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Abstract

This thesis sets out to investigate the effects of magnetic and non-magnetic disorder in superconducting
systems. Of particular interest are topological superconducting wires and how impurity disorder in the
lattice can effect such systems. We extend the BCS theory of superconductivity and use the self-consistent
Born approximation to create a low correlation and weak density disorder model to predict the influence of
impurities. The formalism developed is able to take into account low fillings of the superconductor. In bulk
s-wave superconductivity we find results in accordance with Anderson’s theorem contrasted to magnetic
impurities which affect the density of states. Our main result is for bulk p-wave superconductivity where we
find both magnetic and non-magnetic type disorder affect the model equally. Finally we use these results to
infer the effect of disorder in 1D wire systems on Majorana edge modes.
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1 Introduction

The topic of this thesis is to investigate the effects of disorder in superconducting materials. We do this by
analyzing the tunneling density of states. Of particular interest and focus is the one dimensional topological
superconducting wire. Many of the results are derived using a self-consistent implementation of the first Born
approximation scheme. These approximation methods can be explained using diagrammatics within the Green’s
function formalism of single (quasi-) particle interactions. That is, we are working from a standpoint of assumed
low correlations and low disorder density which we discuss the justification of in detail.

The underlying motivation for this thesis stems from proximity induced superconductivity in a semiconductor
with spin-orbit interaction subject to a strong magnetic field giving rise to topological superconductivity. In
such a proximitized system the existence of Majorana modes has been proposed near the ends of the wire. Such
Majorana modes exhibit stability from decoherence because of their non-local natureand and may be useful for
realizing qubits and quantum computers. It is of interest to those producing such systems what kind of margins
there is in the manufacturing process with regards to disorder and impurities. So we seek out to investigate
what happens when impurities are added to otherwise ideal superconducting systems.

The thesis is given a chronological structure, the preliminaries for both theory and experimental notions are
detailed in this introductory chapter. Then it moves on to give a brief introduction to the Green’s function
formalism and BCS theory of superconductivity. One of our main results will be to reproduce and generalize
results from long standing methods such as covered in Rickayzen [10]. These results are compared and contrasted
with my own exact analytical calculations in Chapter 2.2.

We shall introduce a model used for topological superconductivity in 1D similar to the presentation given in
Oreg et. al. [9]. This model is a modified BCS model including both spin-orbit interactions and an externally
supplied magnetic field. We use a Schriefer Wolff approximation to find this equivalent to a p-wave supercon-
ducting model and apply the Born approximation. The results are compared extensively to the BCS formalism
in Chapter 2.5.

Moving on to the preliminaries. Let’s start by introducing the important second quantization, I shall do
this rather physically and not care about the specifics of deriving the algebra mathematically. In quantum
mechanics the motion of particles are described by Schridinger’s equation

H(z) = By (x) (L1)

where H is the energy operator, called the Hamiltonian, E is the energy of the particle and 1 is the wave
function such that |i|° is the probability distribution in space (and time), i.e. the likelyhood of where the
particle can be observed. Another way of writing the wave function ¢ is to use bra-ket notation so that the
ket |1) represents the wave function in Schrédinger’s equation above. The advantage of this notation comes
when the system in consideration may effectively be described by quantum numbers such as momentum k or
spin ¢ =1,|. This simply means all all the relevant information of the system may be described using these
quantum numbers and how they relate to Schrodinger’s equation. Then we write the wavefunction as |k, o) for
a particle with momentum % and spin o—which can be either up or down in this case. As an abstraction we
may collect such quantum numbers in a single symbol like v, e.g. |v) meaning a particle in a state described
with quantum number(s) v.

Now, for many particle systems it is convenient to introduce the occupation number representation where
we write |ny,,My,,...) for a system with n,, particles described by the quantum number vy and n,, in state
vo and so on. We can change the number of particles by inserting or removing a particle in state v; by writing
either |...,n,, +1,...) or |...,n,, —1,...). To do this formally we define so called creation and annihilation
operators ’t/)li and 1,,, respectively. They are simply functions acting on the wave function kets either creating
or removing a particle from the system. In detail they either create or remove a particle in the state v; from
the system, respectively, e.g.

W],

These creation and annihilation operators create a basis for making all possible combinations of many body
particle configurations so any Hamiltonian may be expressed in terms of these, e.g. the free particle kinetic
energy operator takes the form

cey Ny ) X |oeyng, + 1,000 and 4y,

e Ny X oy, — 1,00 (1.2)

7

Th2k2
T= . 1.3
;¢k 2m ¢k ( )
We call T the second quantized form of the kinetic energy operator. Notice the 'first quantized’, or at least
the more familiar form, is sandwiched between the second quantized operators, namely the kinetic operator

T — Rk

2m
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One particular idea which shall become very useful for our understanding of these exotic ’1D’ systems is
the idea of quasi dimensionality and localization. Consider a free electron gas, i.e. non-interacting electrons, in
some 2 dimensional material, e.g. a metallic conductor. If we add a strong constant potential V' everywhere
except a thin strip of width L along the z-axis we have then localized the electrons to this strip. But what does
this mean, exactly? Although the electrons may still move as free particles along the z-direction, they have
been confined to a square box in the y-direction occupying energy levels that are inversely proportional to L?:

_ 2m2h?

n

ny = o, (14)

here n, is the wave number in the y-direction. As the width of this strip L gets increasingly small the energy
levels get proportionally more and more spaced out. So for very small widths L the higher energy levels, e.g.
n, = 2, are inaccessible to the electrons. So the electrons are forced to move along a long wire embedded in the
2 dimensional plane, effectively creating a 1D free electron gas.

There are many ways to realize such 1D systems. One of them is to selectively dope materials to increase
or decrease the local potentials thus traping free electrons in such embedded wire structures. This is heavily
utilized in the semiconductor industry. But in fact one can imagine an 2D insulating system and one may
deposit or etch a metallic material on top in a pattern resembling two rectangles, of a distance apart L, covering
a closed area of the insulator substrate. One can apply a voltage to these metallic gates and create the potential
V in this fashion. This is particularly useful for tuning the filling of electrons in the conductance band of
semiconductors

1.1 Superconductivity and its Microscopics

Electrical resistance can be explained as the obstruction of free electrons flowing in a material: as electrons
move they may encounter atoms which introduces an electrical resistance. Superconductivity was fist discovered
in 1911 by Heike K. Onnes who measured a zero resistivity of solid Mercury at temperatures below 4.2K. This
temperature transition between a normal material and the superconducting state is called the critical temper-
ature, T.. Although there was many interesting experiments involving superconductors in the following years
uncovering a manifold of exotic physics, see e.g. the Meissner effect or Flur pinning, the mechanism behind
superconductivity explained until 1957. The explanation, provided by Berdeen, Cooper and Schrieffer [BCS]
cemented the foundation for the modern study of superconductivity and in particular this thesis. Superconduc-
tivity may naively be defined as the absence of electrical resistance but in modern times the superconducting
state is often defined as a perfect diamagnet as they expel magnetic fields perfectly.

Colloquially the BCS theory proposes an instability of the normal state system when cooled below a certain
critical temperature T, if the interactions between electrons becomes attractive. Through tedious and very
careful calculations one can find by including the interactions of the lattice vibrations and the electrons the
effective electron-electron interaction becomes attractive at certain energy levels below the critical temperature!.
This causes pairs of electrons to condense into so called Cooper pairs. The Cooper pairs condensate move nigh
unhindered in the material giving rise to superconductivity.

An informative picture to have in mind when thinking of this process is to consider an electron moving
through the material, as it does it attracts, although only slightly, nearby atoms moving them closer, increas-
ing the positive charge density locally. Any other nearby electron will be attracted to this locally positive
charge forming the cooper pair. Throughout the whole lattice many such pairs are created forming a so called
condensate.

Mathematically we can describe this model through the Hamiltonian of a free electron gas with an attractive
electron-electron interaction potential between Vi i/ as follows

Hpes = » iy ko + > Vk,k’wbiw_kﬂbfkwwk’m (1.5)
o K/

where Vi r < 0 for energies lower than the Debye frequency and & = k?/2m — u is the electron spectrum
with chemical potential y. By doing a Hartree Fock Mean Field approximation, see Appendix C for details, we
obtain the familiar BCS mean-field Hamiltonian

Hyds =Y bl e + > [Btfq bl +hee] where A= View (¥ 1et) - (1.6)
k/

k,o k

Here ”h.c.” denotes the Hermitian conjugate of the previous term and (—) is the thermal average.

INote there may be another mechanism behind generating an attractive effective electron-electron interaction than lattice
vibrations, see for example the mechanisms behind different types of unconventional superconductivity. But it is generally accepted
that whatever mechanism is behind this attractive potential, once there, it allows for superconductivity.
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Because of the structure of this Hamiltonian we are able to describe it more simply using the so called
Nambu Spinors, in imaginary time 7

Ui(r) = (0l (1) vaa(n) and Wi(r) = ( ﬁkT((TT)))-

—kJ

(1.7)

This enables the definition of the Bogoliubov de Gennes [BAG] Hamiltonian is as
A
HEIC = <5‘1 k). 1.8
k AL —& (1.8)

Such that the relation between the BCS mean field Hamiltonian and the BdG is Higg = >, \I/LHEdG\IIk. The
eigenenergies of this BAG Hamiltonian are exactly the same as the BCS mean field Hamiltonian and are found
to be Exi = ++/& + AZ, that is the gap function Ay induces a gap in the spectrum of the system.

The BAG Hamiltonian has all the important characteristic information of the system. Conveniently we
may write it in terms of the Pauli matrices, o;, as they contrive a basis for the 2 x 2 Hermitian matrices, as
HEdG = &kos + Aoy + Afo_ where oy = % and

10 0 1 0 —i 1 0
00:(0 1), 01:<1 0), 02:<Z. O) and 03:(0 1). (1.9)

If the gap function is chosen to be real this simplifies even further to the form ’HE’dG = &kos + Agop. To find
the new energies of the system it is simply a matter of finding the eigenvalues of the BdG Hamiltonian, they
are B2 = 512( + \Ak\Q. But one might realistically ponder as to the distribution of particles at these energies. To
answer this we must apply the Green’s Function formalism, the (imaginary time) Green’s function is defined as

G(k,7) == — (T, Uy (1)} (0)), (1.10)

where 7T, is the imaginary time ordering. From this it can be shown, using the equations of motion, that it
must satisfy the Green’s function equation

(0r — HBING(k, ) = 1. (1.11)

This algebraic equations is easily solved in Matsubara frequency space, iw,, that is a discrete Fourier transform
of 7, (iw, — HEIS)G(k,iw,) = 1, the solution is the Green’s function

-1
' i — & — Ay 1 <iwn + &k Ay >

k n) = " . = - * . . 1'12

Gk den) ( —AL iwn + fk) W&+ A\ Ak dwn &k -

As we shall see below the Green’s function contain much of the important information about the system. For
example doing a Wick rotation (iw, — w +in) and taking the imaginary part one can find the density of states
of the system. Colloquially the density of states is the distribution of particles as a function of energies, i.e. at
which energies are you more likely to find particles.

On a final note let’s build some intuition of what this Green’s Function is physically. From the defining equa-
tion, eq. (1.10), the Green’s function is the expectation value of the time ordered field operators \I/k(T)‘I/]T((O).
This pair of operators simply mean creating a particle at time 0 with momentum k and removing a particle
at time 7 with that same momentum. As an analogy we can think of a billiard table: the Green’s function
represents the probability of putting a ball on the table with momentum %k and then at a later time 7 taking
out a ball with that same momentum. In this analogy the system is the billiard table with however many balls
might be on it. After the billiard ball is inserted it can move around and disturb the system by hitting other
billiard balls and thereby scattering into other momentum states.

1.2 Majorana Fermions, Tunneling Experiments and Quantum Computing

A large proportion of modern research in condensed matter physics has some kind of relation to quantum
computing. There is a great ongoing discussion of how these quantum computers can be best realized physically
depending on their specifications. In this chapter we introduce one proposed method involving the so called
Majorana Fermions and consider how they can be used for quantum computing.

Majorana Fermions are a emergent phenomenon in condensed matter physics and appear near boundaries
in their parent systems, e.g. a 1D wire geometry they might appear near the edge of the wire. We give a brief
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introduction to these special particles based on Leijnse et. al. [7]. Consider a mathematical model of a wire
system where the particles can ’hop’ between different sites,

N-1
Hyire = Y _ teleipg +hc., (1.13)

i=1

where czT and ¢; create and remove a particle at site . We can rewrite this model by defining canonical Majorana
operators meaning they are Hermitian
i_ 1

Vil 1= c;[ +¢ and 0= z(clT —¢;) such that ¢

) 1 .
i 2(71',1 — l’}/i,g) and ¢; = 7('71’,1 + Z’yi72). (1.14)

2

So far this is simply another way of expressing the same creation and annihilation operators at each site ¢, but
we now have twice as many of them, 2N to be exact. Essentially we have a 2N lattice instead consisting of
these v operators, particularly we can relabel them into 7q,...,vsn. Combining these into N — 1 non-locally
paired operators f; := %('ygi,l + i72;) that consist of operators on neighbouring sites rather than the same site,
we can rewrite the Hamiltonian as

N—1
Hyie =2t > f1fi. (1.15)
i=1
Notice the ends yx,2 and ~;,; are left out from this expression! Combining the two Majorana operators at the
end of the wire into the single Fermionic operator

far = 3 + i), (1.16)

This is of course a highly non-local state comprised of the two local Majorana operators y; and yon. Since this
Majorana Fermion is absent from the Hamiltonian the energy cost from occupying it is identically zero. This
model is the most simple case where one can demonstrate Majorana physics. Importantly this same Majorana
state can exist in a one dimensional p-wave superconductor.

But how are these Majorana edge modes used in quantum computation, surely we would need more than
a single wire to make computation operations. By themselves they are not useful, but by arranging them in
arrays, e.g. as proposed by Tutschku et. al. [13] or Karzig et. al. [6], one can by manipulating gate voltages
braid the Majorana fermions. Braiding means rotating two Majorana modes around eachother and because of
the non-abelian exchange statistics of these modes their wave function is changed in a non-trivial manner. This
is exactly how the Majorana modes can be used as qubits and manipulated to realize quantum computation.

So how are these Majorana modes measured? Consider the following setup: A material is supplied with
some voltage V and a metallic probe is brought close to the surface of the material. As a function of the voltage
difference between the probe and the material V' there is an induced current between the material and the probe
that stems from electrons tunneling through the space between them. Mathematically one can show, see e.g. [3],
the differential conductance is proportional to the spectral function A of the material at very low temperatures

dI
T Zk:A(k, —eV), (1.17)

where —eV is the energy transfer of a single electron tunneling through the potential gap V. This spectral
function is simply the imaginary part of the Green’s function as defined in eq. (1.10)

A(k,w) = —2Im[GR(k,w + in)]. (1.18)

Particularly the spectral function is often called the (non-local) density of states [DOS]. As the Majorana mode
is a zero energy excitation the indicator for the existence of a Majorana mode in a material is correlated to a
peak at w = 0. Equivalently in the measurement setup described the Majorana mode occurs at V' = 0 often
called a zero-bias peak or ZBP for short.

Lastly let’s mention the prozimity effect which happens to materials in close proximity to a superconduc-
tor. In the interface between between a superconductor and a normal state (non-superconducting) material
the cooper pairs can tunnel into the normal state material. This can induce superconductivity in the normal
state material. The range of the induced superconductivity is limited by Cooper pairs scattering on impurities
and other interactions in the normal state material causing decoherence in the tunneled Cooper pairs. Con-
versely the electrons of the normal state can tunnel into the superconductor through negatively affecting the
superconducting state near the boundary. The proximity effect is a key component to realizing topological
superconductors such as the 1D wire discussed above.
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2 The Effects of Impurities in Bulk Superconductors

In this chapter we analyze the effects of impurities in superconductors. Particularly we follow the approach of
Rickayzen [10] using a self-consistent method based on the First Born Approximation [I1BA]. First we introduce
4-Nambu spinors and analyze the familiar BCS theory through this scope. Then we consider a low energy
approximation to realize an effective p-wave superconducting 2 x 2-model from an s-wave superconducting
4 x 4-model with spin-orbit interaction and Zeeman splitting and analyze the effects of impurities on this model.
We introduce impurity potentials and formulate analytic results, through the means of the self-consistent 1BA,
of their effect on the systems parameters such as the gap function.

The effects of proximity induced superconductivity in a semiconductor with an externally supplied magnetic
field and spin-orbit interactions are intensely studied within the field and there are numerous results quantita-
tively stating the effect of impurities on such models, see eq. (2.3) below. Two important results for s-wave
superconductors are Lutchyn et. al. [8] and Sau et. al. [11]. The former studies the effects of magnetic impurities
on the superconductivity induced in a 1D wire and finds a certain robustness. The latter case studies a similar
setup but with impurities on the surface of the semiconductor instead which Sau et. al. concludes that the
effects of doping can be minimized by increasing the Zeeman splitting compared to the spin-orbit interaction
energies.

Where it is possible the formalism we use shall not be restricted to a specific dimension and make use of
natural units setting h = 1.

As mentioned earlier we wish to modify the BCS theory to also include Rashaba spin-orbit interaction and
Zeeman splitting from a magnetic field. First we extend the BCS model to a 4 x4 Nambu model to accommodate
the possible breaking of time reversal symmetry of the magnetic impurities which will be the first case study of
this thesis. For a suitable choice of Nambu spinors?

Vi) = () e e 1) = (v vle) v wm), (2.1)
the 4 x 4 BCS Hamiltonian is described as follows
H(k) = Ho(k) + H/(k) = fk’Tg + A(k)TQO’Q. (22)

The Pauli matrices 7; and o; correspond to particle-hole and spin up-down spaces respectively. The first part
describes a free electron gas, Ho = k73 where & = % — v is the electron dispersion with mass m and chemical
potential . The second part describes the superconductivity H' = A(k)maoa, where A(k) is the BCS gap
function introduced above.

Rashaba spin-orbit interaction stems from the relativistic effect of charged particles (electrons) moving
through an electric field. Consider an electron moving through an electric field E, in the electrons stationary
frame of reference this corresponds to a magnetic field B = —C%v x E. As the electron has spin it couples to this
magnetic field described by the Hamiltonian term H' = —-M-B = (Q”TBO') : (C%V X E) This readily reduces to
the form presented below to the one above with an appropriate definition of u. In this model the electric field
comes from the atoms of the system which is why it is considered a spin-orbit interaction.

Consider a one dimensional wire which will serve as the main model of concern, in this case we may pick the
a specific geometry of the setup. Let the wire lie along the y-axis, the spin orbit interaction in the z direction
and the magnetic field to be along the x-direction giving the Hamiltonian

H(k) = ks + A(k)Ta09 + ukos + Bos. (2.3)

The eigenenergies of this model are

EZ, = K2 4 A%(k) + € + 2,/ K262 + B2A2(k), (2.4)

where K := vu2k? + B2. At k = 0 the energies are
B3, =B*+ A3+ u?+2y/B2u2 + B2A? or Eoy = |B+/A3+ u2l. (2.5)
As the chemical potential is known to rapidly decrease at the border of most materials the condition B2 > A24p2

is often called the topological phase. In one dimensional systems this phase can harbor Majorana Fermion states
at the end of the wire.

2This transforms in to the possibly more familiar basis of pair-time reversed pair, ¥ (r) = <1/)$(r) wI(r) Py (r) fwT(r)>,
through the unitary U =1 @ ioy
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We are constrained by the inherent complexity of this model, in that this is nearly impossible to analyze
analytically, as is, with Green’s functions. So later the approximation uk < B is used as the magnetic field
is tuned to be very high in these systems. It is however not immediately evident how to implement this
approximation. This is exactly the topic of Chapter 2.3 where a so called Schrieffer—Wolff approximation is
introduced. A simpler model without spin-orbit interaction or an externally supplied magnetic field can however
be solved using Green’s function formalism as this is an extension of the BCS model of superconductivity.

2.1 The Self-Consistent First Born Approximation

There are many tools in the physicists phys-belt to deal with disorder in systems. One of them is the Born
approximation—the name is slightly misleading as it suggests there is only one, but really it is a diverse complex
of approximations. To be as accurate as possible we shall use a self-consistent first Born approximation or
SC1BA. The underlying theory stems from deriving Feynman rules governing the impurity potentials, for a full
description of this derivation I recommend reading chapter 12 in [3] which this chapter shall be largely based
on. The goal is to find the best possible approximate Green’s function for a system with discrete impurities.
In the Born approximation one introduces the impurity averaged Green’s function as the sum over all possible
uncorrelated impurity configurations.

The propagator of a system subject to a diagonal single-particle potential V' from point b to point a can be
written as the Dyson equation

G(a,b) = Go(a,b) +/go(a, c)V(e)G(c,b)de, (2.6)

here the labels a, b, c etc. mean points in the phase space of the system, e.g. in position, spin and imaginary time
domain these are a = (r,, 04, 7,) and the integral is over the domain of this phase space. For time independent
potentials, i.e. elastic scattering, the integral over over time can be neglected if the bare Green’s function is
time translation invariant. Take V to be a sum of impurity potentials, e.g.

V(r) =Y u(r—Ry), (2.7)

)

where R; are uncorrelated and randomly distributed in the system. Using this potential in eq. (2.6) gives
equations too complicated to solve exactly but we might hope to solve how this effects a system on average.
Define the impurity averaged Green’s function as the average of all possible system configurations. Our goal is
then to find an expression for this impurity averaged Green’s function.

The Born approximation is most elegantly formulated using Feynman diagrams, as such we shall use this as
our starting point in this thesis. The impurity averaged Green’s function in the Born approximation is defined
as the sum of all n-order topologically different diagrams containing n + 1 propagator lines and p impurities in
an unbroken chain scattering off p < n impurities exactly n times. Furthermore one should sum over all internal
momenta in the diagrams. We may define the self-energy 3 as the impurity averaged Green’s function without
the external Fermion lines, i.e. we can write it as the following diagrams

0 a % 0
Skiwn) =1+ 7 N+ l (2.8a)
: s, N | |
Q. 0 R A 2 °© 9 9 9
+ 7+ R I Y E T (2.8b)
, I N I , . , | N , . I I I I
//R\ /Q\ /Q\ /Q\
+ N e T K N et Al (2.8¢)
/ \ \\ 4 4 N N 4 , N N

The Fermion lines denote the pure system, denoted Gg, but in general this does not have to be a 4 x 4 (or
even 2 X 2) Nambu-Gorkov Green’s function. The potential V may contain internal degrees of freedom, such as
atomic spin, which should also average over as by definition the impurity averaged Green’s function is the sum
of all disorder configurations. The impurity averaged Green’s function is labeled G from here on out.

One often neglects contributions from reducible diagrams, i.e. ones that can be cut into two by removing a
single Fermion line, e.g. diagrams 2 and 4 of eq. line (2.8b). Another type of diagram that are often ignored
are the crossing diagrams, such as the middle one shown above in eq. line (2.8¢). The justification for this
is as follows: Consider the non crossing diagram that is the third diagram in eq. line (2.8c). The available
phase space of the two internal momenta k; and ks are hollow hyperspheres of surface width Ak = 1/l and
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radius close to the Fermi momentum, kr. That is, the phase space Qnon-crossing 1S proportional to the volume
of the product the two hyperspheres, which is (47k%Ak)? in 3D3. Meanwhile the crossing diagram, the second
diagram in eq. line (2.8¢c), there is the additional constraint that |k + ko — k;| &~ kp which constrains the
momentum transfer to a torus-like shape in the intersection of the two hollow spheres. The volume of this is
Qcrossing X (47Tk%Ak)(27TkFAk2). In conclusion the crossing diagram is suppressed relative to the non crossing
diagram by a factor of Ak/kp. The translation is ofcourse that the product of the average length between
scattering events [ and the Fermi momentum kg should be large, or 1/kpl < 1 for this approximation to be
justified. In some doped semiconducting systems this is however not true as the Fermi wavelength is much
longer attributed to the comparatively small chemical potential relative to metals. This can lead to an increase
in resistivity which is due to weak localization that comes from to these crossing diagrams, see. e.g. [3] Chapter
16.

Returning to the self-energy and the impurity averaged Green’s function G. For translation invariant bare
systems the Green’s function Go(k,k’,iw,) is only a function a single momentum k, see Appendix A. Using
this assumption and additionally that the impurity averaging should restore translational invariance by Fourier
transforming eq. (2.6) into the following (algebraic) Dyson equation

G(k,iwn) = Go(k, iwy) + Go(k, iwy,)X(k, iw, )G (k, iwy,). (2.9)

As the name suggests it is an algebraic equation and can readily be solved by (matrix-) algebraic operations
giving
Gk, iwy,) = Gy Hk, iw,) — 2(k, dwy,). (2.10)

This serves an expression for the impurity averaged Green’s function and the only question that remains is
how to pick the self-energy . Formally this is written in eq. (2.8) it is impossible for us to sum all of these
diagrams. Instead we introduce two of the most common ways to go about determining X.

The First Born Approzimation [1BA] is a first order approximation, taking into account only the simplest
diagram describing scattering twice on a single impurity. In the 1BA the self-energy is given by

V(k —K) /Q‘V(k’—k) .
SIBA (K iw,,) = N = > V(k — K)Go(K,iwn)V(K' — k). (2.11)
Go(k'yiwn) k'

This means the (impurity averaged) full Green’s function can be written either as
1
G'PA(K, iwy) = Go(k, iwn) + Go(k, iwn) {v > V(k = K)Go(K', iwn) V(K — k)| Go(k, i), (2.12)
k/

or found by inverting eq. (2.10) after inserting the expression for the self-energy found in eq. (2.11).

The self-consistent first Born approximation [SC1BA] consists of replacing the bare Green’s function prop-
agator lines with the impurity averaged Green’s function G to get a self-consistency equation, in the 1BA; by
combining eqgs. (2.11) and (2.10) to get

Vk-K) 2 V(K —k)

‘ 1 / ’ /
SSCIBA (K iw,) = » < L = & > Vi~ K)G(K, iwn V(K k), (2.13)
G(K' jiwy) K’
and
Gk, iwn) = Go t(k,iwn) — B(k,iw,) = Go *(k, iwy,) — % > V(k - K)G(K, iw,) V(K — k). (2.14)
k/

We say this is the self-consistent equation for G in the SC1BA. Note that we are still clueless as to the structure
of G, and this is an additional assumption one has to intuit into the formalism. In the SC1BA the self-energy
can be written diagrammatically

/Q\ /Q\ /Q\ /Q\
Skiiwy) = 7 N+ A+ 0 N T at s+ (2.15)
7 A N /l s ¢ N \l 7 ¢ N /l s ¢ N \l

3Although this argument is very dimension sensitive one can easily be convinced that the dimension of the phase space of
crossing diagrams is always one lower than the non-crossing ones.
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That is all the sum of all possible combinations of these wigwam tents, i.e. of the form in eq. (2.11), either next
to eachother or under one another. Here the Fermion propagator lines represent the bare Green’s function Gy.
For example we might take the Green’s function of the free electron model

1
Z‘Wn - 51{7
where & = % — p, m is the electron mass and p is the chemical potential. Then a parametrization of the
renormalized Green’s function G under some impurity potential ¥, may be taken to be

. 1 = k2 .
g(k, an) == where ék = . (217)
i — &k

Go(k,iwn) = (2.16)

Here the ’guess’ consists of making the renormalized frequencies iw,, and dispersion 51( look like similar functions
of k as the originals. This is not an exact science but as we shall see below for §(r)-like impurity potentials
these choices will suffice. For the free electron gas the self-consistent equation is

[in, — &)™ = [iwn — &) 7! — % > V(k - K)[ids, — &) VK — k). (2.18)
o

2.2 The Effect of Disorder on the BCS Superconductor

As an example let us apply this newfound Born approximation to the BCS Hamiltonian that serves as a basis
for the model in eq. (2.3). We might ask ourselves what is the effect of impurities in the superconductor?
Physically there could be disorder from an imperfect the manufacturing process of superconductor giving rise
to low density impurities. The effect of such impurities may or may not depend on the spin polarization of the
atoms involved as such our model shall take into account this distinction. For now the dimensionality of the
system is arbitrary meaning constraining to the one dimensional wire geometry comes later. Motivated by this
discussion we define the impurity potential in the Nambu basis stated in eq. (2.1) at the start of this chapter

—Vngar— )+ a- WZsﬁcsr—Rﬁ) where a = goj + 73(01i + 03k), (2.19)

where Sg is the disorder spin operator at site 8 and V, W are the strength of the impurities, here assumed
constant for all impurities. R; and Rg are the positions of the spinless and spinful impurities respectively. For
clarity we define the spinless and spinful parts independently

r):=Vr» d(r—R;) and W(r):=a-W> Szi(r—Rp). (2.20)
i B
Although these might have a strange form to those unfamiliar with the Nambu formalism, V(r) is just a Dirac

Comb like potential acting on both particles and holes of the system while W(r) represents spin operators
located at all the points Rg. Transforming to k—space the impurity potential takes the form

Vg + W3k w1k — W2 Kk 0 0
| wik +two Uk — W3k 0 0
Y(k) = 0 0 R A b (2.21)
0 0 —Wik + W2k  —Vk + W3k

where vk and u, i are the Fourier transformations of the spinless and spinful potential parts, as in eq. (2.20):

=V Z e” R and wi =W Z S; pe K Re, (2.22)
i B

In the 1BA the first order diagrams can be split up into two separate scattering events as shown in Figure
1 below. From this we see the self-energy is

Sk, iwn) = 17 Z V(k — K)G(K ,iw,) V(K — k)) + 5 Z W(k —K)G(K,iw,)W(K —k))g

VZ|vk k'| ng(k an)TS+ Z Wi k— k’aig(k an)wj k/— kaj>S
k’zj

= NV S 70K ion)rs + 3 S(S + DNolW S 3 G, i), (2.23)
k’ k'
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here (—)g is the average of the impurity spins and (Sé5g>s = 15(S + 1)d;j, i.e. the disorder is assumed
paramagnetic.

G (K iw,) G(K iw,)

Figure 1: Feynman diagram scattering on the two types of impurities: spinless and spinful, repre-
sented by vertices o and ® respectively. Notice how in the self-consistent approach the impurity
averaged Green’s function, G, for the internal propagator.

With the self-energy as in 1 the diagramatic series expand this in a similar fashion as above in eq. (2.15),

/Q\ /Q\ /® /Q
Skiiwp) = 77 N+t RN+ 0 N S a (2.24)
. < AN 5/‘ L g4 ‘\3 4 ¢ Ny s NI

Here the Fermion propagator lines represent the bare Green’s function Gg.

It is common practice within self-consistent approximations to parametrize the impurity averaged Green’s
Function in the self-consistent approximation in terms of some coefficient functions as it can be (uniquely up
to a choice of basis) expressed by some linear combination of the basis elements of SU(2)®2. One should easily
be convinced all but the elements chosen bellow should be zero

Gk, iwn) = Gy (K, iwy) — X(k, iwn) = idy, — &3 — A(K)To00. (2.25)

Solving this self-consistent equation provide coupled equations for A and i@, including terms of A and iw,. In
case of an isotropic singlet gap, Ag(k) = A and Ag(k) = A, and quasi particle spectrum &, = k2/2m — p, the
structure of these integrals are very similar to the ones found in Appendix D. In eq. (2.23) change the sum over
k to an integral over k, this can in turn be exchanged for an integral over £ and the integrand is the derivative
of an arctan function. From this argument, using eq. (2.25), we find equations

LG = [ b Ao g O) [ Bt B g TO)D T AR -y o
d . Ry LN e

(2m)4(@2 + & + A?) (2m)4
Here d,,(0) is the normal state density of states at the Fermi level, that is when changing the integral a density
of states appear d,(€) and is approximated as a constant at the Fermi level. Then, by combining eqs. (2.23),
(2.25) and (2.26), in general,

. - = . 11@, —Amnoy 1 11 &y+Anoy 1
(twn, — iw0n) — (b — &)13 — (A — A)p00 = —=—— 272 - - 272 (2.27)

where the parameters of the spinless and spinful impurities are defined respectively

1
7= Ni|V[’d(0) and 75! = gS(S+1)Nﬂ|W|2dn(O). (2.28)

Reducing eq. (2.27) into component wise Gequations, for a 1D wire this gives the following self-consistent

equations ~
1/1 1 On, ~ 1/1 1 A
@n:wn+(+>w and A:A+<—). (2.20)
2\1 73 /w% A2 2\7 T8 /(D% A2
These are well known results, see e.g. Rickayzen [10]. Solving these equations analytically is virtually impossible,

but a numerical solution is readily obtained. As explained in Appendix D doing a Wick rotation and taking the
imaginary part gives the density of states

= Re — (2.30)
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Solving eqs. (2.29) and plotting the density of states one obtains graphs such as shown in Fig. 2 below.

1.5 2 2.5 3
w/A

Figure 2: Plot of the normalized density of states for a superconducting system with different disorder
strengths. The disorder strength 75 ! goes from 0 to 2A as indicated near the graphs. Non-magnetic
impurities are not considered here, see main text for more detail. Note this is based on numerical
simulation rather than analytics.

In Fig. 2 the density of states varies as 75 1is increased. Interestingly we still see hard gap, i.e a region
where the density of states is zero, for non-zero disorder. This is not entirely what one would expect using other
approximation schemes. One such example is found with the Coherent Potential Approximation in an article
by Hlubina et. al. [4]. They find this hard gap to disappear with any added disorder and a soft gap to remain as
the frequency is broadened by the characteristic disorder. In SC1BA this hard gap closes completely when 5 !
is of similar magnitude as the gap A. This is not indicative of a complete destruction of the superconducting
state*. For 5 1> A there are still soft peaks at increasingly larger frequencies w/A. In the limit 5 ! oo the
density of states goes to one, dy(w)/d,(0) — 1 as we would expect. This means for strong magnetic disorder
the DOS of the model returns to that of the free electron gas.

Although not displayed on the plot one can vary 7'[1 independently of 5 ! to find the self-consistent solutions

to be completely independent of Tfl. That is, for any Tfl, varying 75 ! one would obtain the same plot as

in Fig. 2. This is in compliance with Anderson’s theorem which simply states that, namely that conventional
superconductors, such as the BCS theory, are robust with respect to non-magnetic disorder. As such, if Ts Lis
set to 0 and Ti_l is varied arbitrarily one always obtains the BCS DOS, labeled by 0 on the figure.

On a final note before moving on, let’s briefly touch on the dimensionallity of the system. For higher than
1D note that the parameters 7_;1 and s Lin eq. (2.29) can be exchanged for new, dimension dependent, %Z.le
and 74 ;, in relation as follows

Flo=12n) and Fy =1yt (2m) (2.31)

4This can be investigated by solving the self-consistent equation for the BCS order parameter defined above or in Appendix C

10
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That is, a 2D plane superconductor is more robust to disorder by a factor of 27 and a 3D superconductor is
further more robust to disorder by a factor of 27 compared to the 2D plane and (27)? compared to the 1D wire.

In the case of a 1D-wire® the solutions may be obtained exactly by taking into account the renormalization
of the dispersion £;. These integrals are significantly more difficult and we shall only cover them in part here,
but the full solutions can be found in Appendix B. In summary in this exact methodology do not use £ integrals
and instead calculate the Green’s function directly from the k-integral using a suitable choice of contour. As is
shown in Appendix B, the Green’s function Gy(0, 0, iw,,) can be parametrized in terms of functions f,, g, hn as

1
QO(O, O,iwn) = z Z go(k,iwn) = /Rgo(k,lwn)% = —fn [(an + ATQO’g)hn + gnTg] . (232)
k

These functions f,,, gn, h, will depend on the system parameters iw, g and A and their mutual relations as this
will influence the specifics of the contour integral in k. It turns out one of these so called parameter regimes
dominate the others and is the most common. In this case the functions f,, g,, h, take the form

fn: gn = (Ry —p)St + (R- —p)Sy and  hy, :=S_ + 54, (2.33)

1
©8mSLS_\/AZ =2’

where S1 and Ry are the roots of respectively k and € = % in the denominator of G(k, iw,) in eq. (2.32), that

is Sg = \/pu + /A2 — w2, Furthermore parametrizing the impurity averaged Green’s function as above

~ ~ ~ 2 ~ ~
Gk, iwy,) = iy, — &3 — A(K)To00  where &, = 2]“— —f and A(k) = A, (2.34)
m

and using the same integral formalism as was used with Gy, it takes the form

G(0,0, iw,) = % > Gk, iw,) = / G(k,iwyn) dk = — f,[(i0n + Amo02) Ry, + Gns). (2.35)
L R

Here the tilde on the functions f,,, gn, i, mean they have a similar structure as eq. (2.33), but are evaluated in

the renormalized parameters, e.g. Sy = 1/ +1/&2 + A2, Once again this can be put into eq. (2.23) to find

the self-consistent equation

(iwn —iGn) — (Ex —Ek) T3 — (A= A) o0 = —i fn[(mn—&zag)ﬁﬁgﬂg]—; Fal(i@n +ATo09) by +GnTs). (2.36)

K2

The definitions of 7'[1 and 5 L are as before
_ _ 1
= NJV]? and 75t i= 3505+ 1Ng|W |2 (2.37)

Breaking down eq. (2.36) component-wise we see that the mass cannot be renormalized using the Dirac delta

impurity potentials, as the above expression must be true for all k, thus justifying the choice of renormalized
k‘2

dispersion 5k = 5— — fi. Furthermore we find component wise self-consistent equations for the 3 system
parameters
e . -~ |1 1] .. - - |1 1 < - - |1 1] <
1WOn = tWn + fohn | —+ — |00, G=p+ fon|—+ — and A=A+ fuh, |—— —|A. (2.38)
T Tﬂ T Tg T; Tﬁ

These self-consistent equations are of a similar structure to egs. (2.29) found above. These equations a monu-
mentally difficult if not impossible to solve analytically so we instead turn to numerical simulations. Once the
solutions to the renormalized parameters are found they can be inserted into the density of states, which can
be written as B ~

ds(w) = — lim Im[G(0,0,w + in)] = }’% Im[f (@) (0h(®) + g(w)T3)]- (2.39)

n—0

For different values of 5 ! the DOS is plotted in Figure 3 below.

5And technically also in the case a 2D-plane geometry. Although this is only possible when considering the nonlocal GF, that
is Go(0,0, twnp).

11
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Density of states for s-wave SC
T

|ds(w)]/dn(w)

w/A

Figure 3: Plot of the normalized density of states for a superconducting system with different disorder
strengths. The disorder strength Tg ! 90 from 0 to 2 as indicated near the graphs and the relation
between the gap and chemical potential is /A = 10*. Non-magnetic impurities are not considered
here, see the main text for more detail.

At first glance Fig. 3 is very similar to Fig. 2 discussed earlier, and as such might not seem noteworthy. But
this is exactly what is so impressive about the plot! Even after going through all the trouble of solving the k-
space integrals exactly the solutions are similar to those found by the constant density of states approximation.
So in actuality the similarity between Figs. 3 and 2 is a testimony to the effectiveness of this approximation.
The ratio between the chemical potential and gap p/A = 10* is the determining factor in this, however this
resemblance remains even for relatively small fractions p/A.

The impurity parameter 75 ! goes from 0 to 2 in units of the magnitude of Ay/8m3yu. This characteristic
scale was found semi-experimentally, i.e. it is defined as the point at which the hard gap closes completely and
inferred by varying the parameters of the numerical simulation—-both independently and codependently.

The superconducting density of states has been normalized against the normal state density of states d,, (w),
which may be found by setting A = 0 in the Green’s function or in eq. (2.39). There are ofcourse singularities
in the normal state DOS at w = —p but for large i these have minuscule influence on the plotted DOS in Fig
3. Furthermore the model obeys Anderson’s theorem for all values of Tg ! and appear unchanged as Tg L=o.

Particularly for T3 '=o, jw((‘:))

As an aside consider how the parameters are renormalized. The numerical solution to the renormalized
parameters as dictated by the self-consistent equations can be summarized loosely as broadening them by some
small imaginary part while their real part remain mostly untouched. This statement is really about the self-
energy through the relation ¥ = Gy L G=1 ie. the real part of ¥ is comparatively small compared to its
imaginary part—except for inside the hard gap.

One additional feature of doing the integrals in the self-energy in k-space instead of changing to £ is that
it allows us to analyze the small p limit. Physically this occurs in semiconductors or it can be induced by
manipulating the electric potential of the system. However we may still consider what happens with the density
of states for the s-wave superconductor of the extended BCS formalism discussed above. The results of the
self-consistent Born analysis is plotted in Fig. 4 below.

resembles the BCS density of states for all Ti_l.

12
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d(w)/d, (0)

0.6 -

0.4

0
w/A

Figure 4: Plot of the normalized electron density of states for a superconducting system with different
disorder strengths. The disorder strength 75 ! g0 from 0 to 2 similarly to Fig. 3 but with the relation

between the gap and chemical potential is /A = +/15. The frequencies is broadened by a factor
in = 410~*. Non-magnetic impurities are not considered here, see main text for more detail.

By comparing Figs. 3 and 4 the structure of ds becomes slightly more slanted as p is decreased. This effect
comes from the two additional singularities in d; attributed to the function f,, in eq. (2.33) at w = £4/A% 4 p2—
more on this later. Beyond these singularities dy vanish rapidly as w='/? to the right and becomes heavily
suppressed to the left of —y/A2 + p2. When g and A are relatively close the normal state density of states
dn(w) has a non-constant structure close to the gap and serves as a poor normalization factor so the DOS at
the Fermi level d,,(0) is used instead. This allows us to make meaningful comments on the structure of the
superconducting DOS for increasingly small y. Note also the disorder has much a similar effect as for large p
with the exception of where the influence of a modified Van Hove peak at w = —/A2 + 2 is boardened by the
impurities.

Plots in extended frequency space is shown in Fig. 5 below. Here we see the effects of different disorder
strengths on the DOS for low filings p/A = v/15. For very low densities we see the general structure of dg(w)
is retained but the singularity peaks at w = —y/AZ + u2, —A, A, /A2 + p? are smeared out. The peak at
w = /A2 4 ;2 comes as a surprise: in the normal state there is only a singularity at w = —u, the Van Hove
peak. However in the superconducting state there are the coherence peaks at w = £A and a modified Van Hove
peak at w = —/A2Z + p2 and finally the phantom peak at w = /A2 + pu2. 1T am hesitant to write this off as
a numerical error as this is a genuine solution to the self-consistent equations and the peak is broadened once
disorder is added, see e.g. the bottom right of Fig. 5 (a). Note that the phantom peak is narrowed as A is
decreased compared to the three other singularities which are mostly unphased by such changes. The nature of
this phantom peak remains unanswered.

The left most singularity, at w = —+/A2Z + p2 is smeared out for increasing disorder strengths but retain
the structure similar to the bottom left of Fig. 5 (a). That is: there exists some point w, < —y/A?% 4 p? for
which dg(w) vanishes, and this point moves further to the left as T5 ! is increased. In the normal state this point
corresponds to —u and for frequencies smaller than this there are no occupied states.

In the limit where 4 — 0 the Van Hove peak approach the coherence peaks of the superconductor. In
this case the DOS is zero below w = —A for no impurities, but as impurities are added the coherence peak is
broadened and fill some of these states. From the above discussion we can think of this as initially taking w, to

13
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be —A and then decreasing w,, as impurities are added to the system. For example in Fig. 5 (a) w,/A ~ —4
for Tﬁ_l =0 and w,/A ~ —4.5 for TB_I =0.1.

5 5
45 45
4 4
35 35
S st S st
=25 = o5}
© 3
< 2t < ot
15+ 15 4\
1h 1h 15
05 g 05
01/ |o 0.75 |0
o ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘
5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5
w/A w/A
(a) Effect of low density impurities on the DOS. (b) Effect of high density impurities on the DOS.

Figure 5: DOS at different impurities at a low filling /A = +/15. A broadening of the frequency
w was imposed as in = i10~%. Fig. (a): the disorder strength Tﬁ_l goes from 0 to 0.1 in units of

A+/8m3u. Fig. (b): the disorder strength Tgl goes from 0 to 1.5 in units of Ay/8m3u. Note there
is a single point with numerical error at w = 0 for the DOS with impurity strength 75 L= 1.5.

So far the topic of discussion has only considered the electron DOS; a few remarks on the hole DOS is in
order. In the limit g — oo the electron and hole DOS are the same, see eq. (2.30), as the 753 component is
integrated out. Doing the integrals in k-space allows us to distinguish the DOS of the electrons from the holes.
This resemblance remain for large u, but not infinite, in our model as seen in Fig. 3. The relationship between
the electron DOS d¢(w) and hole DOS d"(w) is d¢(w) = —d"(—w) which follows directly from eq. (2.39).

2.3 A Low Energy Schrieffer-Wolff Approximation and p-wave Superconductivity

In the previous chapter we succeeded in generalizing the BCS DOS and stating the influence of disorder in such
a superconductor. When attempting to apply the First Born Approximation scheme to the full model of the
Hamiltonian of eq. (2.3), one has trouble finding the Green’s function G = (iw, — H)~!. This is because of
the inherent complexity of the model. One way to circumvent this rather tedious problem is to use a standard
method of reducing the problem to a low energy model. In layman terms this is done by diagonalizing the normal
state Hamiltonian, Ho + H”, and making an expansion for the full Hamiltonian H in H’ in this diagonal basis
and finally projecting the result onto the low energy basis. For a thorough introduction to this methodology
see [2].

First off some important preliminary definitions and discussion is in order. Recall the full Hamiltonian also
includes the BCS gap function 4, here assumed constant, and takes the form

& +uk  —iB 0 5
i a-uk - 0
B =1 5 —&-+uk  —iB (240)
5 0 iB & - uk

As Hg and H” do not mix particles and holes they are block diagonal in 4-Nambu space. Motivated by this,
define the block Hamiltonians for particles and holes, H. and Hj, respectively, so that:

n_ (H® O (& +uk —iB =&+ uk —iB
Ho+H —<0 'Hh) where He—( iB §k—uk> and Hh—< iB —§k—uk>' (2.41)

Alternatively these particle/hole Hamiltonians can be written in terms of Pauli matrices, respectively: H, =
&roo + Bog +ukos and ‘Hy, = —&poo + Bog + ukos. The eigenvalues Ef and E,? of H. and H}, respectively are
found using the Pauli algebra

Ei, =&+ K and E'y =—(& +K) where K :=\/u2k2+4 B2 (2.42)

14
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The corresponding eigenvectors can be found by writing the following conditions

e a & i e e e
Vg = (bi> and P, = (di) requiting  Heyfy = Efatie  and  Huiy = Efovis. (2.43)
These conditions amount to the following relations
1 1 iBeg
by = — k—F = —(ukF K d di=- 2.44
+ Z.B(ﬁk +u ket ) At iB(u F K)ax and di LK (2.44)

which gives the following four eigenvectors: two for particles and two for holes respectively,

. 1 1B e 1 (uk+ K h 1 (fuk— K h 1 iB
Vi = Ne(uk+K>’ Vit = Ne( iB > iy = /\/h( iB ) and k= /\/h<uk—K>'
(2.45)
The normalization factors are defined N¢ := /B2 + (uk + K)2 and N := /B2 + (uk — K)2. The sign
convention here is such that the — solutions are low energy while the + are high energy in both hole and
particle blocks.
Now define a unitary transformation U := U° QU™ = (Y5_ g,) @ (Yp, ), that diagonalizes K in
the following manner
E;_ 0 0 0
0 E;, O 0

T _
U'KU = 0 0 E{A 0 (2.46)
0 0 0 E!
The full model, assuming B > 0, under this unitary transformation yields
E;_ 0 h KE;_ 0 0B —iduk
;| wotaot ) | e
U — 0 Ep, - _ 1 0 KE,H_ zéuhk 6B (2.47)
(Uh)t AT Ey, 0 K 0B —iduk | KE}, 0
Eh iduk —0B 0 KE}_
The final part is to define the two complementary orthogonal projections®
1 0 00 00 0O
0 0 0 O 01 00
P = 000 0 and Q:=1—-P= 0010 (2.48)
00 0 1 0 0 0O

Note that P projects to the low energy particle and holes. Using a so called Schrieffer-Wolff approximation
scheme we may formulate an effective Hamiltonian for describing this system

Her(k) = PUTHUP + PHsQ(EQ — QUIHUQ) ' Qs P, (2.49)

where H; is just the block off-diagonal terms of eq. (2.47), such that H = K+ H;s. The inverse here only makes

sense in the subspace of Q7 [here S is the Fock space of each momentum k], i.e. ’in the central 2 x 2 block’.

Assume F < \E2$)| , then the inverse in the high energy (1/1,§+ w,@+) basis

-1
ouk
+ (EI§+)2> [_KUQ + E;+03 . (2.50)

52u?k?
K2

ouk

1
(QUTHZ/{Q)_l = —70'2 + E;+U3:| = <

For simplicity define the place holder variable z := ‘52}‘:2’“2 + (E} +)2. One then finds the effective Hamiltonian
in the low energy basis (1/12_ ’(/JZ_) to be

S5(zK? + 62B%)uk E¢ °B%2+ E¢ zK?
Herr (k) = ( ) o + —E e i

N o3 (2.51)

If the gap is assumed to be comparatively small to EZ$) and uk < B we may set z = (E,§+)2 and K ~ B such

that the effective Hamiltonian reduces to the following effective p-wave superconducting Hamiltonian

k2 52 - du k ’ .
H wm H-B+F —igk - —iAk
e k) ~ 2m 14 B B <2m ) /O' Ak’d, 92.59
“ < i%k —2’“,1+M+B—§32> iNe =+ €ko3 2 (2.52)

6There might be some interesting math here. These projections defined for each k on the momentum manifold are a collection
of operators, projecting the spinors of the Fock space onto two orthogonal sub spaces consisting of the + and — solutions. . =
S O Sy as A = Ay (suppressing k indexing).
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52

B2 _ uw—B+ % is the effective quasi-particle energies with a new chemical potential p/ := pu+B—%

where &, 1= 5
and the gap parameter is A = %.

This is a profound result! In conclusion we have found that a one dimensional superconducting wire with
spin-orbit interaction and subjected to a strong magnetic field can be described by a p-wave superconducting
model. It has been proposed extensively that Majorana modes can exist in p-wave superconductors. For example
one would expect to find these Majorana modes localized in the center of vortices in 2D systems or to be found
near the ends of 1D wire structures, see e.g. [7].

2.4 Impurity Potentials in the Low Energy Model

Now we have an effective model for describing superconductivity induced in a semiconductor with spin-orbit
interaction and subjected to a magnetic field which mimics a p-wave superconductor. The recurring theme is to
ask ourselves what might be the effect of disorder found in the semiconductor? The answer will be the subject
of this section. Physically there might be accidental impurities from the manufacturing process of semi-metals
or they might be intentional as in doping, either giving or removing an electron locally. The effect of such
impurities may or may not depend on the spin polarization of impurities and as such reflect this discrepancy.
Furthermore we will consider only low densities of impurities so they may be effectively described by an array
of delta functions as before.

The idea is to transform the impurity potential Y of eq. (2.19) into the low energy effective model from
above. First the impurity potential must be rotated into the high/low energy basis

T [
U'yu = Kuwy  — iukws i, + iBws ) Ky, + Bws ), + ukws i,

1 ( Kuvp, — (Bwa g + ukws k)  Kuwi g + iukws g, — iBw37k>
K

® ( —Kuvp, — (Bwa — ukws ) —Kwi g + iukws + Zngyk). (2.53)

—Kwy , —iukwyy —iBwsy —Kv, + (Bws  — ukws )

Then projecting onto the low energy basis (1/127 77/127), with the projector P defined in eq. (2.48), gives

1 (Kv, — (Bwa,j + ukws i) 0 1

+ _ = k 2,k 3,k —— — —
PUIUP = 3 ( 0 —Kuvg + (Bwyj, — ukws,k)> i [k = Buae)os = ukws 0]
(2.54)

In the limit where uk < B this reduces to
+ uk

yeff = PU j))Z/lP ~ ('Uk — ’wgyk)a'g — §w3,k00. (255)

Define the effective low energy versions of the spinless and spinful disorder potentials, respectively

uk

Ver :=vios and Weg := —ws 03 — 5 W3.k90, (2.56)

here the potentials are not spinless and spinful but rather one of them is particle/hole symmetric and the other
is not, respectively. In fact, already from the form presented here, the first term ws o3 in Weg looks remarkably
similar to the spinless potential. Indeed as found below they are essentially the same in the bulk.

Finally note that the spinful disorder potential is not diagonalized by the unitary i/ and therefore enables
transitions between high and low energy states. From eq. (2.53) we can qualitatively state that only the spinful
impurity potential mixes the high and low energy states. The transition probabilities of going between high
and low energies for electrons and holes calculated using Fermi’s golden rule are respectively

e e \(2 1

Do vey N0 U UL = 5 (K2hwnsl® + Jubwz — Bus,f), and (2.57)
2 1

Thosny o \<¢Q+|ufyu|¢l}cl—>| K2 (K2|w1,k|2 + |ukws k + Bw3,k|2) : (2.58)

However the states transitioned to must be of roughly equal energy for these to occur, as such they are modulated
by the density of states of the final state.

2.5 SC1BA on the Effective p-wave Superconducting Model

The pieces of the puzzle have been put on the table and we are left to put it together. The topic of this section is
to apply the self-consistent approximation on the effective p-wave model found previously—using the potentials
projected onto this model. To be specific we apply the self-consistent First Born approximation scheme with
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potentials as found in eq. (2.56) on the p-wave model of eq. (2.52). Proceeding in a similar fashion as with the
4x4 BCS above, the bare Green’s function of the system (i.e. the clean system propagator) is now

ggl(k, lwy) = twpoo — ko — Akos. (2.59)

Furthermore, parametrizing the impurity averaged Green’s function G~! in a similar fashion as before in terms

of the renormalized parameters ~ R
G (k,iwy,) = id,00 — Epos — Akoy. (2.60)

Apriori assume the strength of the pairing is changed after renormalization, i.e. A(k) := Ak similar to the way
k2~ 7
2m* :

the dispersion is renormalized &, =

Ver(k —K) 7" 0 Ver(W = k) Wagtk—¥) 7 . WK — k)
. » 4 4
Y(k,iwn) = K . + /) .

Figure 6: Feynman diagram scattering on the two effective types of impurities: spinless and spinful,
represented by vertices o and ® respectively.

The self-energy of Fig. 6 here is of similar structure to that found in Fig. 1 and may be found using the
Feynman rules to be

S(k, iwn) = % 3 Vesrlk — KGR icon) Vesr(K' — k) + % 3 (Wert(k — KGR iwn)Wesr (k' — k) g
k' k'

1 .
= 7 > lvk-w "osG (K iwn)os (2.61a)
k/

1 u(k — k' . u(k' — k
+ E %: <(w27;€_k/03 + (B)w&k_k/) g(k/,zwn) <w27k’—k0'3 + (B)ws’k/_k) >S . (2.61b)

The choice of inverse impurity averaged Green’s Function in eq. (2.60) means G takes the form

71‘&” + gkgg + AkUQ
@2 + & + A2k2

G(k,iw,) = (2.62)

The first term in the self-energy, eq. line (2.61a), is already of a similar structure as that to the 4 x 4 model in
eq. (2.23). In the second term, eq. line (2.61b), expressions like

k—K K —k 2)2
%w&k_k/g(k/, iwn)%w&k/—k X uBﬁa (263)
are suppressed by the assumption uk < B and can effectively be ignored. Furthermore the cross terms
Cou(k =k u(k — K )
w27k—k'03g(k/a an)<Tw3,k/—k + %wg,k_k/g(k', lwn)wgyk/_k03 X 52,553,13/, (2.64)
are identically zero after averaging over spins. Leaving only contribution from the term
o 103G (K, iwy )W g k03 = |wo kPG (=K', iwy). (2.65)
This gives the self-energy in the SC1BA
. 1 2 . 1 2 .
Bk, iwn) = + ; [k ["o3G (K, iwn)os + 7 ; (lwo g |"03G (K iwn)o3) g
1 1 1
= Ni|V|QZ Ek: oG (K siwn)os + 3S(S + )Ns Ek: o3G (k' iwy)os. (2.66)

"Note that any the coefficient of any non-constant polynomial in k cannot be changed under the SC1BA with delta-like disorder.
These coefficients, such as 1/2m and A contribute in renormalizing the terms constant in k, i.e. the coefficients of the k° terms.
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The factor 1/3 comes from the spin average by replacing S, with S/3 and similar to the 4 x 4 case of the BCS
model define:

1
= NJV]? and 75l i= gS(S+1)Nﬁ|W|2. (2.67)

Using the standard parametrization of the Green’s function in eq. (2.60) we can use the general formalism
described in Appendix B to calculate the sums in the self-energy and find

%Z Q(k, iwn) = _.]En [Z(Dn + §n0'3] ) (268)
k

which define the place holder functions fn and g,. These vary in a not necessarily continuous manner depending
on the parameter regime we are working in. Similarly to above there is one parameter regime which dominate
the others, in this case the functions

= ]

fn = — — and G, := (Ry — 1)St + (R- — )S4. (2.69)

8mSLS_ \/m2A4 —2maA? — o2
Here S+ are the roots in k-space of the denominator of G in eq. (2.62) and Ry are the energy roots of € = %,
Sy = \/Zm\/(ﬂ — mA?) £ \/m2A4 — 2mAZ — 2. (2.70)

From the algebraic equation for the self-energy, ¥ = G 1 _ G, combined with the expression from SC1BA
the self-consistent equation reads

(iwn, — i@n) — (&x — Ex)T3 — (A(K) — A(K))op = Tl > 03G (K iwn)os + Tlﬂ > 03G (K iwn)os
ok k'

1 1N - ... ~
= - (Tz + TB) fn ['Lwn + gn03] . (2'71)

Breaking this down component wise self-consistent equations for each parameter are found

i@n = iwn + fn {1 + 1} i@ny i = pi+ fodn {1 + 1} and A =A. (2.72)
Ti T8 T T8

It is noteworthy that the superconducting gap parameter A is not changed by the renormalization process and
likewise is the mass m unchanged. The other parameters of the system change however and these equations
are even more complicated than the self-consistent equations from Rickayzen [10], eq. (2.29), or even the exact
solutions found for the s-wave SC in eq. (2.38). Furthermore, the parameters Ti_l and Ts ! occur in the self-
consistent equations only as the sum of the two. From this we can infer the p-wave superconducting state
is effected equivalently by both types of impurities 7'[1 and 75 ! By comparison remember that the s-wave

superconductor was entirely unphased by non-magnetic type impurities.
The density of states for the p-wave superconductor can be expressed using the impurity averaged Green’s

function R R
ds(w) = lim Im[G(0,0,w + in)] = lim Im[f(©)(0h(@) + §(@)T3)]. (2.73)

n—0 n—0
Formulated in this manner it is very similar to the s-wave superconductor, however as we know the functions
f, h and g are different. The DOS for the p-wave superconductor is plotted in Fig. 7 below.

18



2.5 SCI1BA on the Effective p-wave Superconducting Model Masters Thesis

dy(w)/d, (0)

w/+/2mpA? — m2A*

Figure 7: Plot of the normalized density of states for a p-wave superconductor system with different
disorder strengths. The disorder strength Ts Lor 7'[1 goes from 0 to 2 as indicated near the graphs
and the relation between the gap and chemical potential is u/A = 10%. See main text for a more
detailed description.

Despite the fundamental difference between the s-wave and p-wave superconductors in our model, the den-
sity of states appears remarkably similar-compare Figs. 4 and 7. The frequencies have been rescaled by
v 2mpA2 — m2A* as this is the point of the singularities nearest zero in the DOS in the function f,, from eq.
(2.69). So the gap in the superconducting density of states without impurities is 24/2mpuA? — m2A#% rather
than the usual 2A from BCS theory. The effect of added impurities is to broadening these coherence peaks and
the eventual closing of the superconducting gap.

The p-wave superconductor is affected equivalently by the magnetic and non-magnetic impurities 75 ! and
T[l, furthermore the hard gap closes completely at T[l + 75 U~ 8m2Apu. Tt is clear from eq. (2.72) that this
should in fact be additive. This characteristic disorder strength was found by varying the parameters of the
system independently and codependently to find a numerical value of 8m?Apu. Interestingly this characteristic
disorder strength is proportional to u rather than |/ as was the case for the s-wave superconductor. Both for
p-wave and s-wave this disorder strength is directly proportional to the gap parameter A.

The p-wave DOS appears to be much more sensitive to the relation p/A, but this is attributed to the
rescaled axis on Fig. 7 as the gap in the DOS is significantly larger for the p-wave than the s-wave SC when the
chemical potential is large. For a comparatively small chemical potential 4 = 30 see Fig. 8 below. Notice how
the Van Hove peak is broadened by increasing the impurity strength 75 Lor Tl-_l, that is the Van Hove peak is
also affected by both magnetic and non-magnetic impurities as expected.

Note also that there is no phantom peak in Fig. 8 contrary to what was found for the s-wave superconductor.
This might suggest the phantom peak to really be a numerical error.
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(a) Effect of weak disorder on the DOS. (b) Effect of strong disorder on the DOS.

Figure 8: DOS at different impurities at a low filling 1/A = 3 - 101. A broadening of the frequency
w was imposed as in = i10~%. Fig. (a): the disorder strength Tgl goes from 0 to 0.1. Fig. (b): the

disorder strength 7'6_1 goes from 0 to 1.5. See the main text for more detail.

So far we have categorized the effects of the disorder on the non-local DOS in the p-wave superconductor
for small . The next target is pushing the limit of extremely low filling ¢ — 0. Naively we could imagine the
effect of taking this limit to be represented by moving the Van Hove singularity towards the coherence peaks.
However by inspection the singularities become imaginary for p smaller than the critical value of u. = %mAz.
Below this value the coherence peaks are broadened by decreasing p in a similar fashion to how the impurities
would effect them as seen in Fig. 8. This effect is demonstrated in Fig. 9 below at s - 7'[1 = 0. For all
values of u at or below p. there is a gap in the DOS of width 24, however the coherence peaks are gone. Instead
there is a single peak at w = p which decays at a rate of w='/2. Instead of a peak at w/pu = 1 there is a soft
bump w/p = 2 for p = p. which is further broadened and shifted to the right as p is decreased.

Particularly for no impurities, Tg 1= ’7';1 = 0, as pu approaches p. from above the Van Hoven peak moves

closer to the coherence peak at w = —1/2muA2 — m2A*. As p is lowered the otherwise vanishing DOS to the
left of —p is continuously transformed into a tail decaying as w~'/? when u reaches j. as shown in Fig. 9 (a).

dy(w)/d,(0)
ds(w)/dn(0)

1

w/p 7 7 w/n
(a) Effect of impurities on the DOS at u = pe. (b) Effect of impurities on the DOS at u below pe.

Figure 9: DOS at different impurities at a two very low fillings. A broadening of the frequency w
was imposed as in = i10~*. See the main text for more detail. The disorder strength T5 ! goes from
0 to 1 on both figures and the chemical potential is changed between them. Fig. (a): the chemical
potential is tuned at a value p = %mAz. Fig. (b): the chemical potential is tuned to u = 0.1mA2.

In Fig. 9 the changing behavior of the density of states for different impurity strengths is plotted. Astonish-

ingly the influence of impurities is similar to that of u greater than p.! The effect of 75 1 is equivalent to that

of 77! and the gap closes for the same critical value of 7, ' + U b 8m2Ap.
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3 Local Green’s Functions and Disorder in the Semi-Infinite TS
Wire

Of particular interest is the ends of a topological superconducting [TS] wire since here the Majorana Fermions
should reside. As such, a thorough investigation of the end of the wire is required. Previously we have dealt
only with the bulk of the wire and must modify the model slightly to realize such an investigation. As has
been studied, e.g. by Zazunov et. al. [14] or Alvarado et. al. [1], this can be realized through a model for
a semi-infinite TS wire, e.g. going from = = 0 to = 0o. One method of realizing this semi-infinite wire is
to introduce a scattering potential at x = 0 in the existing infinite TS wire. This effectively cuts the wire in
half and as we let the strength of this scattering potential grow we will obtain two non-interacting distinct
semi-infinite wires.

To be precise, introduce the potential U(x) = Ud(z)os with characteristic strength U. The Dyson equation
for this system with the scattering potential is then

Q_(x, Z‘/) = gO(xvxl) + /RQO(mvy)u(y)g_(yax/) dy = gO(xvxl) + go(l‘,O)UO'zJ,g_(O, Z‘/). (31)

Using this equation we may first obtain an equation for G(0,2") and then put it back into eq. (3.1) to find
G(x,2"). First for G(0,2’)

G(0,2") = [1 — Go(0,0)Uas] 1Go(0, 2"). (3.2)
Putting this back into the Dyson equation of eq. (3.1) a solution for G is found
G(z,2") = Go(z,2") + Go(x,0)[U o3 — Go(0,0)] 1 Go(0,2). (3.3)
Taking the limit as U — oo yields the TS wire Green’s function of interest
G(x,2") = Go(z,2") — Go(x,0)G5 " (0,0)Go (0, 2). (3.4)

Although the Green’s function for the infinite T'S wire Gy has a nice diagonal form in k-space this is untrue for
the semi-infinite wire described by G. Therefore we keep things in real space for the time being.

3.1 SC1BA on a semi-finite TS wire

We remind ourselves the motivation is to find Majorana modes at the end of the TS wire. These will in fact
appear as zero-bias peaks in the density of states of G near the ends of the wire, that is not exactly = 0 but
close enough as the Majorana mode will decay exponentially as e~%/¢ in the wire, here £ is the localization
length. But we again ask ourselves what happens when there are impurities present in the wire. This question
will be answered with the Born approximation.

So to apply the SC1BA to the semi-infinite wire we first need to restate the theory in real space coordinates.
The Dyson equation for the impurity averaged Green’s function G in real space is

G(z,a') = G(a,a') + / G(a, )V ()G (y,2") dy. (3.5)

Notice here G is the bare Green’s function of the system, that is the semi-infinite wire-without impurities.
Using the recursive nature of this equation we may define the self-energy 3 by inserting G in the right hand
side repeatedly

G(z,2') = G(z,2") + // G(z,y)2(y, 2)G(z,2") dy dz. (3.6)

In this way of writing, the self-energy ¥ is an infinite series of Green’s functions and potentials. Particularly in
the first Born approximation the self-energy is defined by

X(y, 2) = V()G (y, 2)V(2), (3.7)

which means in the First Born approximation we can express the impurity averaged Green’s function G as

Gla,a') = Gla,a") + / / G(a,y)V ()G (y, V()G (=, 2') dy d. (3.8)

We then wish to find an expression for the Green’s function of the semi-infinite wire G. First we write the
position dependent parts of the inifinite wire Green’s function

Go(x,0) = / G(k)e™™ dk, Go(0,a') = / G(k)e ™* " dk  and Go(z,2') = / G(k)e* =) qk | (3.9)
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where from Appendix B we can parametrize Go(z, 2, iwy,) in terms of the functions f, g, h and j as
Go(x, ' iw,) = — f [iwnhn(x — 2") 4+ gn(x — 2')o3 + iAo jn(z — 2")09] . (3.10)
Inserting this expression for Gy into eq. (3.4) gives
G(z,2') = Go(z,2') — Go(2,0)G; 1 (0,0)G0(0,2") = il (z, 2" )00 + Py (z, 2" )01 + W, (2, 2) 02 + X (2, 2)03. (3.11)

Where the non translation invariant functions I'y,, ®,,, ¥,, and x,, are defined as

irn(x7$/) = _7;‘*"nfnhn(‘r - ‘T/) + iwnﬁ [hn(x)(_wihn(_‘r/)hn(o) - gn(_x/)gn(o)) - hn(_m/)gn(m)gn(o)

D,
= hn(0)(A%in () ju(=2") = gu(@)gn(=2"))], (3.12a)
O (z,0') = z‘wnAl% [in (=) (gn ()1 (0) = B ()90 (0)) = g (—2")jin (#) 1 (0) + Fon (=" )i ()9 (0)], (3.12D)
Wi, = il = 2') = AL [0 @) @2 (=Y (0) + g (~)gn 0)
+ (=" ) (Wi () P (0) + g ()0 (0))] (3.12¢)
Xn(2,2') = = fugn(x —a') + i);* [ = wrgn(@)hn(=2" )1 (0) + gn (") (—wi hn(2)hn (0) = gn ()90 (0))
+ gn(0) (wphn (@) hn(—2") = A2 (@) jn(—2"))], (3.12d)
where the determinant D,, = —w?2h(0)? — g(0)2. To obtain these equations we have consistently set jo = 0 as

dictated in Appendix B. It is important to note these equations go to zero when x = z’ = 0 as we would expect
from eq. (3.4).

We expect the self-energy to be diagonal in real space, i.e. X(z,y) = X(z)d(x — y). These conditions may
be derived from the imposed conditions

V@)WV (@ ))ip =7 0@ —2") and  W(@)W(2'))y, = 75 6(z — ). (3.13)

imp — 't

These are really no different than the conditions imposed in previous sections. The full Green’s function takes
the form

O(a.') =Gl + [ [ G060 - )0 (o) dydz. (3.14)
As found above we can insert the definition of G and find the Dyson equation for G in terms of Gy
G(z,2") = Go(x,2") — Go(x,0)G5*(0,0)Go (0, 2")
+ [ [Gale) = Gole,0)G5 ™ 0.0)0(0.9)] ()G v ') dy (3.15)

However, this problem is immensely more complicated to solve compared to the infinite wire, as the inverse
Green’s Function is defined by the equation

/g’l(x,y)g(y, 2')dy = 6(z — 2'). (3.16)

Because the Dyson equation is not algebraic this equation is solved by solving an integral equation—while minding
the matrix algebra of the Green’s functions.

One way to circumvent this is by considering the first Born approximation rather than its self-consistent
counterpart. The full Green’s function in the first Born approximation is stated above in eq. (3.8). From eq.
(3.13) the self-energy is

Y(z,2') = l(a;gg(slc,:v')crg) + i(o*g_C’;(:v,x/)ag). (3.17)
T T8
The p-wave superconductor is affected equally by both magnetic and non-magnetic impurities so we may put
these together in a single impurity parameter 7= := 75! 4+ 75!, The expression for G from eq. (3.14) with the
self-energy expressed in the first Born approximation is

O(a,) = Gl + [ Gla)(:0(0.9)02)3(w.a") dy. (315)

The task is then to find this though numerical calculations.
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Using the model for the semi-infinite wire we can calculate the non-local density of states. This is simply
the imaginary part of G B
ds(z,2';w) = —2Im[G(z, 2", w)]. (3.19)

One such example is plotted in Fig. 10 below.

45 .

3.5 n

25

dy(w)/dn(0)

15

-5 -4 -3 -2 -1 0 1 2 3 4 5

w/+/2mpuA? — m2 A

Figure 10: Position dependent DOS at = 2’ = 3£/100 where £ is the superconducting coherence
length. The frequencies w are broadened by in = i10~%.

In Fig. 10 the position dependent density of states for the semi-infinite TS wire is plotted. Notice the
zero-bias peak signifying the presence of a zero energy Majorana state! The usual structure of the coherence
peaks at w = +£4/2mpuA2 — m2A? is also present. Note the figure is based on numerical simulation which do
not produce the expected bulk DOS as z and ' is increased and we attribute this to numerical error—but it does
verify ds(0,0,w) = 0 for all w. Because of temporal restrictions we do not present results applying the Born
approximation as described above. However we may still discuss and speculate on how the impurities would
change the DOS shown in Fig. 10.

The overarching narrative in this thesis and particularly Chapters 2.2, 2.5 is that the self-consistent first
Born approximation renormalizes the system parameters which broadens the singularities of the DOS. So a
natural conclusion would be that this same effect would happen to the position dependent density of states in
Fig. 10. That is, we expect the zero-bias peak and also the coherence peaks to be broadened as the impurity
strength 77! is increased. We predict the peaks to be broadened so much for strong disorder that they are
indistinguishable from the normal state density of states in the bulk.

This prediction is in stark contrast to the results found by Hui et. al. in [5]. They find that even for strong
disorder, long after the coherence peaks are flattened out, that the zero-bias peak remains. Their approximation
is similar to ours using a self-consistent (first) Born approximation, but with a linearized dispersion & &~ vpk.
Another point of differing methodology is their use of the Eilenberger Green’s function rather than the Nambu
Gorkov Green’s function used in this thesis. One possible way of continuing this work is then to compare how
this the SC1BA with the Nambu Gorkov Green’s function differs from the SC1BA within Eilenberger theory.

Another subject of interest include considering how the Majorana modes are delocalized with increasing
disorder. In fact, the localization length of the Majorana mode is predicted by Hui, in [5], to increase with
disorder strength.
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4 Conclusions

In this thesis we set out to consider the effects of disorder in superconducting systems. We did so through
exact analytic calculations of the self-consistent first Born approximation [SC1BA] supplemented by numeric
solutions to these self-consistent equations. First we applied SC1BA to the BCS theory of superconductivity
and considered disorder effects in this simple system. Our main result is finding and analyzing an effective
p-wave model that arises from superconducting systems with spin-orbit interactions and Zeeman splitting. This
analysis consisted of deriving self-consistent equations and solving these numerically at non-zero disorder.

For the BCS superconductor the Born approximation prediction is in agreement with Anderson’s theorem
and is unphased by non-magnetic type disorder. For magnetic type impurities the characteristic BCS gap is
closed in proportion to the disorder strength. Particularly, from numerical analysis, at a disorder strength close
to Ay/8m3u the gap closes completely.

We found a p-wave superconductor describes the low energy block of a BCS superconductor with spin orbit
interaction and strong magnetic fields. Analyzing the p-wave superconductor with the Born approximation
we find analytic equations implying the system to be sensitive to both magnetic as well as non-magnetic type
disorder. This is verified by numerical simulations and in terms of the phenomenological disorder strengths the
density of states is indeed found to be affected in equal proportions to both types of disorder. The coherence
peaks of the p-wave gap are broadened by increasing the impurity densities and closes completely when the
disorder strength is near 8m2Ay, which is found by numerical analysis.

A thorough analysis of the low filing limit for the topological superconducting wire was executed. We found
interesting interplay between the Van Hoven and coherence peaks in this limit. At these low fillings the system
is very sensitive to disorder.

Finally a semi-infinite wire is considered as a representation of a topological superconducting wire with a
Majorana edge mode. We find analytic equations for describing such a system and simulate these numerically
finding a zero-bias peak [ZBP] near the end of the wire. We propose the Born approximation in this semi-infinite
wire could retain the ZBP for low disorder densities but expect it to disappear completely for strong disorder.
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A Fourier Transformation Convention

The Fourier transformation is often useful to us as a manner of reducing the mathematical complexity of
a physical problem. In this chapter we shall explore some formalism and establish our convention for this
transformation as used throughout this thesis. I shall do this somewhat loosely, targeted towards physicists
rather than use mathematical rigor. However I recommend looking into Chapter 19 in [12] for a more complete
coverage of this subject.

In general we may assume a function f to be Lebesgue integrable on some finite region, e.g some hyper box
[0,L], ie. fe LL([0,L],)) and f € £LA([0,L],\). The Fourier transformation of f defined in a finite region is

ng

f(r)= E kaeik'r where k; = QW—, n, €Z, Vi=1,...,d, and fx= / f(r)e~®Tdr. (A1)
V< L v

i

where V' is the hypervolume of the hyperbox. Importantly we have the following relations for the delta functions
—ik- 1 ik
/e KT dr = Vée and Vzk:ekrzé(r). (A2)

Taking the limit of V' — oo where the box region is very large we may consider all the reals as the domain
and therefore define the Fourier transforms in the continuum as

1) = [ e o

and f(k) = . f(r)e ™ dr. (A3)

We have the following important theorem.
Theorem A.l. The Fourier Transformation of an odd(even) function is odd(even).

Proof. The proof is a simple calculation, let f : R — R and denote by f its Fourier transform. Assume first f
is odd, then by Jacobis transformation theorem

fao = [ fl)e ™ dr= [ f(-r)e™rdr=— [ f(r)e™™dr=—F(-k). (A4)
Rd R4 R4
Similarly when f is an even function we have

fa) = [ flr)e ™ dr= [ f(-r)e™ dr= [ f(r)e’™*dr= f(-k). (A5)
Rd R(l ]Rd

For two or more component functions component wise. For example for a function f : R? x R* — R we
define the Fourier and inverse Fourier transformations as

. ooodk o dK . G
N — k k/ ik-r _ik'-r d k kl :/ N ,—ik-r —ik'-r drd / A
fe) = [ ] ptegeire s SR e = [ ] g tre i asa - (a0)

These definitions are particularly important when we must deal with systems without translation invariance.
Notice one can combine these new definitions with the above theorem to realize that if a function of multiple
variables is odd or even in a particular variable then it will also be odd or even in the corresponding variable in
Fourier space, independently of all other variables.

In translation invariant systems any (two point) observable, say, f can at most be a function of the difference
between the two points, i.e. f(r,r’) = f(r —r’). So we might ask ourselves how the Fourier transform then
exhibits this symmetry. The answer is as comes from the above

; a0 dk dk/ ; N N dk dk/
g N ik-r ik’-r — N ik (r—r") Ji(k+k’)-r
fr,r") /Rd Rdf(k,k)e e ) (@) /]Rd Rdf(k,k)e e @n) En)° (A7)

However since we know f can only be a function of r — r’ we must require k + k = 0 inside the integral, i.e.
f(k, k') < 6(k + k). Intgrating over k’ we are left with

flo=r) = [ e S (A8)
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B A Tool for Evaluating Green’s Functions Exactly in Real Space

In the main text we evaluate Green’s functions and particularly the integral over Green’s function over all
momenta. These integrals are particularly annoying to evaluate as they are fourth order polynomials in the
denominator. We shall only consider ourselves with one dimensional wires (or systems that depend only on
the magnitude of the momentum |k| = k). For the interest of covering both the formalism of p- and s-wave
superconductivity we shall include both such terms in a 4 x4 model-although it does not matter as it in principle
could be a 2 x 2 model. Do note that this is not motivated by a particular physical system (although such
common phases should exist). We consider a constant singlet gap Ag(k) = A, and triplet gap® Ar(k) = Ak

 dwp, + €T3 + AgTa0oe + AjkTi00 eik(m—x’)%
Wi+ €+ AL+ AFR? 2m

]_ . /
Go(z. ') = 5 3 Gall twn)e o) = - (B1)
k

— 00

In the approximation limit where p > A we might have changed to an energy integral and assumed constant
density of states. However we may instead find an exact solution to this integral by keeping to the momentum
coordinates. To do this we need to make an assumption about the renormalized electron energies: we assume a
priori that there is a constant shift in the energy spectrum which may be absorbed into the chemical potential,
i.e. { = e —p. The exact form of this can be verified through the self-consistent process of the 1BA. In general
we assume & to be even and in practice we employ € = % where & = 1 and m is the effective mass of the
quasi-particles.
The denominator of eq. (B1) is a second order polynomial in ej, with coefficients

P(ey) :=aci —2be, + ¢ where a=1, 2b=2(u—mA?) and c=w? +p®+ A2 (B2)

The solutions to this polynomial, P, denominator are then

Ry =b+ /b2 —c=p—mAZ+\/m2AF —2mulA? — w2 — A2, (B3)

There are two important measures then, namely whether the determinant D := b?—c = m? A} —2muA? —w?2 — A2
is positive or negative and secondly the relation between the size of v/D compared to b. The square root above
is without ambiguity as we can pick the principle square root and define Ry to be the solution of v/D in the
upper half plane, i.e. Im(Ry) > Im(d) > Im(R_). However if Im(D) = 0 we need not apply this complicated
solution.

We shall of course be using a relevant contour to solve eq. (B1). A curve which does this generally consists
of a straight line along the real axis and a semi-circle encompassing the upper complex plane. We integrate this
curve in a positive oriented direction. The integral along the semi-circle in the upper plane clearly goes to zero
as the radius of said semi-circle goes to infinity. There will, in some cases, be poles scattered on the real axis,
and we shall accommodate these by making protrusion in the straight line curve. If these poles are simple, they
will contribute ’half’ a residue. If, however, they are of higher order the semi-circle protrusions will diverge,
meaning we will be unable to determine the value of eq. (B1) in these cases.

Going from energy space € to momentum space k introduces another problem of how one should choose the
square roots of Ry. The ambiguity in choosing the square root can be resolved by introducing the two roots

SL =z [cos(ii) +isin<i§>} and S3 =y {cos(:tg —|—7T) +isin(:|:z +7r)] , (B4)

such that (S1)? = (S2)? = 2mRy, where r+ = |R+|/v2m. Note that we always have S1 = —S2. The roots

Si@) are the poles of the integrand in k-space. Bellow we consider each of the manifold cases of where the poles
can be located and the effect of how we must change the choice of contour. The final ambiguity is how to chose
the angles 6. We pick a branch cut for the v/—-function depending on the location of the roots Si@), see Figure
11 for reference.

The integral of eq. (B1) then becomes

oo i~ 2 ~
go(xam/) - 7/ = . (2kim - M)Ts i AST202 * AtleUO ik(zil”)%

e =S =S (k= S2)(k—S2) © o
B _/°° [i0, + (% — )13 + Agmo09] cos(k(x — 2')) +Z'Atksin(k(:c—z’))7'100% (B5)
Y (k—SY)(k—SL)(k—52)(k—52) o1’

8The important point here is that the ’triplet’ pairing is odd in k.
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We calculate each of the residual of each first order pole separately, applicable when D # 0

[iwn + (Ry — )73 + AsTa09] cos(Si(x — x’)) + iAtS}r sin(S}r(x — x’))ﬁao

1
= B
Res(S3) ImSL (R — ) , (B6a)
9 liwn + (Ry — p)T3 + AgTa02] cos (St (z — ') + A S sin (S} (z — 27)) 100
_ B6b
Res(S5%) TSRy — 1) , (B6b)
o liwy, + (R— — p)T3 + Asma02) cos(SL(z — 2')) 4+ iA,SL sin(SL (z — 2')) 1100
Res(S2) = 4mSt (R, — R_) ) (Bée)
. [iwn + (R_ — )73 + AygT209] cos(Si (x — 9:')) +iA St sin(Sl (x — x’))ﬁoo
Res(52) = 4mS* (R, — R_) . (B6d)
Im & Im k
52
Ls, ¢
N ,
R R
53_ Re k S% “?l Re k
(a) (b)

Figure 11: A typical contour of choice for integrating the Green’s function. The rightmost figure
represents a generic case where D < 0.

Let 61+ be the angle of the respective roots Ri. Depending on where in the complex plane these roots
are determines which of the Si@) should be counted in a contour integral. The two relevant parameters are

Im(b) and Im(\/ﬁ). We may distinguish strict inequalities differentiating the phases depending on = — x’. If
x — 2’ > 0 the exponential etk(@=a') diverges when Im(k) — —oo, so we have to pick a contour in the upper
plane. Similarly when x — 2’ < 0 we must pick a contour in the lower plane. When z — 2’ = 0 we do not care
and may pick the upper half-plane. When x — 2’ > 0 we may furcate the integral into the following cases of
which poles should be counted in the residual sum:

1) If Im(b) > Im(v/D) and Im(b) > 0 we count S} and S.
2) If Im(VD) > Im(b) and Im(v/D) > 0 we count S} and S2.

3) If 0 > Im(v/D) > Im(b) we count S2 and S?.

(
(
( )
(4) If 0 > Im(b) > Im(v/D) we count S2 and S2.

5) If Im(b) = 0 and Im(+/D) # 0 we count SL and S2.
(5) ) ( +

6) If Im(b) > 0 and Im(v/D) = 0 we count SL and St.
(6) +

7) If Im(b) < 0 and Im(v/D) = 0 we count S2 and S2.

+

(

a if b < v/D then we count only S, as both Sle and SJQF, which are on the real axis, cancel eachother.

b if v'D < —b then we count both S}r and S1.

Note that when x — 2’ < 0 we count the other poles effectively interchanging S1 for S% and visa versa.
We see the transition between either 1. and 4. or 2. and 3 gives a sign change in the Green’s function. so
we might realistically only need to check if we are in 1. or 2.

28



Masters Thesis

Lets translate the conditions of the relation between Im(b) and Im(v/D) into inequalities for D, ¢ and b. The
translation for Im(b) = Im(fi) is trivial. There is a closed expression for v/D namely if we write D = = + iy
where = Re(D) and y = Im(D) we have

1 1
VD = \/z+iy= % (\/|D| Yz +iy[D| - x) =7 (\/|D| Tz + isgn(y) /D] — x) . (B7)
The normal ambiguity of the square root may be absorbed into the definition of Ry. From this we find the
exact condition that we should have Im(v/D) § Im(b) <= sgn(Im(D))+/|D| — Re(D) § Im(f).

When we count S} and S we get

‘ | fiwn + (Ry — )73 + AgTa02] cos(SL(z — 2')) +iA Sy sin(S% (z — 2'))m100
! —_
Golz, 2’ iwy,) = —i ImSL (R — ) (B8)
[iwn + (R— — p)73 + AyTa09] cos(SE (z — ') + A St sin(SE (z — a')) 100 (B9)
4mS£(R+ — R_)
Go(z, 2’ iw,) = — fn [(iwn + AsTo02)hy (2 — 2') + gn(x — 2')73 + Apjin(z — 2")T100], (B10)

where the functions f, g, h and j are defined as follows

7

fn = m7 (Bl1a)
gn(z —2') == (Ry — p)SL cos(S% (z — 2')) — (R — p)S1 cos(S (z — ")), (B11b)
ho(z — 2') := ST cos(SL(z — 2')) — S cos(SL(z — 2')), (Bllc)
gn(x —a') =4S8! [sin(S (z — 2')) — sin(SL(z — 2'))]. (B11d)

When we count S} and S2 we get

[iwn + (Ry — )73 + AsTa09] cos(Si(x — x’)) + iAtS}r sin(SJlr(:r - x’))ﬁag

i =—1 B12
Go(z, 2", iwn) =~ 4mSL(Ry — R_) (B12)
N [iwn 4+ (R— — )73 + Agma02] cos(SL (z — 2')) + iASL sin(SL(z — 2')) 1100 (B13)
4mS£(R+ - R_) '
In this case the functions f, g,h and j are defined as follows
)
S — B14
In = st siVD (B142)
gn(z —2') == (Ry — p)SL cos(S%(z — 2')) + (R — p)S1 cos(SL (z — ")), (B14b)
hn(z —a') := ST cos(S (z — 2')) + S} cos(SL(z — 2)), (Bl4c)
gn(x —a') =SS! [sin(SL(z — 2')) +sin(SL(z — 2'))]. (B14d)

Notice in both cases if x — 2/ = 0 then h = SL + S}r (depending on the specific case) and j = 0. Furthermore
when the sign of # — 2’ changes and we have to interchange S1 and S both f and j stay the same while g and
h change sign.

In the case where b < v D and only St is counted

[iwn + (R— — )73 + AsTa09] Cos(Sl(x — a:’)) +iA,St Sin(Si (x — 33’))7'100

Go(z, 2 iw,) =i ImST (R, — R (B15)
So the functions f, g, h and j simplify significantly compared to the other cases
fo o= m, (B16a)
gn(z —2') == (R- — p) cos(SL (z — 2)), (B16b)
hn(z — 2') := cos (S (z — a")), (B16c)
gn(z — ') =St sin(SL(z — 2')). (B16d)

Particularly when  — 2’ = 0 then g = (R_ — ), h=1and j = 0.
Do note in the three cases we have just outlined the functions g and h are even functions of z — z’ while j
is the only odd function.
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B.1 The DOS and Non-Local SC1BA for two state systems

Lets now apply the theory we have just developed for finding the bare Green’s function Gy to finding the
self-energy as described in SC1BA. The self-consistent equation in the Born approximation is

G=Go— 3. (B17)

As we found in the last previous chapter the bare Green’s Function can be written in term of the functions
f,9,h,j which are dependent on the Matsubara frequency iw,, the chemical potential u and the gap functions
A or A;. Remember we only really care about the cases when either we’re modeling a s-wave superconductor,
i.e. Ay =0, or a p-wave superconductor, i.e. Ay = 0. The bare Green’s Function of our toy model is

Go(@,2") = —fn [(iwn + As7202)hn(x — &) + gn (2 — 2")73 + Ayjin(z — 2")100] (B18)

We can use a similar parametrization for the full Green’s Function G, we shall use ~ above the parameters to
denote they are renormalized though the SC1BA,

G (k) = idn — Exms — Ag(k)T202 — Ap (k)00 (B19)

Using similar singlet and triplet pairing functions as above, i.e. As(k) = A, and AT(k) = Ak, the self-
consistent equation reads

Y= (iwn, - Z(I}n) - (fk - gk)TZS - (Ae - AS)TQUQ - (Afk - Atk)7'1(70
-~ 1 - ~ ~ - =17, ~ - N
= _fn; (iwn - ASTQUQ)hn + gn73:| - fn? [(an + ASTQUQ)hn + gn7-3:| 5 (BQO)
i B
the tilde on the functions, e.g. f, signifies they are evaluated in the renormalized parameters such as i@, and
fi. Furthermore we omit the argument x — 2’ = 0 here as we are only interested in the global density of states
for now. Define the familiar Ti_l and 75 Las

7 = N|U1 P and 75!t i=S(S + 1)Ns|Ua)%. (B21)
Here we have calculated the impurity potentials through the following argument

|'Uk7k’|2 _ ‘V‘Q Zef(kfkr/)(Ri*Rj) — ‘V‘Q Zef(kfkr/)(Riij) + |V|2 Zef(krfk/)(Riij) (B22)

ij i=j i#j
Clearly the first sum gives gives N;. The second sum can be expressed in terms of cosines as all the isin terms
cancel under the exchange of 7 and j. Then for any specific ¢ the of the j’s will roughly cancel if we assume the

impurities to be uniformly distributed. The same result can be achieved using the Dirichlet kernel. Similarly
for the spin dependent potential

lwir—w |* = ‘W|2 Zgégé,e—(k—k’)(Rﬁ—Ra/) - \W|2 Z Sésé/e—(k—kl)(Rﬁ_Rﬂ’)_|_|W‘2 Z SéSé,e_(k_k,)(RB_Rﬁ/)
BB’ p=p' B#B!
' (B23)
where under the spin average (S55%) = $5(S + 1)
The self-consistent equation can be broken down component wise to obtain the following set of equations,
one for each system parameter

-1 1 1 1 - .
iy = iwn + fh {+} i@On, = p+fg [+] ASASJrfh{
Ti T8 Ti T3

1 1

}AS and A, =A,. (B24)
Ti T8

The density of states is then
Aliwp) = Im [ Fli@mh + grg)} (B25)

When picking an energy scale (frequency) for the density of states (or just the Green’s function) it is
commonplace to normalize the parameter such that the DOS has singularities when the parameter is 1. For
the usual BCS DOS = w/v/A? — w? one uses w/A as a plotting parameter. In our formalism we have four
singularities (in w), not two, but in the limit g — oo we may focus our attention on the solutions of D:

0= D =m2A% —2mpuA2 +w? — A2 = w= j:\/Aﬁ + 2muA? — m2A¢. (B26)

Notice in the case when A; = 0, i.e. a pure s-wave superconductor the singularity we obtain the same scale as
-1
from BCS theory. However for a pure p-wave superconductor we may rescale w by a factor \/2muA? — m2A} .
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The other singularities along the diagonal of Gy, come from f and are either S or S or just SL. Si are zero
exactly when Ry are, so solving

Ry = (u—mAD)? £/ (n— mAD)? 4 w2 — A2 — 2 = 0, (B27)

for w, gives solutions
w=+A2+ p2 (B28)

These singularities are O(u), however, and therefore quickly become irrelevant as p becomes increasingly large.

To be exact the function é drops off as ﬁ, ie. é = O(w™1/?), so for sufficiently large chemical potential
we need not concern ourselves with this.

Often the density of the superconducting state is normalized against the normal state density of states at
the Fermi level d,(0) = ,/277". However for our case the density of state in the normal state system will be

dependent on the frequency and the chemical potential. Instead we can normalize by the normal state density
of states without using the large p approximation. In actuallity we simply devide by the Green’s function found
above in eq. (B10) setting the gap to zero. This will give us the normal state density of states which we write
as follows

On(z, 2 yiwn) = — fulazo [iwnhn|a=o(z — &) + gn|a=o(x — 2')73] (B29)
The functions f, still have the same regimes only we set Ay and A; to zero, e.g. in the regieme

1

o SISV )
gn(z — ') == (Ry — p)SL cos(SL(z —2')) + (R- — p) S cos(SL (z — ")), (B30b)
hn(z — 2) i= 5L cos(SL(z — 2')) + S} cos(SL (z — 2')), (B30c)
gn(z —a') =SS! [sin(SL(z — 2')) + sin(SL(z — 2'))], (B30d)

the roots are simpler S1 = {/pu 4 1/—w? and the variable D simplifies significantly to D = p 4 /—w?2.

At this point it should be of interest to the reader if these self-consistent equations from this 4 x 4 toy model
really are isomorphic to those of the 2 x 2 low energy model, eq. (2.52), found in Section 2.3 with the impurities
as in eq. (2.56). The impurity potentials used in the low energy model are

uk

Verr(k) := vgos  and Weg(k) := —wo 03 — 5 W3.k00- (B31)
Written out in full the self-energy in the SC1BA is
1 1
S(k) = v Z Ver(k — KNG (K VWVer(k' — k) + v Z West(k — KNG (K" W (k' — k) (B32)
K K
1
=7 D ok—w [PG(—K' i) (B33)
kl
1 u(k — K , u(k’ — k
+ v Z (w2,kk’03 + (B)w3,klc’) Gk iwn) <w2,k’k0'3 + (B)w3,k’k) ) (B34)
k:/
where the impurity averaged Green’s Function is picked to be
Gk, iwp) = i@y — Exoz — Akoy. (B35)

The first term, i.e. eq. (B33), is already of a similar structure as that to the 4 x 4 model. In the second term,
expressions like

k—Fk K —k 2)2
%w:mfk’g(kl,iwn)%w&k'*k X UBTa (336)
are suppressed by the assumption uk < B and can effectively be ignored”. Furthermore the cross terms
owu(k -k u(k — k' .
wo gk o3G (K, an)gwak’—k + gw&k—k’g(k/aan)TUQ,k’—kUS x 82,353 5, (B37)

B ’ B
are identically zero after averaging over spins. Leaving only contribution from the term

wa j—kr03G (K, iwp )wa kr— 05 = |w2 g— ks PG(—K,iwy). (B38)

9 Although this is formally untrue and the self-energy should always diverge we ignore the terms anyways
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B.2 Interpreting Data and the s+p-wave Phase

The program solves the set of self-consistent equations, for each point in an interval of discretized frequency
space and finds the density of states, and for each regime as defined above. The density of states defined in
the program is a convex sum all regimes, of the truth value (1 or 0) of the regime times the specific density of
states in that regime as found by the respective self-consistent equations.

A single impurity scan of two systems, one with A; = 1 and Ag; = 1 and the other with Ay =1 and A; =0,
leads me to the conclusion that A, and A, are linearly independent as the two system configurations produce
the same density of states.

It seems for a pure p-wave SC the gap closes around Ts '~ 8m?Ap. While for the pure s-wave SC it is

determined by Tgl ~ Ay/8m3p.

B.3 The position dependent DOS in 1BA

We wish to analyze the position dependent density of states of a system which is not necessarily translation
invariant. To do this we take a step back an reflect on the general form of the Dyson equation for non interacting
scattering events. The general equation reads

G(a,b) = Gola, b) + / Gola, )V ()G (e, b) de. (B39)

Here we use the index placeholder notation, i.e. a,b and ¢ can be taken to mean, e.g., either mean real space or
momentum index. One can use the recursive nature of this equation to define the self-energy in the first born
approximation as

Y(e,d) =V (e)Go(c,d)V(d) (B40)

so that the first Born Green’s function is
G'BA(a,b) = Go(a,b) + / Gola,c)V(c)Go(c,d)V (d)Go(d, b) dedd (B41)

In the present case of spinful and spinless impurity potentials in a 1D TS wire, we have with the above
notation

BB, 2") = V(@)Go(w,a")V(a') + W(2)Go(z, 2" )W(a) (B42)

In the self-consistent Born approximation we replace G with G, giving
RICLBA (4 2y = V(2)G(x, 2" )V (') + W(z)G(z, 2" )W (z) (B43)

In the effective model we replace the potentials by the effective 2 x 2 potential interactions, i.e. ¥V — Vg and
W — Weﬂ‘.
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C The Self-Consistency Condition and Origin of the Gap Function

Within BCS theory the interaction potential gives rise to the gap function and how this comes about is the
topic of this section. Using a maximally [debate me] generalized potential with indices « and 8 indicating some
discrete degrees of freedom, this can be spin or orbital index. The interaction potential is then

V=" Vil 0u)(—k)vs(—K)ga(K). )

kk’,af

Where (Vlﬁg )= Vﬁﬁ, since V' is assumed hermitian, and additionally the following must be true from the Fock
algebra Vlf‘k’(i =V? o1~ Doing a Hartree-Fock mean field approximation in the pair creation and annihilation
operators, we find

VME = 37 VA 0uh (k) (s(—K )k (K)) + VS (0] ()1 (—K)) v (K )ta () (C2)
kk’,a8

+ Vil (U h(—K)) (s (K )aK) | (C3)

The last term is just a constant term which can be absorbed into the chemical potential of a given model.
Explicitly defining the pairing Aq,g(k) = >, fo, (Yg(—K')o(K’)), we obtain the familiar (almost) BCS
Hamiltonian

VM= 37 (A (6] (00 h (1) + A5 (k) (~k)a (k)] (C1)

k,ap

Notice the symmetry the gap function inherits from the potential interaction is

Aap(k) = =D VA WaK)p(=K)) = =D VAL (al(-K)¥s(K)) = —Asa(-k). (C5)

k’ k’

The most common use of the above calculations would be when the indices «, 8 represent spin degrees of
freedom (isomorphic to two orbit models). Written out the mean field potential becomes

v =3%" [Aﬁ(k)wi(k)ﬂ(*k) + AL K)o (k) + Ay (k)] (k)i (k) + AT, (k)i (k) ¢y (k)
k

+ A (UL 0] (1) + A7 (1) (<K)er (k) + Ay ()] (K (—k) + AT ()er (k) (k).
(Co)

If we assume the pairing potential to be the same for in up and down triplets, by using the Fermion algebra
and the symmetry of the gap we find

VME = 3 [Ar (6wl () (—k) + he | + 3 [Ast)ul 9] (k) + he], (C7)
k

ko

where

Ag(k) =20 (k) =2 VL (W (~K)pr(K))  and  Ap(k) == Arr(k) = > VL (0 (=K )wr(K)) . (C8)
k/ K

Clearly Ar(k) = —Ap(—k), which may be seen directly from the definition and eq. (C5).

33



Masters Thesis

D A Useful Approximation for the Non-Local Density of States

D.1 In the Normal State

In the normal state the Green’s function is rather simple

iwn + £k7-3

k,iw,) = D1
gO( , LW ) OJ% +512< ( )
In either the particle or hole block this corresponds to
1
GPM K, iwy) = ——— D2
o/ e ) = (D2)

where the minus corresponds to the particle and the plus corresponds to the hole Green’s functions. The
corresponding spectral function is easily found

AP/ (K iw,) = —2ImGP/ P (k, w) = —2Im | Find(w — &) + P (w _1 gk)] : (D3)

D.2 1In the Superconducting State

We wish to find a general expression for the density of states from the GF formalism, without making any
assumptions on the dependence of A on frequency w. The (retarded) superconducting Green’s Function reads

. wHin+&ers + Agmr wHin + Tz + AgTy
Gk,w+in) = , = - where Ey 1= /&2 + AZ. D4
( ) (w+in)? — & — A (w+in)? — E2 k 0 (D4)

Where & is the quasi-particle spectrum Ag is the superconducting gap, assumed constant in k. The corre-
sponding density of states is

n—0 7V

.1 1 1 w i+ &k
= —lim — I — . D5
UIL%TI'V%U:m{[w—FZ.U—Ek w+i77+EJ 2Ex } (D5)

The in term goes to zero in the limit case and can be ignored. The other terms reduce from the Sokhotski—Plemelj
theorem. A standard method for evaluating these is to extend min(§) — oo which is exactly p — —oo and then
shifting to an energy integral. So that

1
ds(w) = v ZAg(k,w) — lim — Zlm Goo(k,w +in)]
k,o

ds(w) ImZ{ wzéw—Ek)+P k+m’5(w+Ek)—Pw+1EJ wQ—;fk
—@Re/_oo [6(w—E)—(5(w+E)]w+§ de
_doR /oo <1+2)6(w—E)+(1—2)5(w+E)d§ (D6)

where dj is the normal state density of states at the Fermi level. Since {/FE is odd in & those two terms drop
out leaving us with

ds 1 *
d(“) = 5Re/ S(w— E) + 6(w+ E)dé. (D7)
0 —o0
The roots for both functions fi = w + E, wr.t. &, are & = +4/w? — A2 and their derivatives are f| =

3

+ :
VE+a3

However we wish to only count the real solutions of £ so for §(w — F) we must have w > Ay and for
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d(w + E) we must have w > —Ag. In effect the integral can be rewritten as

Nw) 1

No §Re /_Z d(w— E)0(w — Ag) + d(w+ E)0(—w — Ag) d€

1 1 1
= 5ReXi: l|fl_(§i)|0(w —Ag) + 7|fﬁ_(§i)|0(_w — Ap)

|w] |w]
—Re|—YL__pw-a0)+ - g-w-A
€ 2 — A2 (w 0) 2 - A2 (—w 0)
_ |w]
= RGWG(M - Ao) (D8)

Notice if for some reason there could be energy states with |w| < Ag such would be the case if Ay was dependent
on w and simply taking the real part would ensure the density of states is zero within the gap. An alternate

from often seen in the literature reads
Nw) |w|

= Re———— D9
Ny \/wQ—A% (D9)

e A, Namn——nr WED
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