

I
[S, Hl oy = Y. { (wm, + 45— oS m,) ChC Oyt (4.46)
wi'

Tt
+ Zyy, + T — USTW/ Cﬁcy’(smrl

T",
+ Hp + , t 1‘/ ,
+ Z,‘u‘u/ + T O-ST.“.“ CHC]Z 5017 }

18



Given the new form of the commutator, it is useful to redefine the coefficients as follows

J
!/ _ Hu
ZWW, = Wy W+ B (4.47)
! = — !
2 ]w’ = ]w (4.48)
T, @
ro_ i
ZZW, = Z;m’ + > (4.49)
! = — /
ZTW, = TW , (4.50)

giving the full effective Hamiltonian for the system to second order in terms of electron
operators as

2 + A
Hé )= ;C;tcycﬂ o ; 2a <C}‘Cﬁ + Cﬁcﬁ) (4.51)
/ ! + / / rt rt t ot
+T LW+ 0510 ) hc,, + (Zigy + STy ) caebp + (Zity + 0ST ) chckid, |
o

Lastly to get the Hamiltonian to a more familiar form, as seen in reference [14], with no
creation-creation and annihilation-annihilation terms as well as no momentum or spin
dependence, it is assumed that

’Eak‘ < ‘th - gda - U| (452)

’szk‘ < ‘ng(T - gda’ (4'53)

(80| < 16+ U (@59
B

(80— 80)| < |2l (4.55)

These assumptions both remove these terms (Z;{ W 0 and T;l W 0), and makes the
remaining coefficients of the form

£ 1 1
W/ P — M — 4.
e = <§d+u+§d> (4.56)

/ * 1 1
r~t bt | —m— — — 4.57
Tt =ty (CdJFU Cd) @57

Note that these coefficients are the same as the coefficients one would get from a SW
transformation of normal metals (cf. the textbook [18]), but here used in the context
of superconductors. This is because of the assumption from equation (4.52), is a very
strong assumption which in essence forces the dot level to be far from the BCS energy
gap A. For future work this assumption might very well be relaxed, but for the remain-
der of the thesis I will work within this regime.
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Introducing the dimensionless distance from the particle-hole symmetric point x =

1+ %, which by the earlier assumption is forced to be in the interval |x| < 1, this can
be simplified even further as

/! * 2.’Xf 7
W]/l}l, ~ tﬂt}l/m = t‘uty/w (4.58)
]/ =t t*/L = f f*/] (4: 59)
Hy By U(l _ xz) Hou
—iPy/2 .
ith f, = Lot =f e "/? =  such that W and 1 and tional to th
W1 n \/m ,Xe w suc a an ] are real an pI'OpOI' 10nal to e

summed tunnelling rate T = ¥, T, = ¥, wvp|t,|*.

Note that as one approach the particle-hole symmetric case for the dot x — 0 the po-
tential W disappears W — 0.

Lastly I will for simplicity assume that all of the superconductors are expressed by the
same quantities, and are therefore all of the same type, such that A, = Aand ¢, = Cs,-
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Chapter 5

Lead summed basis

Given all of the approximations from the chapter above, an effective Hamiltonian of
the system is found as

t oA /4 4
H= Z gkacakacaka - b (Cakvcoc—k—u + Coc—k—acockv):| (5.1)
ako
oyt
+ 2 (W + U'S]) ttxt:/czxkaca/k’g/

ac'kk'o

where one sees that since the coefficient in the new spin term is positive | > 0, this
is in essence an anti-ferromagnetic interaction between the dot spin S and the super-
conductor electrons, meaning for ¢S < 0 the energy is lower. One also notes that the
new terms have the operators clkac ¥ o taking electrons from a superconductor a and
creating a new electron in any superconductor, making this an effective scattering in-
teraction. Since the dot taken to effectively always be singly occupied, this scattering is
cotunneling, meaning that transport is of the form of two virtual tunnelling processes,
one to and one from the dot.

Because of this (a,k) — (&,k") scattering it is useful to work in a new basis, in which
the scattering interaction term become diagonal

HV = Z (W + US]) (Z Euﬂlka) (Z {Zlca,k/(j) (5.2)

kk'o
= Y (W+0S]) ehkoCris - (5.3)
kK o

Note that from here on out I use the notation that vectors and matrices written in this
lead summed basis have a ~ above, such that a vector @ is to be understood as being in
this new basis, with v corresponding to the vector in the usual basis.
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This change of basis is defined by a unitary transformation matrix U, such that the new
fermion operators become

Coko = Z UyaCoko » (5.4)
o
with the condition defined by equation (5.2), that

(UM Uyy = F (5.5)

o

This corresponds to diagonalizing the matrix defined by the phase shifted tunnel cou-
plings

Y Y y oyt
O, =hLiy={FaT)

o

(5.6)

/
ax 7

where the vector of phase shifted tunnel couplings f is defined by the elements f, =
f,xe_i%/ ?, and the ® being the outer product without complex conjugation, sometimes
called the Kronecker product. Because © can be written as a outer product as above,
its eigenvalues must be 0 and 1, where N — 1 of the eigenvalues are 0 and only one
eigenvalue is 1. Meaning that the transformation used above is

uoeu' = sy, (5.7)

where dy is a matrix with elements (dy),,, = 6,n9,/y, such that only the (N,N)’th
element is filled.

I then define that the transformation matrix U is given as
ut=(v; ... oy), (5.8)

where the vectors v, are N linearly independent eigenvectors of ©, such that u'u=1.

In particular I will choose that the N’th eigenvector is vy = €'Y, such that the eigen-
value is 1, where the overall phase i € R can be chosen arbitrarily. This new phase
allows for an overall U(1) gauge-choice, such that only phase differences between the
superconductors are gauge invariant. This restricts the parameter space from being N
dimensional to instead an N — 1 dimensional. This is to be expected, since one could
have just as easily absorbed the phase into the c,;, operators.

All the other eigenvectors with eigenvalue 0 can be chosen if needed from the unit
tangent space defined by the vector vy = &' € sV 1(C) = $*V!
N — 1 other eigenvectors are v, xn € UTUNSZN_l.

, meaning that the

If needed, it would be possible to write the unitary matrix U in terms of hyper-spherical
coordinates, but as one might suspect, the choices of the vectors Uno£Ns correspond to
a choice of gauge, and will not contribute to any meaningful quantity, so I will leave it
abstract for now.
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Now that I have crated a transformation matrix, I will use this to construct a Nambu
space in this lead summed basis. The reason for going to a Nambu space is useful, is
because of the off-diagonal terms in the Hamiltonian. In this Nambu space the trans-
formation between the the usual and the lead summed basis then become

~t N ~ ~ =
CkU = (C-{kg ce C+Nk[7 —O0Cl_f—g - _O—Ckaftf) (59)
= (cfut —oct,u") (5.10)
+
+ (U 0
_ch < 5 uT> , (5.11)

where the usual Nambu basis is defined as

Clr = (cf, —oc',) - (5.12)

In this Nambu space, the interaction in Nambu space become diagonal

1w+ (W+05))© 0
Hy =3 kkz,ackg ( 0 W+ (—o)s))e") Cre (5.13)
1t ((0S]+W) 3y 0 .
=5 ka’ETCkU ( 0 (¢S] — W) 6y Cv, (5.14)
1« ~t (V.0 0\ A
kK o N
Lo ~t o A
=5 1V Co . (5.16)
kk'o

Here I have defined the spin dependent potentials V, . = ¢S] £ W, since it makes it
easier to generalize later if needed.

Similarly in this Nambu space the freely moving part of the Hamiltonian become

1 A
Hy=5 ch,jU <§§, iy a> Cio (5.17)
- —k—
It (G+E AUUT | A
=5).C % G 5.18
1 ~1 <§k + ga AP ) ~
=_y'¢ ¢ (5.19)
2 ; ko AP']' _gk _|_ érg ko
1 ~t & ~
= 2 lralH'O,kaCka (5.20)
ko

where the new unitary matrix P = uu’ is defined to save space, since the U matrices
from here on always appear in pairs.
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All in all this mean that the full Hamiltonian in the lead summed basis is given as

L
H=3 Y- G [HoxeOu + Vo] Cy, - (5.21)
kk'o

The usefulness of this transformation will be made clear in the next section.
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Chapter 6

Bound states and their energies

From the Hamiltonian that I have found in chapter 5, I will now determine the energies
of any possible bound states in the system as well as finding a description of the actual
states themselves. Because of the type of dot  have made use of, the states will be gen-
eralizations of the states first found by Yu, Shiba and Rusinov in the case of particle hole
symmetry and without phase difference [15-17]. Even though my states are technically
generalized states I will still call them Yu-Shiba-Rusinov (YSR) states.

The energies will first be found by use of a Green’s functions formalism, following the
example set by reference [14], and then reconfirmed in a Bogoliubov-de Gennes (BAG)
formalism in which I also will find the states following the example of Pientka et al.
[25].

6.1 Green’s function formalism - The bound state energies

I start of by writing the formula for the full retarded Green’s function, in terms of the
retarded Green'’s function of freely moving fermions

Gt =1-Gfv]IGE, (6.1)

where Gg is a general Green’s function for non-interacting moving particles, and V is
some interaction. For my system this correspond to a Green’s function for the super-
conductors and the effective potential at the dot respectively.

Since I am concerned with the states which are bound by the dot, I will only make use
of the subspace in which the Green’s functions are local

Gé{, local — Z G(I){,k . (62)
k

The reason why this is a local Green’s function can be seen by remembering the defini-
tion of Fourier transforms, which shows that since f(r) = Y fkelkr, the Green's function
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is G(Ii local = Gg (6x = 0). This mean that it describes transport of particles right next to
one another.

From equation (5.20) the retarded local Green’s functions for the non-interacting fermions
is then found as a matrix

gg,a,local = Z [wa - HO,kU’] - = 2 [QU - HO,k] ! ’ (6~3)
k k

where I have defined the magnetically shifted energy (), = w, — ¢,

Inverting the matrix is quite simple because of the structure of H, giving

go,U’,lOCtZl Xk:( _AP+ QU—“—gk ( . )
Q,+& AP
Tawg o ae) )

To be able to calculate the sum I will approximate it as an integral

L D L dk D b
Lo fae= [ (mg) = [ dan@) = v [ dee 69

Where D({;) is the density of states, and the integration boundary D defines the band-
width of the superconductors. I will make use of the wide-band approximation, such
that |Q),|,|A| < D and the density of states is assumed to be constant D(¢;) ~ vp.
The integral is performed using a contour integral assuming |A| > |Q),|, since it can
be shown that there are no consistent solutions for either assuming |A| < [Q,| or

|A| = |Q,|. Meaning that there are no bound states in the continuum (BIC) in this
system. The non-interacting local Green’s function therefore become
R —TTVp Q, AP
gO,a,local = <A1§+ Qa . (67)

VA2 — 02

These energies will be those for which the full retarded Green’s function have poles,

which is the same places where the matrix 1 — G {f]alowlvg is singular. This mean that I
can find the energies from the determinant equation

det (1= Gty toca Vo) = 0. (6.8)

Here it is now clear why the lead summed basis is useful

. (]1+()(,VH5N AV, Py > 69)

1-6§ V.= 1 ~ A
0,0,local ¥ o AU'V0'+P+5N 1+ QUVU, ‘SN
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where V,, = nvpV,, = ¢+ w, with the dimensionless potentials defined as ¢ =
ntvpS] and w = mvpW. And for convenience in intermediate calculations I have also
defined the dimensionless energy ratio A, = \/AZA—ioz' and similarly for ().

The form of this matrix makes finding the determinant easy, as it reduces quite nicely
as seen in appendix C, to the form

1 + QU'VU’-‘r A(TVU—PNN

dt(]l—R"):AA
€ gO,lOCﬂlv(T Ang+pK[N 1_’_00‘/07

(6.10)

Writing this out and multiplying all terms by 4/ A* — QO the energies of the bound
states, must follow the formula

<\/A2—Q§+QU (ag+w)> (\/AZ—Q§+QU ((Tg—w)) —Aux =0.  (6.11)

Where the lead parameter x = PNNP;(]N and the potential u = V,, V,_ = g2 — w* were
introduced. From my earlier assumptions one can see from equations (4.58) and (4.59)
that this potential is positive u > 0. Note that I choose to define u with a different sign
than reference [14] and [26], since it is more natural to have it be defined as V, 4 7

Solving for the magnetically shifted bound state energies ), I find that

sgn(Qyy )A
(1—u)*+4¢°

1/2
Q,. = [(1—u><1—ux)+2g2i2|g|¢g2—u<1—x><1—ux)] .

(6.12)

The sign of (), can then be found directly by the determinant equation (6.11), giving
the relation

2 2
sgn(Q, 1) = sgn ((TQH(” —D+A0- ux)) , (6.13)

2¢\/A*— Q%

which after simplification gives two different signs, depending on the value of +

sgn(Q,, ) = —osgn(S) (6.14)
sgn(Q),_) = —osgn(S)sgn(1 —uy). (6.15)

This means four different bound state energies are found to have the form

_ 2
s = BN [(1—u)(l—ux)+2g2i2\g!\/g2—u(1 00w+ 8-
(1—u)®+4¢°

(6.16)
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where the signs ¢y arec, =1land c_ = sgn(1 — uy).

These energies are plotted in figure 6.1, in the case of equal lead-dot couplings (¢, =

tg ¥ a, B).

I will for the rest of the thesis without loss of generality assume that S = 1, such that
spin is chosen to be positive in the direction Z. The spin ¢, stemming from the super-
conductor electrons, should then be considered as aligned for ¢ = 1 and anti-aligned
for o = —1, instead of up and down.

Note that the energies depends on many parameters, some of which are not controllable
and some of which are. I will consider the particle-hole symmetry distance x of the dot
as controllable, by coupling a gate to the dot, as in figure 3.1c, and thereby changing the
potential y;, which changes ¢; and therefore also x. This however might prove difficult
to realize in practice, without introducing couplings to the gate, and therefore putting
the situation outside of my model.

I will also consider x as controllable, since as shown below it depends on the phase
differences of the different superconductors, which are controllable by use of magnetic
fluxes i loops created by connecting the leads.

Interestingly the energies of the bound states with spin up are related to the down states
by a sign flip

Wyp = —W_pqp = —0W4 (6.17)

In the case of no phase difference the lead parameter xy = 1, the energies become

—oc A 1/2
Qee(x=1) = = [Zgz +(1—u)’+ Zgz} (6.18)
(1—u)*+4¢°
—0A for £=+
= . (6.19)
—oAsgn(1—u) (15114)72”145 for +=—

Meaning that the two + state energies have moved out into the superconductor ener-
gies, such that they no longer are bound states, while two other states remain. In the
particle hole symmetric case x = 0, these two remaining states recover the well known
Yu-Shiba-Rusinov energies

2

1—
Q, (x=1x=0)= —oA—2_.
1+¢
In the opposite end of the spectrum of lead parameters, the cancellation of the lead
parameter x = 0, can happen in certain scenarios, which will be discussed in detail in
section 6.2. For now I find the energies in this case
—0A
Qe (x = 0) = ——— (1 u) + 28" + 2[g] o]
(1—u) +4g

(6.20)

1/2
: (6.21)
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It is then clear that in the x = 0 case, the + states and — states, become doubly degen-
erate, with the energies

Oy (x=0x=0)=0, (x=0x=0) =75 (6.22)

\/1+g2’

which can be seen in figure 6.1. Where for the two lead systems as seen in figures 6.1a
and 6.1b, it occurs at phase difference ¢, = 71, while for the three leads in figure 6.1d, it
2w =271

occurs at phase differences (¢, ¢13) = + (5, =5%). The reason that x = 0 for exactly
these phase differences will be discussed in great detail below in section 6.2.

Lastly as seen in the figures, there can also be points for which w;_ = w, _, like in figure
6.1a, however from 6.1b it is clear that this is not always the case. I will find these in the
case of B = 0, such that the sign factor sgn(1 — ux) = 0 determine when this happens,
such that

1 1
W <B:O,)(:u):w¢_ <B:0,)(:u>:() (6.23)

For B # 0, the formula becomes more complicated, but it follows from setting w,_ = 0.
Whether or not there exist a point such that y = 1 will be examined in the discussion
in section 6.2.

Note that in the limit {; — oo as well as for the limit ¢ — 0 while w is held constant, the
energies reduce to an expression similar to the usual Andreev bound state energies [3]

w5 = £A\/1 - Tsin?(26), (6.24)

with T being a transmission coefficient. Here they are of the forms

r =
Q, (U — oo> — FoAVX N=2 :FUA\/l — 251n2(29) sin? <(£> (6.25)

2 2.2
Q,1(§=0) = —‘TA\/W = —UA\/l - wL('Zza)sin2 <¢> , (6.26)
1+w 14+w 2

with 6 being the angle defined by (cos(9),sin(6)) = (|£;], |,|). Note that these limits are
not a part of my model, since they break the approximations I have used. It however
shows that a Hamiltonian of the form in equation (5.1) can give the normal Andreev
bound states, if the potentials | and W are defined in some different way than mine.
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Figure 6.1: The bound state energies of an N terminal quantum dot Josephson junction with equal
lead-dot couplings t, = tg Va, B, and no magnetic field B = 0. For (a)-(c) N = 2 and for (d) N = 3.
In subfigures (a), (b) and (d) there is particle hole symmetry x = 0, while in (c) x = 0.1. The potential
strengths % are in (a),(c) and (d) 0.7, while in (b) it is 0.3
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6.2 Analysis of lead parameter x

I have found that the energies of the bound states are dependent on some parameter
X, which I have shown to encode some kind of properties of symmetric points like for
W, = w,,. This parameter seem to also be the one to encode the information about
the amount of superconductors that are coupled to the dot, up to a scaling of I'. Starting
with the definition of y, it can be written as

2
X = PynPiy = (UU )y (U U )y = Y. (UZNUN,X’) (6.27)
0(0(’
— Tr [@@T} (6.28)
= Zfi(f;,)zeiitpaa, , (6.29)
GCDC/

where ¢,/ = ¢, — ¢,

By then writing the normalized coupling vector components as f, = |f, |ei9“, since they
in general can be complex, and using the fact that the summands s,/ are related by
S,/ = S4 4 Meaning that the imaginary parts sum to zero, the parameter simplifies as
21217 12,1 1420 71217 |12
x = Ll Pe 0 2] = Y Pl P eos(f +26,0) . (630)
!/
oan

!
on

Which by using the cosine sum formula, can be split into two separate sums

o 14

2 2
X = (D&Fcos(% +29a>> + (Zlfﬂzsin(cpwzea)) (6.31)

One can recognize this as being distance from a sum of vectors, such that if I write the
square distance of a 2-dimensional vector r, which is a sum of some other vectors {v, },
it is of the form

2
r[? =

JBEA

o

2 2
= (ZW&’COS(@a)) + <2|vu|Sin(§Da)> (6'32)

with |v,| and ¢, being the polar coordinates of the vectors v,. This also mean that
by scaling each vector by a factor of N, the equation (6.32) become a center of mass
equation, such that by plotting |0,| = N|f,|* as radii and ¢, = ¢, + 26, as angles, the
distance to the center of mass of the plot gives the value of /X, as seen in figure 6.2.
This allows for an easy understanding, of what possible values x can take for different
phase differences ¢,/ + 26/, without having to calculate it directly.

Note that this mean that for any two leads « and «', if one were to fix the phases to
be equal ¢,/ + 26,/ = 0, then they would behave as a collective lead, with a scaled
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coupling strength [F(1eete)|2 — |7 |2 L |} ;2. Meaning that even though I have not

explicitly considered what would happen if each lead couple to the dot via multiple
channels, it is still the same model as long as the phases of the channels in the leads are
equal.

From this center of mass picture it is therefore clear that the maximum must occur when
all phases differences are set to zero, such that all of the vectors lie on top of one another,
and the value become

o

2
max(x) = <Z|f“|> =1, (6.33)

which is independent on the number of leads, and the magnitude of each individual fa
since the sum is defined to be normalized.

The minimum however must depend on the magnitude and number of tunnel cou-
plings. As can be seen in 6.2c as soon as t; # t, for an N = 2 lead system the minimum
of x can no longer be zero, whereas for a N = 3 lead system, there is a range for the
magnitudes of the couplings f, where the minimum can still be zero as seen in 6.2d.

The reason for this is relatively easy to see because if one radius |v, | become larger than
the sum of all other radii, then the minimum can no longer be zero, since the minimum
then instead become the one where all other radii lie opposite the large |v,|, such that

min(x) = (|| = Lpa [05])7.

By writing out the inequality for which the minimum is non-zero, and using the fact
that £ is normalized, one finds that

min(x) #0 if [LP> Y [Fl7 =1 5[ (6.34)
p#a

Meaning that the minimum of x must be as follows

N2 =1)% i 3ty : [F] > I

0 otherwise

S

min(y) = { (6.35)

This way of thinking allows finding the geometry of the points for which x = 0. By
assuming that the couplings are such that |f,| < \% for all « , meaning min(x) = 0.
Then by the construction of the plots, it follows that for 2 leads there is only one point
for which x = 0, which is then for ¢;, = 7. Where * signifies that it is the point for

which x(¢72) = min(x).
For 3 leads there must be two points, since if x = 0 at one point (¢7,, ¢73), then by an
inversion the value of yx is preserved, while the angles must change to (—¢1,, —¢13)-

This can be thought of as two points which describe a winding of phase, going either
clockwise or counterclockwise.
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For 4 leads because of the much larger freedom, it is possible to do continuous move-
ments of the two vectors such that the points form a line. For example if t; = t; and
t, = t, then the transformation (¢75, P13, $14) — (P1o + X, P13, P14 + x) leave x = 0
invariant.

Note however that this invariance most likely will be broken if one consider the more
physical model with nearest neighbor superconductor-superconductor coupling as in
reference [6], since this breaks the lead labeling/positioning invariance, which is the
part of my model that allows for any lead to cancel the contribution of any other. If one
include the interaction, it will most likely break into a two point case once again, with
clockwise and counterclockwise winding. However this is purely speculation and, will
have to be examined properly in detail in later works.

In my system the generalization of the two cases considered above, is such that if there
exist a point ¢" in the phase difference space P = ™' = [, 7)N"! for which
X = 0 and there are N > 2 leads in the system, then that point is a part of an N —
3 dimensional space $* C [—7, )N for which any point ¢* € S* give the value
x(¢") =0.

A reason for why this generalization must hold, is that there are placed two restrictions
for these points, they have a specific value x(¢*) = 0 and since they are minima they
must also have no gradient (V4x)(¢*) = 0. Note that even though such conditions
must be true for all extrema of x, for any given set of couplings t, not all extrema define

a N — 3 dimensional space. Since for certain points under inversion they transform
(trivial) (trivial)

into themselves ¢ & = =@, i

(mod 27r). These points will be @51 /min =
(1170, 1270, ..., iny_170)" with 7; = {0,1}, meaning that the space S* is just points. In
the center of mass plots, these correspond to either all vectors on top of one another
or some opposite all others. Another reason that xy = 0 is so special, is that as shown
earlier w,, = w,_ at these points for x = 0, which mean that these points might have
topologically interesting properties. Since they are the point for which the energies
touch in conical intersections for N = 3, meaning they might be either Weyl or Dirac
points. For higher N these become nodal lines and other N — 3 hypersurfaces.

Similarly I will find the points for which two of the bound state energies go to zero,
which I in the case of B = 0 have shown to be the ones for which x = % Here since
this condition is satisfied by one restriction, if the points exist they must lie in either
a 0 dimensional or an N — 2 dimensional surface of points. Note that the case of a 0
dimensional surface is a highly tuned situation. The surfaces can be seen in figure 6.1.
The interval of x allows the existence of such points if

min(x) < 5 < 1, (6.36)
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which by writing out the definitions of ¢ and w become

-2
4mmuj§(1—x%(£> <4. (6.37)

Meaning that the inequality sets an interval for the potential strength, where the points

exist
1 > T 1 [1—4?
~\/1— <z . 6.38
2V =05 2\ min(y) (6.38)

In the case min(x) = 0, the upper limit is to be ignored.
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Figure 6.2: Visualizations of the minimum value of x for 2 and 3 leads, rotated such that ¢, = 0: (a)is
for two leads with equal tunnel couplings t; = t,; (c) is for two leads with unequal tunnel couplings
t; > t,, whereby min(x) # 0; (b) is for three leads with equal tunnel couplings t; = t, = t3 and (d)
is for three leads with unequal tunnel couplings t; > t, = t;, but still min(x) = 0
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6.3 Bogoliubov-de Gennes formalism - The bound states

Now that I have shown in section 6.1 that, there exists in general four different bound
states with energies w, , as defined in equation (6.16), I will follow Pientka et al. [25],
to find the eigenspinors associated with the states. Starting from the Bogoliubov-de
Gennes Hamiltonian in the lead summed basis (5.21), I assume a eigenspinor decom-
position as

i . -t - NBS
Hio = ) WosWoik @ Py + Higs (6.39)
T

where the product ¢, ® 1[3; ¢ 1s to be understood as an outer product of two 2N com-

ponent vectors, leading to a 2N x 2N matrix. Here ?:L;Z{\,]f(f is the part of the Hamiltonian
describing any other state than the bound states. Multiplying both sides by ¢__ ./, and

. . . ~ ~ -~ ~ NBS -~
using the orthogonality properties 1[;2 Yoy = P, 26 yyand Hyy, -0 =0,
and then summing over momentum the eigenspinors __ -, must satisfy

Z [?:l’orktfékk’ + 90] !I;Uilk, = Wey! II;(T:I:/k Z |ll3a:|;’k’ |2 . (6.40)
K K

I define that these spinors are normalized in momentum space, such that this reduces
to finding the solution to the equation

(wa:t - ﬂo,kv)tﬁaik = valpaﬂ: (1’ = 0) . (6.41)

Where ¢, (r = 0) = Y i P, is the Fourier transform defining the spinors value at
the placement of the dot » = 0. This equation neatly determines the full momentum
dependent eigenspinors in terms of the value at the dot. Writing it out

-1

i (Qox—G  —AP AN 0 5

lpaik_< APt QL+ & 0 V. oy P, (0)
1 (Qps + &) Vi dn V,_APdy ) N

Tk 5N i (0). (642

QZ G- N ( V, APy (Quy—&)Vs on) ¥ +(0). (642

By a Fourier transform using the wide-band approximation and constant density of
states once again this becomes the eigenequation

~ ~ —TVp V(TJrQUi(SN VaprfsN > ~
0) = ~ o TVE 0), (643)
II)U:E( ) ; lIJ(T:I:k \/m <V0+AP+5N VU'_QU':t(SN IIJU’:I:( )

which written in a collective side is

0= <ﬂ:}— V/t\T+QUi5N V(TfAUiPé‘N ) ~2:I: ) (6.44)

V¢7+AaiP+§N I+ Vafoazt‘sN
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Where for notation I have defined tﬁgi = 1,4 (0). Here it again show how it is helpful
to work in this lead-summed basis, since writing out what the eigenequation shows the
simple relations

Posy = _VU—AU:{:PV,NJJS:EZN for ve[l,N-1]NZ (6.45)
Posy =~V Ay Pl nynWosn for veE[N+1,2N-1NZ (6.46)
. —V,_ A, Py -
0 o BorPNN 0
= — 6.47
YoirN 14 7,,0,. T+2N (6.47)
_ —V.. A, Pl
0 o+ Do+ PNN 20
= . 6.48
Yoion 140, 0, N (6.48)
From (6.47) and (6.48), it follows that
V.V _A? _
0=(1- - Yot¥oBoxX . (6.49)
(1 + VU+Q(7:I:)(1 + V(T—Q(T:I:)

This gives precisely the same equation as (6.11), which therefore also gives the bound
state energies as expected.

By writing the eigenspinors as vectors with 2N elements it become of the form

5y A -0 P Vo Vo AgiPhn g0 ]
—Vo DAt P sn-1) NPotoN (A=N-1),N" 13y "a,, ToEN
%0 =0
g, = ’ﬁrgiN . YoirN . (6.50)
o+ — A = - U A 7 .
-V, A, P + V.V, A2, Pyy 70
oc+=0t ll}%l—)N—l),NlptTiN P(l—)N—l),NWIPUiZN
+2N 7.0
7 | YotoN i

where the vectors P;_,y_1) y and P(+1 _,N—1),ny are to be understood as the N-1'st entries
in the N’th column of the matrices P and P".

By using the energy relation from equaitons (6.16) and (6.49), and defining the basis
vector of the N’th elements as gN =éy=10,...,0, 1]T, the eigenspinor can be written
on the compact form

-0 ((1+ VHQUi)% ~ Vo Q1) OnTosn
== ALV, O, E VO )F (6.51)
(14 Vi Ui)% — Vo Qo) OnYrion
Where the element P;{]N is as follows
Py =L (Uin) = R =Y e ™ =t 4, (6.52)
o 4 o

v

and similarly for Pyy = (PhN) = - F
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The leftover factors 1/32iN and ¢2ﬂN, must be determined by normalization of the
spinors

1LY [foas” = vr [ d2lgoa (@) (659)
k

For finding the normalization factors, I make use of equation (6.42), such that

oo 1o (VE(Qes + 8P+ ATy 2V V AQ Pyndy o
W’Uik’ - ( )

% )
D2, - 2V, Vo MO Pindy Ve (Qpe — &)+ A7)0y ) T7F
(6.54)

Where the denominator is defined as D, = lefi — Ci — A% Expanding out the matrix
product this reduces to

) 1 ] P
| Ppii|” = —- Vi (Qps + &)+ AY) [ Posn]” + 2V, Vi AQ s Pun (Fo4n) Poson

D otk

20 20 w2 2 a0 2
+ 2V, Vo AQy . PynPoan(Poion)” + Voo (Qps — 8k)” + A7) [Prion] ] :
(6.55)

By approximating the sum as an integration, and once again making use of the wide-
band approximation and constant density of states, the normalization condition be-
comes

TtV

\/ A= Qﬁj

! - -
1= N (VE 1 §aanl” + V2 |§0-on]?) (6.56)

70\ 70 t 70 70 *
+ Vo Vo AQys (Pyn (Yon) Poian + PunPoen (Posan) )] ~
By converting to the unit-less variables V,, Q.. and A, this can be written as

1L (rrvp) !

A2 2 20 2 w2 a0 2
> ; Ny (Vi oin!™ + Voo [¥rion|) (6.57)
A _Qai

A

+V, Vi, ApiOys (PNN(ll;giN>*l/}g:i:2N + PZtIleEg:tN(ll}giZN)*)] .

By inserting from equation (6.47), this must be the same as

A2 2 1 "2 A2 A
1 ; AUiVU*(T[VF) V‘TJFA‘TiX +1-— M (658)
|ll~]gi2N|2 \/m (1+ VU+QU’:|:)2 T+ Ve Qpy
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Which by use of equation (6.49) tells that the normalization must have the size

~ ! 1 A - Qai
|Poson] = 1/ = — A . (659)
7 V(T— (1 —|— V(T— Q(T:I:) V0+A0i _|_ Vaani _ 200_:‘:

1 +V¢7+ QJ:E 1+ Vuf ovi

Now that I have the normalization constant up to some arbitrary phase, I will find the
bound states in momentum space using equation (6.42) and (6.51)

1 ((Qaj: =+ gk)VU-i-aN VU—ApdN >

lpoik =

Daik V0+AP+‘5N (Q - Ck)
(1+ VJ+Qai)# v, Q) )5N%iN (6:60)
(1+V, QaﬁL v, O, )5N1Pai2N .

By matrix multiplication this is the same as

(Qps + gk)va+5N¢UiN +V, AP‘SNlPaﬂN ‘ (6.61)
Vo AP SN G0in + (Qus — &) Vo OnToson

Now that it is of a simple form, I will transform back to the physical Nambu space, by
use of the transformation defined by equation (5.11)

ut oo | T [(Qos + Cr) <7+¢(TiNt + Vi A%ﬂNt
- - . (6.62)
Yo [ 0 UT] Yo Doii | Vor DPoanE + (Qui — &) Vo Poaont”

Inserting from equation (6.47) and equation (6.59), this becomes

1
D otk

Yoik =

: A /A2 A2
Yoip = DEIQ “7/‘7_0 — : _Qaf N
e Vo O\ o |l + i —200]
—(Qps + ék)ﬁpNNf +AF (6:63)
Aﬁﬂw“‘( —aF | .
Here © is the complex phase of ",y such that 0.,y = [Poion|e’®, which I will

choose later. I will then once again make use of equation (6.49), such that the spinor can

be rewritten as
£i© VAT — 2

A2 V,_A A
Uik 7T1/F |: o+ 20t o= U:t _ ZQU:E

lpa:l:k

1 +V(7+ Qai 1+ Qai

v, v v,

o— M

~( Qo + 80\ v, PNt + A e

V. v, 1%
—A (1+V,,+Q X PunE+ (Qox — &) \/ 1+v(,,0(,it |
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Note however by equation (6.49) as x — 0 to get something finite A+7e v A)(;V? Ocs) _,
o+ Vo—"0t
0 as well, meaning that to avoid % expressions the relation
VU:I:’ V (1 + V ’Qa:t) _ 1+ Va:F’QU:t (665)

1+V,.0,, (1+7 jE,Q(,jt)u +V, Q) VAL x

can be usefull some places. Then by inserting equation (6.47) and the normalization

(6.59)
¢© X\ A~ Qgi

Daik Vg |: {;++VV¢77 +200i(1 X -
o+ o—

O’:I: + ék / 1+VLT—QLT:E PNNt + A / 1+V«7+Qv:{: i’.*
[1+V, O 1 0; USX (6:66)
_ M _ + 2TVoi ok

Converting (), and A, back to the quantities with units, and simplifying this gives
the final expression for the momentum eigenspinor

¢aik

1 N -y
D X X N X =
ok Tt |:(V0'+ + Va—) \/ AZ - Q?;i + ZQUiV(T—I—VU—(]' - X)

Hﬂ:k\/ Vo ( \/703&4- Qs ) T"‘\/Vo—(M‘f’VﬁQvi)%*

Yoik =

where I have chosen the phase —20 = arg <\/ PIZVTN = arg ( ?XN) = arg (Pyy) =
NN

v v . . « v ve\ /4 “
arg (- ), such that I define = ¢ "®f = (%) £

It is possible to now write out the bound state annihilation and creation operators, from
equation (5.21) and (6.39), it is clear that I can define some operators

Yook = Posr - Cug (6.68)

which diagonalize the bound state part of the full Hamiltonian, and have the energies
wy4. However I will not make further use of these states in this thesis, and instead
leave them for use outside of this thesis.
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6.4 Ground state energy and many body energies

Now that I have found the bound states and energies for single particle excitations, I
will make use of the Bogoliubov-de Gennes formalism to find the ground state energy
up to a constant. This can be done by using wg, = 3 ¥ <o w, which when written out
by using the fact that w,,. = —cw_. gives

Wgs =Y. |“’;| : (6.69)
+

This shows that there are four different non-interacting many body cotunnelling states
for which this ground state can become [26]. The fact that these are cotunnelling states,
as explained earlier, stems from the assumption that the dot must be singly occupied,
such that any dynamics of the system must be governed by processes where as soon as
one electron leaves the dot, another must enter. The energies of these many body states
are therefore up to a common constant given by

_optw O Q)

w = 2 : (6.70)
wy = :wT* = O ;QT (6.71)
W = 1+ JZFWT‘ = O JZFQT‘ +8 (6.72)
0, = ;“J“ L JZFQ“ +e,. 6.73)

These can be seen in figure 6.3, in the case of two and three leads. Note that the conical
intersections still exist for these states. The energies are split into two types, w, the
screened many body state energies which are independent on the magnetic field B, and
w,, the unscreened energies which do depend on B.

Since the ground state for some given phase differences is the the same as the lowest of
the four many body state energies seen in figure 6.3, there are for B = 0 two possibilities
for the energy state, either w,, or w,y. As seen in figure 6.4, for the case of larger
coupling like {; = 0.7 (figure 6.4a), the ground can undergo a transition between the
states with energies w,, and w,,; corresponding to a spin-flip, while for lower couplings
like {; = 0.45 (figure 6.4b), the state remain in the state with energy w,.

It is easy to see that the condition of this change of the ground state, is the same as

finding when w, Z w0, which by the definition of these energies for B = 0 is the same

condition as w;_ Zw |—, which I have already shown to be x = 1/u. Equation (6.38)
therefore explain why for x = 0 as in figure 6.4, a transition can occur for figure 6.4a
where % = 0.7 > 0.5, while no transition can occur in figure 6.4b where % =045 < 0.5.
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Figure 6.3: The many body energies of the quantum dot Josephson junction with equal tunneling
amplitudes t, = ¢t as well as particle hole symmetry x = 0, zero magnetic field B = 0, and potential
strength % = 0.7, (a) in the case of two leads and (b) the case of three leads
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Figure 6.4: The ground state energies for a three terminal junction, with equal tunneling amplitudes
ty = t, = t3 as well as particle hole symmetry x = 0, zero magnetic field B = 0, and for (a) a
potential strength of % = 0.7, while for (b) % =045
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6.5 Supercurrent and Ground state minima

From the ground state energy it is possible find the supercurrent flowing between the
different leads. Such that the supercurrent flowing from a lead & to another lead
follow the formula

W , (6.74)
84)0(06,

where ¢ is the electron charge. This can be determined from something like a Green’s
function, T- and S-matrix formalism, but I will tacitly assume it to be true as in reference
[14]. However since I have N different leads, it is more useful to define the current
flowing from the dot into a lead «

S
I(xoc/ =2e

Jw
gs
3 (6.75)

Note that current conservation immediately follows

s d

where 0 is the null operator, since the phases sum as Y, ¢, =0 (mod 27).

I$ =2

) Wes = ZergS , (6.76)

4

Since w, only have a phase dependence in the variable ), by use of the chain rule it
follows that

dwes Iy 0wy

o 9Py IX
Showing both that the extrema of wg, corresponds to either places of discontinuities
Jwg,

9P,
current can flow since % = 0 for any « there.
o

(6.77)

in the derivative or maxima and minima of y, and that for these extrema of x no

Whether the minima of wg, corresponds to minima of x or maxima of y, is decided

by the values of B, 7, x and the largest relative coupling f,, in the two cases shown

in figure 6.4, both types are shown. For figure 6.4a the minima of wg, corresponds to
maxima of x, while in figure 6.4b the minima of wg, corresponds to minima of .

From the discussion in section 6.2, it is understood that x can have two different types
of minima depending on the size of the largest relative coupling strengths f,. If f, < %
for all «, then the minimum of yx is for the three lead junction is doubly degenerate,
and for the N > 3 lead junction it is infinitely degenerate as min(x) isina N — 3
dimensional space.

Because of these different types of minima of the ground state energy w,,, it has become
commonplace in the case of a two lead junction to classify it depending on where the
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Naming ‘ Value of x ‘ location of minimum for w

38
0 x=1 ¢$=0
T x = N*(2|i,)* —1)? ¢, = 7 and ¢pg = 0 for all other
X x=0 ¢ =¢" €S wheredim(S*) = N —3

Table 6.1: The classifications of a N lead junction

minimum is. Which for two leads gives rise to the names 0 and 7t junctions where in
the case of min(wy,) = wys(¢ = 0) and min(wg,) = wy (¢ = 71) respectively. Some
people also classify whether or not discontinuities in the current occur by adding a " to
the respective names giving 0’ and 7’ junctions.

Expanding this naming scheme for a general N lead junction gives six types, which I
here choose to call 0, 0/, 7, 7/, x and x', where ’ still signifies a discontinuity of the
current. This naming convention is summed up in table 6.1.

Note that the discontinuities of the supercurrent, happen whenever the ground state
switches its state, which as explained earlier corresponds to a spin-flip in the state. This
happens at the places where the single bound state excitation energies w,_ cross zero
energy, which as pointed out in equation (6.23) happens at x = %, in the case of zero
magnetic field B = 0, if the condition of equation (6.38) is fulfilled. An example of
this discontinuity can be seen in figure 6.5, where the supercurrent corresponds to the
ground state energy of figure 6.4a.
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Figure 6.5: Plots of the supercurrents in a three lead quantum dot Josephson junction with equal
tunneling amplitudes t; = t, = t3 as well as particle hole symmetry x = 0, zero magnetic field
B = 0, and potential strength {; = 0.7: (a) shows the current flowing into lead 1; (b) shows the
current flowing from into lead 2; (a) shows the current flowing from into lead 3; and (d) and (e)

shows the total magnitude |I| = 4/ 112 + I% + I_% of the current flowing.
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Chapter 7

Circuits

In this section I will describe a scenario in which one can use two of these multi-terminal
Josephson junctions in a circuit. The type of circuit which I will use here have already
been shown to allow for the creation of qubits in the case of two terminals [12, 13].

7.1 Types of Josephson circuits

When building circuits there are 3 major effects to take into account inductive, capaci-
tive and resistive effects. In building Josephson junction circuits however because the
leads are superconductors resistance can be neglected.

Instead one might consider circuits build of just junctions and superconductors where
the circuit interacts inductively and capacitively. This mean that one can set up the
Hamiltonian

2 T 1.7

H=28(n—ng) " (n-ny) + 51" MI+ Uj(9), 7.1)
where C is the capacitance matrix between all superconductors, n is the vector of copper
pair number operators n, for each superconductor and n, is the vector of gate biases
or charge offsets n, for each superconductor. I is the vector of currents flowing in the
superconductors and M is the inductance matrix which contains both mutual- and self-
inductance. The last term U;(¢) is the Josephson energy potential part of the circuit,
which is a sum of ground state energies (6.69) for each junction in the circuit. The phase
differences for each superconductor at the dots is then determined by the inductances
and the geometry of the circuit, because of the wavefunction single-valuedness relation
[21]

@
Y A +2m ( é)";”’ + k) =0 (7.2)

l€loop
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where A¢, is the phase differences in the loop, &, = 2% is the magnetic flux quantum,
and ®,,,, is the total magnetic flux penetrating the loop, which is the sum of the flux
induced by any flowing current as well as any externally supplied flux ® = ®;,; + D,
Lastly k is some integer, which only have influence on something like the Little-Parks
effect which will not be covered in this thesis [21, 27].

For the purposes of this thesis, I will assume that the capacitance contribution is irrele-

vant, meaning that the circuit is large enough such that |C - | is small, meaning that the
system can be described as

M~ uind(q)ind) + u](¢) (73)

7.2 Double junction system

I will be considering a generalization of the circuit considered in reference [12], but here
with two multi-terminal Josephson junctions connected to each other by some amount
of terminals, such that the full circuit consists of two quantum dots, D and D, and N
superconducting wires as seen in figure. Here the total energy can then be written as

Uy = Up (@) + Up (@) + Ujpg(Ping) (7.4)

Then by the single-valuedness, it follows that

- Oy
Giiv1 + iy 271 < &,;;1 + li,i+1> =0 (7.5)
Which can be written on a vector form as
- ()]
¢—¢+27‘[<—|—l>:0, (7.6)
D,
where the elements ¢; = ¢; ., and similarly for ¢ and ®. This relation fixes N — 1 of

the variable since there are N — 1 loops, meaning I can write the total energy in terms
of the fluxes, and the phase differences at one of the dots

Uior = Up (@, @) + Up(P) + Uipg(Pina) - (7.7)

D
Figure 7.1: A sketch of a two dot - N lead cicuit. Superconducting leads are red and the

dots signify the N — 4 other leads)
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Where the inductive energy term can be written as

17 1 T o 1a g1
Uing (®ig) = EI MI = §q>indM MM " ®;,,, (7.8)

where M is the self inductances, which is the same as the diagonal of M. To then
minimize with respect to either the phases or the fluxes (depending on what one is
most interested in), the differential equation

IUing !
0® 0P ¢ (¢) 0P

(®ina) =0, (7.9)

is set up.

This can be numerically solved with respect to the phases ¢, and then reinserted this
into the energy equation. This can be seen in figure 7.2, for a circuit with three wires.
Here one can see that for this specific case the circuit give two degenerate minima,
much like the two lead system in reference [12].

This suggests that it might be possible to construct a qubit using this new system, but
further work outside of this thesis will be needed to properly describe how this would
work, and how robust this might be compared to other types of qubits.

49



(@)

1 0,508,500 n

(b)

~1.1861
~1.2169
~1.2477
~1.2785
~1.3093
~1.3400 2
~1.3708
~1.4016
~1.4324
~1.4632

~04 -02 00 0.2 0.4
$12
mn

Figure 7.2: The numerically minimized circuit energies, for a 3 wire 2 dot circuit, with a o’ junction
and a x junction, with strong self inductances.
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Chapter 8

Discussion

While I have found the bound states and their energies, as well as tried to insert this
new type of junction into an existing circuit, I have have simply laid the groundwork for
further work. I will here summarize further work which I expect could be interesting.

8.1 Multi-terminal/junction circuit correspondence

Circuits have been studied theoretically in the case of circuit with two terminal junc-
tions, to create artificial topological matter in an paper by Fatemi et al. [28]. In that
paper they find that for a three Josephson junction circuit, where the three terminals
are connected by an upper and lower common line, that for an offset of cooper pair
charge being n = 0.5, there exist two Weyl nodes. These nodes seem to be located
close to the same phase differences as the x = 0 conical intersections as in my three
terminal Josephson junctions for equal coupling t, = t . Suggesting that there might
be the same symmetries in both systems for these parameters, which might mean that
there exist some N-terminal junction/N junction circuit correspondence for some set of
parameters.

8.2 Topological matter

In chapter 6 I found the bound states and their energies. Where I have hinted that there
might be something interesting happening in terms of topological quantities. However
I have not in any details studied the actual topological properties which Riwar et al. in
their paper [1] have pointed out as interesting. It therefore might be really interesting in
further works, to determine these with an in depth description of the topology involved
in the system.
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Chapter 9

Conclusion

I have found that by having N superconductors weakly coupling to a single spin split
Anderson impurity, bound states appear in the form of Yu-Shiba-Rusinov states. These
states can be described as depending a parameter x which livesina N — 1 dimensional
quasi-momentum space of phase differences.

I have found these states and their energies, and have extensively examined the sym-
metries and other properties of the parameter x. I found that it encodes the information
of lead asymmetry, and depends on both the individual lead-dot coupling strengths as
well as differences in phases between leads. I have found that the extrema of the ener-
gies of the states must also be at the extrema of this parameter x. Here I have shown
that the parameter allows for extrema which are in a certain interval, meaning that for
these N terminal junctions the 0 and 7 junction classification has to be generalized to
allow for a new type, which I have chosen to call a x junction.

I have then found the supercurrents that form in these N terminal junction, and have
used these in a simple example of a quantum electromagnetic circuit, which might have
characteristics needed for creating a quantum bit.

Lastly I have given an overview of two areas of research, within an overarching topic
of topology and symmetries, where I suspect this thesis might be of further use.
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Appendix A

Finding the energy of a Bogoliubov
quasi-particle

A.1 The energy of a Bogoliubov quasi-particle without a mag-
netic field

From the main text it was found that (in equations (3.12) and (3.13))

Ep = &(|uel® — [on[?) + Aguiox + Dpugoy (A1)
0 = 280 — Ap(uf)> + Afoi (A2)
Note that since E;, € R either Ayu;o;, Ajuo, € R or Ayugop + Ajuo, = 0 (while T

will not show it here, the second case is a special case of the first, meaning that the first
is the most general). This means that I can find a real number 7, such that

r

upop = A : (A.3)

A
by then multiplying equation (A.2) by u,vy, it follows that
2

A?

T |1 + |og|r (A4)
k

! * * * *
0 = (2&vu; — A (1) + Do) wevi = 28

I then see that by squaring equation (A.3), it also follows that
2 20 121 12
r = |ug|"[og] " Ag ] (A.5)
Inserting this new relation it follows that

! 2 12 2 2
0 = 23 || “|vg|” — [ug|"r + |y |7 (A.6)
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Meaning the real number must be

2112
|uge|” ||

r=2¢ (A7)

ko2 2
|ge|” = |0kl
Substituting the real number into equation (A.1), then shows that
2 2
Ee = Cel[mel” — |oe[*) +2r
212
= sl [oyf?) + 45
|uge|” = [0kl
2 2\2
_ Gl + o)
- 2 2
|y |” — Jok|
Ck

=7 2 .2
|ui|” — |

By then once again using that |u;|* + |v|* = 11 get the relations that

1 g
=5 + 2F, (A.8)
_ 1 G
=3 3 (A.9)

2

||
2

|0

where the complex phases of 1y and v; can be chosen semi arbitrarily such that arg(u;) +
arg(vy) = arg(Ay) (mod 27). Which shows that

gl — o2 = & (A10)
k

Inserting this into equations (A.7) and squaring (A.5) and also dividing by |u|*|v; |, 1
find the energy from

2
AE¢ uy*og|* = ER (1 - g’;) = A (A.11)
k

Meaning that I get the energy as

Er = &G+ A (A.12)

A.2 The energy of a Bogoliubov quasi-particle in magnetic field

By adding a spin index to the energy for the electrons, such that {;, = & + ¢, I find
that the commutator of the quasi-particle in equation (3.11) now instead gives

Eto = Ciolux]® — Ee_o |0 + Auivg + Afugoy (A.13)
! * %32 x_ 2
0 = (Cko + Ck—o) Ukt — Oy (ug)” + Dgvg (A.14)
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which simplifies to

Evo = &0 + &l — [0 ?) + Agufop + Afugoy (A.15)
0 = 28001 — A(ul)? + Ao} (A.16)

This mean that the only change is that the energy of the quasi-particle now also have
the same spin energy as the electrons.

Eka = Ek + g(r (A-17)

where the energy E; = /& + |A|” following the same arguments as in appendix A.1.

57



Appendix B

Schrieffer-Wolff quantities

B.1 Commutators of the Schrieffer-Wolff transformation

Below is a list of all the involved commutators of the first order SW transformation

Vre i = 7ded,,

[vﬂwwd | = =Ygy
_d*d(,,ryy,d, S L
-derU,'yy/d = —')/V/d 3,y
:ninT,'yy/d o= —n_ "V;/d /
:ninT,’yy/d = n_ g ypdy

For the second order I make use of the commutators below

t —
[’yyd dyc,y] = 'yy 0o = Uyl

s dbey] = d eyt
[n _U'yyd d*/c W= _0.(')/;(:]/‘/50,0/ — Uyngd,,) + ﬁacyd_w/’y;
[’dem d o€ ’] Yy —vynaéw
1o Vpde s dt/cﬂ’] == ('YM w00 Uuttg0yyr) + Mo Vpb gy
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(B.1)
(B.2)
(B.3)
(B.4)
(B.5)
(B.6)

(B.7)
(B.8)
(B.9)

(B.10)

(B.11)



[w
(n_,vhd
[7ad
n_gvpd

'Ud dd-/

o Cpiy] = -
o 0] = d_ ooV 0 gy
" ]: I
o ;, U] %5

B.2 Schrieffer-Wolff transformation coefficients

W = bty < oo — Cao — Buk_ g"‘ o = b E“’k )
(gﬂéﬂ Cda) zxk (C - Cda ) a k
a— t*,< Cu ~bir = U —Eu__ fao ~ Sr — Eu
2 2
H o (60&0’ - gda - U) - Eock (‘;w gda) ak
gzx'a/ B Cda' —u- sz'k’ _ gzx’a’ B gda' B Eu/k’ )
2 2 2 2
(Co/a/ - gda’ - U) - Ea/k/ ( o T gda/) - Eo/k/
A
Z o=ttt &
H e (‘;w - gda)z - Eik
X A A
Tm/ = tﬂt;/ < : 2 2 s )
(Caca - Cd[f - U) - Eak (gtxa Cd(f) zxk
A
D ., =t,t., =
H o (‘;w gda) zxk
Sy S S
H e (Caca - Cd[f - U)Z - Eik (CIXU - Cdv)z - Eik

K =t t < Caa_gda_u_Eak o Czw_gda_Eock )
p = ey 2 2 2 2
(Caa - Cdlf - U) - Etxk (éaa - gda) - szk
The special redefined coefficients read as
W//:tytyl< gaa_gdtr_u_Eak gaa_ng_E
H 4 (éw - gda - u)z - Eik (ézw - éda)z - Eik
+ (:o/o" B gda' —u- sz’k’ éo/a’ — gd(?’/ — Etx’k' )
2 2 2 2
(‘:a'a’ - éda’ - U) - Eo/k' (Ca'vl - gda’) - Eu/k’
tuty A A
Z;y/:y:( : 2 > T az 2)
(gzw - gda - U) - Eak (élXU’ - gd(f) - Eock

the others trivially follow from the ones above this.
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(B.12)
(B.13)
(B.14)
(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)



Under the approximation of the main text for A, = A the other redefined coefficients
become

bty A A1 + x2 AT
Z = ”4" (AZ + 2) = ZtVt;/% x — (B.25)
Gi (g +U) u(l—-x7)" u

bty A A AT
Hr 2 \¢& (&+Uu) Pur1—-x)° U
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Appendix C

Determinant of special block
matrices

For a 2N x 2N block matrix M of the form

[]1] (N-1,N-1) [0] (N-1,1) [0](N—1,N—l) [v/](N—l,l)

o (Trady Vo N _ | OV 1gea o 0NV oy
WJN 1+ b5N [0] (N-1,N-1) [w/](N—l,l) []1] (N-1,N-1) [0] (N-1,1)
o) "N WNN 0] N 1+b

(C.1)

Where |_] (i) signifies that the block is a i X j matrix, with its elements described by
what is inside of the parenthesis, and the vectors v', w' are the first N-1 entries in the
vector v; = (Vdy); y- The following simplification of the determinant then takes place
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Showing that

] (N-LN-D)
det(M) =(1+a) [0](N—1,N—1)

[0] (1,N-1)

—=(1+a)(1+D)

+ (=) Noyn(-D)N gy 0]

[0] (1,N71)

[0] (N-1,N-1)
[11] (N-1,N-1)

0]

N-1,1)
[0](1\]—1,1)

o]MN D 14
[ﬂ](Nfl,Nfl) [0] (N-1,1)
+ (_1)N,UNN [0] (N*l,N*l) [wl](Nfl,l) []l] (N,LN,])

WNN

1 (N-1LN-1) [0](N71,N71)

[0] (N-1,N-1) []l] (N-1,N-1)

=(1+a)(1+b) —oyywnn

1 + Q(SN
Wo,

Véy
1+ bdy
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Wy 140

[0](N71,N71)

[0] (1,N71)

(C.2)

(C.3)
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