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Abstract

Superconductivity is one of the most important macroscopic quantum coherent phenom-
ena in physics, where at sufficiently low temperatures electrons form Cooper pairs sharing
the same phase. When an interface is realized between a superconductor (S) and a normal
(N) material, a phenomenon called Andreev reflection occurs: an electron impinging from
the normal side towards the interface cannot penetrate the superconductor as a single
quasiparticle and is back-reflected as a hole.

Recently, one of the most interesting and studied setups involving a normal and a su-
perconducting material is the case of semiconductor nanowires with spin-orbit coupling
(SOC), where a nanowire portion, covered by a superconducting film, acquires a super-
conducting pairing by proximity effect. Nanowires characterized by strong SOC, such as
InAs and InSb, exhibit ballistic transport and a wide tunability of the SOC, and have
been predicted to host Majorana quasiparticles that are robust to decoherence, with po-
tential applications in quantum technology.

While experimental evidence for Majorana quasiparticles is still debated, a key open
problem is to understand how Andreev Reflection is affected by SOC inhomogeneities.
Indeed, while most theoretical models assume a homogeneous SOC, in actual experiments
inhomogeneities are present mainly for two reasons: firstly, when a nanowire portion is
covered by a superconducting film, its structural inversion asymmetry underlying the
Rashba SOC is modified as compared to the bare nanowire portion. Secondly, the SOC
in the normal portion can be controlled in magnitude and direction by wrap metallic
gates, with the purpose of tuning the conduction properties of the system. So far, these
aspects have been mainly overlooked in the literature.

This MS Thesis is an attempt to bridge this gap, by investigating how Andreev reflection
is affected by the inhomogeneities of the SOC. In order to describe a homogeneous single
channel semiconductor nanowire proximized by a superconducting pairing, we first con-
sider the generalization of the Bardeen-Cooper-Schrieffer model including the effects of
SOC and of an external magnetic field. Then, by adopting the Bogoliubov-de Gennes for-
malism, we further extend this model to describe inhomogeneous systems, specifically a
Normal-Superconducting (N/S) nanowire junction where the SOC profile is non-uniform
across the interface.

By combining analytical and numerical methods, we analyze the effects of two specific
types of spin-orbit inhomogeneities on Andreev reflection. The first one is an inhomo-
geneity in the direction of the SOC field, defined by a misalignment angle between the
N and S sides. The second type is the inhomogeneity in the magnitude of the Rashba
SOC. Our results show that, while Andreev Reflection is independent of the misalignment
angle, it can be significantly affected by the difference in the spin-orbit magnitude. We
analyze this effect in two distinct regimes, where the spin-orbit energy is much larger



than the superconducting gap, and in the opposite case of a large superconducting gap.
Furthermore, we also discuss how these effects are modified by the presence of a magnetic
field.

In conclusion, this work provides a rigorous framework for modeling quantum transport
in N/S nanowire junctions. Our findings clarify the distinct roles of directional and
magnitude-based SOC inhomogeneities in modulating Andreev reflection, providing a
solid basis for the design of future quantum devices.
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Chapter 1

Superconductivity and nanowires
with spin-orbit coupling

1.1 Superconductivity and Andreev reflection

1.1.1 A quick overview of supercoductivity

Superconductivity stands as one of the most fascinating macroscopic quantum phenomena
in condensed matter physics. It was first observed by Heike Kamerlingh Onnes in 1911
while cooling Mercury and other metals down to temperatures of a few Kelvin using liquid
Helium. Kamerlingh Onnes observed that below a certain critical temperature T, the
electrical resistance of these materials dropped abruptly to zero, thereby characterizing
them as perfect conductors. Later, further experiments have demonstrated that currents
in superconducting rings can flow indefinitely without any measurable decay, indicating
a truly zero-resistance state. The critical temperature T, represents the first fundamental
parameter characterizing a superconductor and it depends on the material type [1, 2].
In particular, for a given superconducting element, T, depends on its specific isotopic
variant. This phenomenon, known as the Isotope Effect[3], reveals that T, changes with
the mass M of the constituent ions.

A second feature characterizing a superconductor, discovered in 1933 by Walther Meissner
and Robert Ochsenfeld, is the Meissner effect[4]. It was observed that below T, and for
magnetic fields below a certain critical value H.(T"), superconductors behave as perfect
diamagnets, actively expelling applied magnetic fields from their interior. This expulsion
is spontaneous and reversible. The critical magnetic field H,. is temperature-dependent,
typically following a universal empirical parabolic law (for materials characterized by low
T.), and vanishing at T,, namely

HA(T) ~ H,(0) [1 - (;)] (1.1)

Above the critical field H,, superconductivity is destroyed, and the material exhibits its
normal resistive state.
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The discovery of the Meissner effect was crucial to identify superconductivity as a ther-
modynamic state of matter, which differs from a mere hypothetical “perfect conductor”
(a material with just zero resistance). Indeed let us highlight their difference by consid-
ering two possible scenarios. In the first one, both materials are cooled below T, in zero
magnetic field, and then a magnetic field is applied. In this case both of them will expel
the field, without showing any response to it. For the perfect conductor, this is due to
Faraday’s law of induction (V x E = —0B/0t): zero resistance implies zero internal elec-
tric field, which means the internal magnetic field cannot change over time (0B/dt = 0),
i.e. remainingvanishing in the material.

In contrast, if a magnetic field is applied above T, and the materials are subsequently
cooled, a perfect conductor would trap the field inside (maintaining 0B/t = 0 as it be-
comes perfectly conducting), whereas a superconductor will spontaneously expel the field
as it crosses T, as observed in the Meissner effect. The reversibility of this effect and the
observations that the transition and the final state depend only on the thermodynamic
variables (7', H) and not on the cooling history, suggests prove that the superconducting
state is a distinct, stable thermodynamic phase of matter.

The evidence that the transition to a superconductivity state represents a phase transi-
tion, in which the system enter in a lower energy state, is also supported by the obser-
vations of a discontinuity in the specific heat ¢, at T, in zero magnetic field [2]. This
represents a second order phase transition, since it involves the second derivative of the
Gibbs free energy, and it is characterized by a discontinuos increase of the specific heat
at T, followed by an exponentially decrease towards zero. This jump indicates an inter-
nal reordering of the system (the formation of the superconducting order) that does not
require an energy cost, but changes the way in which the system stores heat.

In contrast, in presence of a field H, the superconductivity transition is of the first order,
since it involves a discontinuity in entropy and therefore an associated latent heat. Indeed
in this case an energetic cost is required to expel the magnetic field in order to enter in
the new state([1, 2]).

Over the years further research led to the discovery of a second type of low T, superconduc-
tors (predicted by Abrikosov in 1957), called type II superconductors. The classification
of these materials into two types is based on their magnetic response:

e Type-I Superconductors that exhibit complete Meissner effect up to a single critical
field H., above which superconductivity is completely lost.

o Type-II Superconductors characterized by two critical fields, H.y and H.o. Below H.q,
they are perfect diamagnets. Between H. and H., they enter a mixed state (or
vortex state) where magnetic flux penetrates the material in quantized vortices while
remaining superconducting. Above H.o, the bulk superconductivity is destroyed.

Furthermore, in 1986 scientists Georg Bednorz and K. Alex Miiller discovered the first
high-T, superconductors [5], characterized by a high critical temperature with respect the
superconductors discovered up to that time. Tipically, a superconductor is classified as an
high-T,. one, when the critical temperature is above the boiling point of liquid nitrogen,
i.e. 77 K. All known high-Tc superconductors are Type-II ones.
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1.1.2 The phenomenological Ginzburg—Landau theory of superconduc-
tivity

Before a thorough microscopic theory of superconductivity was formulated, Ginzburg
and Landau (1950) proposed a powerful phenomenological approach to explain this phe-
nomenon . Their approach is based on Landau’s theory of continuous phase transitions
(1937). The central concept is the introduction of an order parameter, a quantity that is
non-zero below the critical temperature T, (in the ordered superconducting phase) and
identically zero above it (in the normal phase). Landau suggested that the free energy
F of the system near the critical point can be expanded as a power series of this order
parameter and its derivatives, constrained by the fundamental symmetries of the sys-
tem. In the context of superconductivity, the order parameter is a complex macroscopic
wavefunction ¢ (r), whose squared modulus represents

W(I‘)\Q = n, = density of superconducting charge carriers

whose charge and mass are denoted by e* and m®*, respectively. Denoting by F,, the
free energy of the normal state, the physical value taken by the superconducting order
parameter is determined by minimizing the free energy functional

—ihV —e*A(r r)? 2(r
P far IEIVZCAEOE e it + 5] s

with respect to 1, ¢* and A [1, 2]. In particular, for a spatially uniform order parameter
¥ and in the absence of external fields (A = 0), the free energy difference F — F,, exhibits
two qualitatively different behaviors depicted in Fig.1.1. As one can see, while for a > 0

(a) (b)

a>0

v oo\ e~ v

2B

_?’_y—-n _?:_T'n

Figure 1.1: The Ginzburg-Landau free energy difference F — F,, for o > 0(left panel) and

2
o

a < 0(right panel). For a > 0 the minimum is reached at energy value —3§ 7

the minimal free energy is obtained for ¢» = 0 (no superconductivity), for a < 0 the free

7



Superconductivity and nanowires with spin-orbit coupling

energy exhibits two local minima, corresponding to the order parameter value

o
Y2 =—= (1.3
¥ 3 )
thereby causing the emergence of a superconducting state. This suggests that «(T) =
a(T —T¢) with a > 0.
In the most general case (1.2) where also the spatial variations of the order parameter
are included, the minimization leads to the Ginzburg Landau equations

ﬁ2 e* 2
o (<Y T A®)) B() + avle) + Bl i) =0 (14)
and o i
1= v - v - A (1.5)

The former equation (1.4) resembles a non-linear Schrodinger equation for the supercon-
ducting order parameter, while the second one returns the value of the current density.
In particular, by expressing the order parameter in terms of its modulus and phase

U(r) = [o(r)] ) (1.6)
the current density (1.5) can be re-expressed as
J= ;L*|\I/|2(7iV<p—e* A) (1.7)

The spatial variations of the phase of the order parameter are related to the current due
to the superconducting carriers.

The Ginzburg-Landau theory enables one to identify the coherence length &, i.e. the
typical lengthscale over which the density of superconducting carriers spatially changes,
the penetration depth of the magnetic field inside the superconductor. Moreover, it
enables one to predict the existence of type-I and type-II superconductors, to compute
the critical magnetic fields and current, and to demonstrate the existence of magnetic
vortices and fluxoid quantization.

1.1.3 The microscopic theory of superconductivity by Bardeen, Cooper
and Schrieffer

The first comprehensive microscopic theory describing superconductivity was proposed
in 1957 by Bardeen, Cooper and Schrieffer, known as the BCS theory[6]. Unlike previous
phenomenological approaches, this theory provides an explanation of the phenomenon
starting from fundamental quantum mechanical principles. BCS theory is founded on
the second quantization formalism, which is essential for treating many-body systems
characteristic of condensed matter. Within this framework, the system is described by
considering the fundamental constituents and their couplings:

o The crystal lattice of positively charged ions.

8
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e The “sea” of conduction electrons (Fermi sea).

¢ The mutual interactions between these entities: specifically, the direct electron-electron
Coulomb repulsion and the electron-lattice (electron-phonon) interaction.

A first, simplified attempt to describe condensed matter relies on the Born-Oppenheimer
approximation[7, 8]. This approach decouples the motion of electrons from that of the
ions, based on the significant difference in their respective velocities due to their vastly
different masses. Following this observation, the approximation assumes that the elec-
trons perceive the ionic configuration as a static attractive potential, instantaneously
adjusting to any change in ionic positions, whereas Ions move much slower and feel an
effective potential generated by the average distribution of the electron cloud.

Going beyond the Born-Oppenheimer approximation, the crucial starting point for effec-
tively modeling the interaction between electrons and ions is the Frohlich Hamiltonian
[9]. This Hamiltonian represents a first attempt in which the dynamics of electrons and
ions become coupled. It is composed by three terms and reads

Hpr = Z 6kCIkaa + Z hwqal;aq + Z I/chrqackU(aq + atq) (1.8)
ko q kqo

where

o Hei =2 ko ekcL ~Cko describes the kinetic energy of the non-interacting Fermi Sea;

o Hph = 2q hwqa:rlaq represents the vibrational energy of the lattice in the harmonic
approximation. In particular hwg denotes the quanta of energy of the quasi-particle
with momentum q, called phonons;

o Hel—ph = Xkqo chL LqoCkolaq + aiq) accounts for the electron-phonon interaction,

i.e. the fundamental process through which an electron interacts with the lattice by
absorbing or emitting a phonon. Specifically v denotes the coupling constants of
such process where an electron is scattered from momentum k — k + q by absorbing
a phonon with momentum q or by emitting one with momentum —q.

Thus, this Hamiltonian isolates the interaction between electrons and the vibrational
modes of the lattice, neglecting the electron-electron interaction. Indeed, in the Frhlich
model, electrons experience the vibrating lattice as a perturbation of the periodic po-
tential in which they are embedded, and this perturbation induces a scattering process
between electrons and phonons.

In this framework it is possible to demonstrate that, under certain conditions, the inter-
action mediated by the exchange of virtual phonons can overcompensate for the natural
Coulomb repulsion between two electrons, resulting in a net effective attractive interac-
tion between electrons near the Fermi surface. This counterintuitive effective attraction
is the key ingredient required for the formation of bound electron states, a central concept
that is formally explored through Cooper’s theorem [10].
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Cooper Theorem

The foundational step towards a microscopic theory of superconductivity was taken by
Leon Cooper in 1956 [10]. He demonstrated that the normal ground state of a metal
(the filled Fermi sea) becomes unstable in the presence of an arbitrarily small attractive
interaction between electrons.

Before deriving the theorem formally, it is crucial to understand the origin of this attrac-
tive interaction. In a simple picture, as an electron moves through the crystal lattice, it
attracts the surrounding positive ions, creating a local lattice deformation (a region of
increased positive charge density). Due to the much larger mass of the ions compared to
the electron mass (Mo, > m.), the lattice response is slow (vjo, < ve). The ion lattice
deformation persists for a short time after the electron has passed. A second electron can
then be attracted to this region of enhanced positive charge before the lattice relaxes back
to equilibrium. This process effectively results in a net attractive interaction between the
two electrons, mediated by the exchange of virtual phonons, which may overcome the
direct Coulomb repulsion, which is strongly screened in a metal.

The Cooper theorem, which reveals the instability of the Fermi Sea to attractive inter-
action [1]. Cooper considered a simplified model with a non-interacting Fermi sea at
T = 0K, filled up to the Fermi energy Er. Let us now add two extra electrons to the
Fermi sea. By Pauli exclusion principle, they must have energies £ > Er. We assume
that these two electrons interact via a weak attractive potential V(rj,ra). All other
electrons in the Fermi sea are treated as a non-interacting background whose role is to
exclude states with F < Ep.

We look for a two-electron bound state with total energy FF < 2Er. If such a state exists,
it is energetically favorable for electrons to pair up, destabilizing the normal Fermi sea.

Let us start by writing the Schrodinger equation for the two-electron wavefunction ¢ (ry, rs),
namely

(h§W+va+Wmemeg=Ewmm> (1.9)

“2m

We look for solutions in the form

¢mm=%ﬁ%mm@ (1.10)

where R is the center of mass coordinates, r = r; — ro represents the relative distance of
the two electrons, ¢(r) represents the wavefunction in the center of mass, and (o1, 02)
denotes the spin wavefunction. Expanding ¢(r) in plane waves, we enforce the constraint
that states k < kp are occupied:

qﬁ(r):é Yo gke™” (1.11)

k,[k[>kp

where () represent the volume. Assuming the electrons to have opposite spin we obtain
the following spin wavefunction (spin singlet)
1

x(T, 1) = 7

[0 19 = [y 1] (1.12)

10
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which characterizes the so-called convential (low T.) superconductivity. We remark that,
since the total wavefunction must be antisymmetric, then ¢(r) must be symmetric, im-
plying that ¢(r) = ¢(—r) and thus gx = g_x. Finally, to minimize the kinetic energy of
the pairs and to maximize the number of available final states of the scattering process
between the two electrons, we consider solutions with the center of mass at rest (i.e. total
momentum K = 0) obtaining

1 or
Y(r) = Q > gke™ (1)) (1.13)
[k[>kp
Then, inserting Eq.(1.13) in Eq.(1.9) we obtain
h2 , .
2| (VI VE) + V(I — 1) | g™ = BY 7 geetiernr) (1.14)
k k

Assuming translation invariance for the potential V(r; — r2), multiplying both side by

e~ T and integrating over r, one obtains
Q2 — E)gic + Y Viawgi =0 (1.15)
k/
where 2¢x = % is the kinetic energy of the pair and Vj represents the Fourier trans-

form of the potential.

We now assume that the two electrons interact via a weak attractive potential —V only
when their energies are within a small range hwp above Ep (where wp is the Debye
frequency, characteristic of lattice vibrations), namely

-V if Ep <ey, e < Ep+ hwp
Vi = (1.16)

0 otherwise

The equation simplifies to:

QQ2ek —E)gx =V > _ g (1.17)
k/
where the symbol ”*” indicates that the summation is performed over the spherical energy
shell Fr < € < Ep + hwp. Summing over k in the spherical energy shell yields the
self-consistency condition:
1 v
-y —— =1 1.18
Q Ek: 2¢p — F ( )

Converting the sum to an integral over energy using the density of states N(£) (where
{=ex— EF)

B hwp df ~ hwp df
1_V0 N(£)2§—(E—2EF)NVN(O)/0 26+ A

(1.19)

11
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Here we defined the binding energy A = 2Er — E (whence E = 2Er — A, and we are
looking for A > 0) and approximated the density of states as constant N(0) over the
range of integration

1=

VN (0) <2th n A)
In
2 A
Solving for the binding energy A in the weak coupling limit VN(0) < 1,( implying
A < hwp) it follows that

(1.20)

2
A ~ 2hwpe” NV (1.21)

Since A > 0 for any V' > 0, a bound state always exists for any attractive interaction,
no matter how weak. Furthermore, the binding energy depends on V as oc e=1/V. This
function cannot be expanded in a Taylor series at V' = 0, meaning that this result cannot
be obtained by standard perturbation theory.

Thus, the existence of a state with energy F < 2EF implies that adding electrons to form
pairs, lowers the system total energy. This suggests that the normal Fermi sea is unstable
against the formation of such pairs, leading to a new ground state: the superconducting
ground state.

The BCS wavefunction

As demonstrated by Cooper’s calculation, the Fermi sea becomes unstable against the
formation of electron pairs (Cooper pairs) when the net interaction between them is
attractive. This occurs when the mutual Coulomb repulsion is overcome by a stronger
attractive interaction mediated by phonons.

Furthermore, the implications of this theorem are strongly supported by experimental
observations of the Isotope Effect. For many conventional superconductors, this effect
shows that the critical temperature T, depends on the isotopic mass M of the constituent
ions:

T, oc M~ (1.22)

where the exponent o ~ 0.5. This mass dependence provided crucial evidence that the
attractive pairing mechanism was not purely electronic, but must be mediated by lattice
vibrations (phonons). This conclusion is strongly supported by the fact that characteristic
phonon frequencies (such as the Debye frequency, wp) scale precisely the same manner,
wp o< M —1/2,

Cooper’s theorem further implies the opening of an energy gap (A) in the excitation
spectrum relative to the Cooper pair ground state. This theoretical result is supported
by experimental observations of an exponential decay in specific heat as temperatures
approach absolute zero. Consequently, the only electrons available for thermal transport
are those that, thanks to thermal excitations, can cross this gap via tunneling.

Given these experimental observations and the implications of Cooper’s theorem, the
thermodynamic superconducting phase is expected to arise when these Cooper pairs
condense to form a new stable ground state with lower energy compared to the normal
ground state.

The N-electron ground state can be constructed starting from the individual Cooper pair

12
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wavefunctions as:
N/2

\I’N == ./Zt H 77[)(1'23;1 — I'Qj) (123)
j=1

Here, 1(rgj—1 — raj) is the pair wavefunction (analogous to Eq. (1.13)), where we have
considered the center of mass at rest, meaning the wavefunction depends only on the
relative distance between the electrons in the pair. The antisymmetrization operator A
ensures that the total wavefunction satisfy the Pauli exclusion principle.
In real space, handling this antisymmetrization for an N-electron wavefunction typically
involves an N x N Slater determinant. This determinant finds a much more compact
expression using the second quantization formalism, utilizing creation (cL ) and annihi-
lation (ck,) operators. In this formalism, the wavefunction in Eq. (1.23) becomes

— Tt 1 T
Uy = Z Z Z i ks T /a Ol 1€y 1+ Chey 51 Ky ol |0) (1.24)
ki ko ky/2

where |0) represents the electron vacuum state.

Bardeen, Cooper, and Schrieffer in their theory [6] proposed an alternative formulation
of the superconducting state, which captures the crucial physical ingredients of the phe-
nomenon of superconductivity, allowing much more efficient calculations. The BCS state

1BCS) =[] (ux + viecfrcl 1)) 0) (1.25)
k

consists of products of superpositions of empty and paired state (k 1, —k ), with |v|?
denoting the probability that the pair state is occupied, while |uy|? the probability that it
is empty. The normalization condition for the |[BC'S) state requires that the coefficients
uy and vy are related by |uy|? + |vk|? = 1. The relative complex phase between vy and
identifies the phase of the pair. The crucial feature of the | BC'S) state is that it describes
a macroscopic quantum coherent state, since all pairs acquire a well specified phase,
rather than a randomly distributed one. In this way the system gains a finite energy with
respect to remaining in a normal state. Scattering of one electron is suppressed because
it would cause a pair breaking, which requires the supply of a finite energy. This is the
gist of the superconductivity phenomenon. Moreover, |BC'S) is also referred to as a pair
condensate, for all pairs (k T,—k |) are in the same state of (vanishing) center-of-mass
momentum.

Importantly, the BCS state (1.25) can be shown to be the ground state of the following
BCS Hamiltonian [2, 6]:

Hpcos = Z fchkUckU + Z (AkCLTCT—u + Al*cC—MCkT) + const. (1.26)
ko k

which describes (k 1, —k |) pairs moving in a mean pairing field

Ay =+ Z Vi <C—k’¢0k’T> (127)
k/

13
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Excitations spectrum and GS
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Excited States — RS *

BCS Ground State
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Figure 1.2: The BCS state (1.25) is a macroscopically coherent quantum states formed by pairs
that all share the same phase. This state is robust to perturbation and is separated by a gap Ag
from the excitations.

generated by all other pairs a caused by the attractive potential Viys. The k-dependence
of the pairing potential determines the k-dependence of the pair phases. In conventional
superconductors, it turns out that the pairing field can be taken as k-independent (s-wave

superconductors) '
Ak = Ao ew . (128)

Its phase ¢ is also the phase shared coherently by all Cooper pairs. It therefore char-
acterizes the superconducting state macroscopically and is essential for phenomena like
the Josephson effect. The modulus Ay has the meaning of the superconducting gap, i.e.
the minimal energy one has to supply in order to excite a quasi-particle above the BCS
condensate, see Fig.1.2.

The main difference between the BCS form in Eq.(1.25) and the expression in Eq.(1.24)
lies in the total number of particles N. Although, the ground state in Eq.(1.24) has a
fixed number of particles, this is no longer true for the BCS ground state. These two
different representations of the GS can be related by rewriting Eq.(1.25) as a coherent
superposition of states with different particle numbers N =0, 2,4, ..., co,namely

|BCS) = An|Un) (1.29)
N

with the normalization condition |Ay| = 1.
The reason beyond the BCS proposal for | BC'S) is that such theory represents effectively
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1.1 — Superconductivity and Andreev reflection

a mean-field theory where the exact particle number N is not conserved ([H, N1 #0) [2,
6]. In contrast, what is fixed is the average particle number N, defined as

N = (BCS|N|BCS) (1.30)
where N is the number operator defined as

N = Z CLUCkU = Z(CLTCkT + CT_kic—kO (1.31)
ko k

This approach is justified because, in a typical metal, the average number of electrons is
enormous (N ~ 10%3). From statistical considerations, the root-mean-square fluctuations

ON are
SN = /(N2) — ()2 =~ VN (1.32)

These fluctuations are around 10! particle, which might seem large absolutely, however
the relative fluctuations §N/N are extremely small (=~ 1072), meaning the distribution
is extremely sharply peaked around the average value. This fully justifies using a grand
canonical ensemble approach (mean-field) to describe the superconducting state.

1.1.4 The Andreev reflection phenomenon

In 1964 the physicist Alexander F. Andreev discovered that, at the interface between
a normal (N), i.e. non superconducting, material, and a superconductor (S), a unique
particle-hole conversion effect occurs [11]. This phenomenon, which occurs under general
conditions at any N/S interface, is called Andreev Reflection (AR) and underlies the
physical behavior of most nanodevices based on superconductors.

In order illustrate this effect, let us consider an electron impinging from the N region
onto the interface with the superconductor S, as depicted in Fig.1.3. For the electron the
possible outcomes are being either back-reflected into the N region or transmitted into
the S region. The probabilities for these events, which depend on the incident electron
energy (E) and the system parameters, must satisfy the conservation law R+ T = 1.

If the incident electron has an energy below the superconducting gap value (E < Ayg),
it cannot penetrate the S region as a single-particle excitation, as no propagating quasi-
particle states are available within the gap energy range. Indeed, the probability ampli-
tude for a quasi-particle decays exponentially inside S.

The crucial observation is that, because the superconducting ground state is formed by
Cooper pairs, an incoming electron with £ < Ag is transmitted by forming a Cooper
pair, with an electron in the S region with (almost) opposite momentum and spin. This
partner electron is drawn from the Fermi sea on the N side, leaving behind a hole (with
opposite charge, momentum, and spin) that is back-reflected into the N region. The same
process, with the appropriate differences, holds for a hole incident onto the interface.
Andreev Reflection thus enables the flow of supercurrent across the interface by convert-
ing the charge current in the normal region into a pair current in the superconducting
region.
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Andreev Reflection at interface
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Figure 1.3: The Andreev Reflection effect occurs at the interface between a Normal (non su-
perconducting) material and a Superconductor. An electron impinging from the N side with an
energy £ < A( cannot penetrate inside the superconductor, due to the absence of propagating
states inside the superconducting gap. Instead, it is back-reflected as a hole, while a Cooper pair
travels into the superconductor.

One of the seminal theoretical frameworks for the quantitative study of reflection and
transmission at a non-ideal N/S interface is the model developed by Blonder, Tinkham,
and Klapwijk [12] (BTK) in 1982. The BTK model uses a scattering approach to calculate
the probabilities for Andreev Reflection and Normal Reflection at the interface, including
also a potential barrier strength (Z) to account for non-ideal interface transparency, which
is characterized by a strength parameter Z. The differential Conductance G(V') = dI /dV
of the N/S junction as a function of the bias voltage (V), i.e.
of

G(V) = % =Gy /_O:O dE[1 + Ry(E) — Rn(E)] (—8E(E - eV)) (1.33)

where

e (G is the conductance in the normal state, experimentally obtained when the bias
energy is much larger than the superconducting gap, i.e., eV > A ;

e R,(F) is the probability for Andreev Reflection, which is a function of the energy E
and the barrier strength Z;

e R, (FE) is the probability for Normal Reflection;

e f(E —eV) is the Fermi-Dirac distribution function at finite temperature 7'.
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The BTK formula shows that in the high-transparency limit (Z — 0), when E < Ay, the
Normal Reflection probability B tends to zero, while the Andreev Reflection probability
A tends to unity. This leads to the characteristic doubling of the conductance at zero
bias, where G(V = 0) = 2G, a hallmark signature used extensively in experiments.
The phenomenon of Andreev Reflection serves as the fundamental microscopic mechanism
underlying a wide range of transport phenomena in superconducting hybrid structures.
Most notably, it governs the Josephson effect in weak links [13, 14] and the superconduct-
ing proximity effect[15] at normal-superconductor interfaces. These phenomena are the
cornerstones of modern quantum technologies, enabling devices such as Superconductor-
Normal-Superconductor (SNS) junctions and proximized semiconductor nanowires. In
particular, a crucial application of the proximity effect-specifically its role in the search
for Majorana zero modes—will be discussed in detail in the following sections.

1.2 Spin-orbit coupling (SOC)

1.2.1 Origin and derivation of the SOC in atomic structures

Spin-orbit coupling is a purely relativistic effect intrinsically that is present in the atomic
structure. It is typically first encountered in the study of hydrogen-like atoms, where
this interaction, along with other relativistic corrections, is responsible for the so-called
fine structure, i.e. the splitting of the single atomic energy levels in more levels. These
deviations are typically characterized by the fine-structure constant, o ~ 1/137 ~ 102
This term was introduced by Arnold Sommerfeld to explain experimental observations of
spectral lines splitting.

Given its relativistic origin, the spin-orbit interaction can be derived directly from the
Dirac equation . Indeed, unlike the Schrédinger equation, the former intrinsically ac-
counts for both the electron spin and special relativity laws. Then, considering the non
relativistic-limit (v/c < 1) of the Dirac equation, by performing a low-velocity expansion
(e.g., using the Foldy-Wouthuysen transformation), one naturally obtains a Hamiltonian
term describing the SOC [16, 17].

However, a physically intuitive derivation can be equally obtained by considering the
implications of special relativity for an electron orbiting around a nucleus [18, 19]. Thus,
let us consider a classical picture, in which an electron moves with velocity v around the
positively charged nucleus. In the rest frame of the electron, the nucleus orbits around
it, generating an effective current loop. This moving charge creates a magnetic field B,y
perceived by the electron. According to the Biot-Savart law, this field is:

poZe
4mr3
where g is the vacuum permeability and r represents the nucleus position in the electron
reference frame. Exploiting the definition of orbital angular momentum L = r x p =
m(r x v), then Bef f reads

Beff = (I‘ X V) (1.34)

poZe

Bepr = (1.35)

4rmr3
Note that the effective magnetic field points in same direction as the orbital angular
moment, B.sy || L. To express this in terms of the central electrostatic potential energy
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V(r)= —jfjr, we note that 2% = 455;37 and recalling that egug = 1/c2, we can rewrite
the magnetic field as
1 14V
B.rr = - 1.36
I mecr dr (1.36)

Considering now that the electron exhibits an intrinsic magnetic dipole moment associ-
ated with its spin S, the effective magnetic field B,y gives rise to a torque applied to
the electron, trying to align the spin along its direction. The interaction energy between
this magnetic moment and the effective magnetic field is given by the standard Zeeman
energy interaction term and reads

Uso = —ps - Beyy (1.37)

The magnetic moment pg for the electron is defined as
e e
1s s om m ( )

where g; represents the electron spin g-factor and is g; ~ 2. The interaction energy

becomes 1 14v
-L

U = —"—-— 1.39
S0C = 2 r dr (1.39)
In fact, the above naive derivation requires a correction factor of 1/2, known as Thomas
precession, because the electron rest frame is not inertial, as it rotates around the nucleus.

The correct SOC energy term is thus:

1 1dV
om2cr dr
This formula clearly shows that the interaction depends on the scalar product S-L, hence
the name “spin-orbit coupling.” We remark here that this represents a naive derivation
in a semiclassical picture, in which the electron performs a loop around its nucleous.
As will be clear in the following section, the SOC coupling is actually a quite general
phenomenon experienced by an electron whenever an electric field is present.

Usoc = L (1.40)

1.2.2 Derivation of the SOC in crystalline structures

After illustrating the origin and the name of the spin-orbit coupling in atoms, it is natural
to ask whether it can be generalized to situations where electrons move freely within a
background electromagnetic field without performing any loop, such as in a crystalline
solid. The fundamental ingredients remain the same, i.e. the intrinsic electron magnetic
moment due to the spin S and the motion through an electric field E. In a crystalline
structure, an electron moves through a static periodic potential generated by the lattice
ions. In the rest frame of the crystal, there is a purely electrostatic field E and no
magnetic field (B = 0). The electric field is related to the gradient of the potential
energy V through:

E- éVV(r) (1.41)

Consider now the rest frame of the electron, which is moving with velocity v relative to
the crystal. According to special relativity, the electromagnetic fields transform between
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inertial frames. The magnetic field B’ observed in the electron’s rest frame is given by

the Lorentz transformation: E
B’:'y(B—VX ) (1.42)

c2

where v = (1 — v?/c?)~%/2 is the Lorentz factor. In the non-relativistic limit (v < ¢),
v = 1. Since B = 0 in the lattice frame, the effective magnetic field experienced by the

electron is: )

B’ ~ —g(v x E) (1.43)

Substituting the expression for the electric field in the crystal

B = —é(v x VV(r)) (1.44)

The interaction energy between the electron intrinsic magnetic dipole moment pg ~ —<%

and this field is "

e

U =—pg-B' ~ (ms) : [—Cie(v x VV(r))} = —%s (vxVvV()  (145)

Using the canonical momentum p = mv, and exchanging the terms of the cross product,

we obtain .

1 _
U _+m202

S- (VV(I‘) X p) (1.46)

Just like in the atomic case, the above result must be corrected by the Thomas precession
factor of 1/2 due to the non-inertial nature of the electron frame during acceleration.
Thus, the final, correct Hamiltonian term in the first quantization formalism, describing
Spin-Orbit Coupling interaction, due to a general potential V (r) reads

1
Hsoc = +5-355 (VV(r) xp) (1.47)

Note that, for a central potential V(r) = V(r), one has VV(r) = rilfl—‘{r, and one
recovers the atomic result (1.40). Finally, recalling that the spin operators is expressed
as S = ga' in terms of the the Pauli matrices, one can also rewrite

h
Hsoc = + 1550 (Vv(r) xp) (1.48)

The specific symmetries of this potential determine the nature of the spin splitting, which
in a crystal has the periodicity of the lattice. Specifically, there are two main types of
spin-orbit coupling in this context, known as the Rashba and Dresselhaus interactions.

1.2.3 Symmetries and SOC: The Rashba and Dresselhaus effect

When studying the band structure of a crystal, spatial and temporal symmetries play
a fundamental role. In the absence of an external magnetic field, a crystal structure
fulfills Time-Reversal Symmetry (TRS). The time-reversal operation maps an electron
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state with momentum k and spin o onto a state with momentum —k and flipped spin
(—0o). The most important consequence is a mandatory energy degeneracy, known as
Kramers degeneracy

Ekﬁ = E_k7¢ and Ek7¢ = E_kﬁ (1.49)

If the system also exhibits Spatial Inversion Symmetry (IS)—meaning a center of inversion
exists such that the operation r — —r leaves the system unchanged—states with opposite
momenta but the same spin are degenerate:

Exy=E x; and Eyxy=FE (1.50)

Consequently, a system respecting both symmetries (TRS + IS) will be characterized by
the following degeneracy at every point k in the Brillouin zone:

In such a system, every band is at least doubly spin-degenerate, and the bands are sym-
metric around the center of the Brillouin zone (k = 0) [20].

Breaking at least one of these two symmetries can lift this degeneracy, causing a spin
splitting of the bands. It is known that TRS is broken by applying an external magnetic
field (Zeeman effect), which establishes a preferred orientation for the spins.

Recalling the general form of the SOC Hamiltonian, Hgp x (VV xp)-S, one can straight-
forwardly realize that it fulfills TRS. Moreover, in a system with inversion symmetry, the
local contributions to SOC due to an atom at position r are perfectly cancelled by an op-
posite contribution from the symmetric atom at —r. However, when inversion symmetry
of V(r) is broken, this cancellation fails and a net spin-splitting emerges.

Then, the electron experiences an asymmetric potential (V(r) # V(—r)), which leads
to a net, non-zero expectation value for the p x VV term. This generates the effective,
k-dependent magnetic field that ultimately removes the spin degeneracy, even in zero
magnetic field (IS broken, TRS preserved).

The lack of spatial inversion symmetry can be primarily ascribed to two factors, either
intrinsic to the material (Bulk Inversion Asymmetry, BIA) or caused by external inter-
vention (Structural Inversion Asymmetry, STA).

Rashba effect

The structural inversion asymmetry represents the source of the Rashba SOC effect [21].
STA is not an intrinsic property of the bulk crystal, but is imposed on the system by
the application of an external field, or due to the setup geometry. It typically occurs in
low-dimensional systems, such as quantum wells, heterostructures, or surfaces, where a
confining potential -e.g. along the z direction- V'(z) creates a strong electric field E = E.Z,
which restricts the electron motion to the perpendicular 2D plane (the zy-plane).
To derive the corresponding Hamiltonian contribution, we start from the general SOC
term Hgo displayed in Eq.(1.48). Expanding the electric potential energy V (r) up to the
first order as

V(r)=Vo+eE(r) r (1.52)
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then the electric field E(r) governs the inversion asymmetry breaking [20].
Assuming that the electron is well described by plane waves, then the velocity and the
momentum are related by p = hk. Thus, the Rashba SOC interaction term Hgo an
external electric field applied along the z-direction, i.e. E = E(z) and VV = (0V/02)z,
is proportional to:

HRSOC X (2 X k) O = (kxay — kyO'x) (1.53)

By grouping all the constants (related to VV, m, ¢, etc.) in Eq.(1.48) into a single
parameter ar, known as the Rashba SOC parameter, we obtain the effective 2D Rashba
Hamiltonian:

HRSOO = aR(k X 0') -7 = OéR(kzO'y — kyUm) (1.54)

The strength parameter ag is proportional to the electric field E, and can therefore be
tuned externally, for example, by a gate voltage. This tunability is the operating principle
of the proposed Datta-Das spin transistor, which we will describe in the following.

A primary example of a system characterized by the Rashba SOC is the case of 2D
electron gas, realized in doped semiconductor heterostuctures such as GaAs/AlGaAs or
InGaAs/InAlAs, InAs/GaSb. Other examples are InAs, InSb nanowires, oxide interfaces
(LaAlO3/SrTiOs3), heavy-element surfaces and surface alloys (Au(111), Bi/Ag) and polar
Rashba crystals (BiTel, GeTe) [22].

Dresselhaus effect

The Dresselhaus effect is a type of spin-orbit coupling caused by a symmetry breaking
that is intrinsic to the material itself, known as Bulk Inversion Asymmetry (BIA) [20,
23]. This effect is prominent in materials with a zinc-blende crystal structure, which lacks
a center of inversion. Common examples include III-V zinc-blende semiconductors such
as GaAs, AlAs, InAs, and InSb,or II-VI zinc-blende such as ZnSe, CdTe.

For the 3D bulk crystal, the Dresselhaus Hamiltonian (or BIA term) acquires the following
form

H50 = ap [ko(k2 = k2)op + by (k2 = k2o + k. (k2 — k2)o-] (1.55)

where ap is the Dresselhaus coefficient. This Hamiltonian is derived within the framework
of the Kane model using k - p perturbation theory.
Differently from the Rashba SOC, which is typically linear in k, the Dresselhaus SOC
(1.55) exhibits a cubic dependence on the wave vector. However, in a two-dimensional
system (e.g. a two-dimensional electron gas, 2DEG) confined to the z-y-plane, the 2D
Dresselhaus Hamiltonian reduces to the sum of a linear and a cubic term in k, namely
HED) = B(kyo, — kaoa) + ap(kakion — kyk2

DSO y0y 20z D\Kzly Oy ykzoy) (1.56)
Here, the linear coefficient is 3 = ap(k?), which is often the dominant term, and the
cubic coefficient ap is the original bulk coefficient ap.
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Rashba vs Dresselhaus effect

As previously discussed, the main difference between these two types of spin—orbit inter-
action lies in how spatial inversion symmetry is broken, namely BIA vs STA.

As a result, while the Dresselhaus effect essentially represents an intrinsic BIA prop-
erty of the crystal, the Rashba effect stems from SIA and depends on an interfacial or
gate—induced electric field, which in turn can be externally tuned.

It is also possible to have materials where both effects are present. Indeed, this is the
case in many III-V semiconductors with zinc-blende structure, which do not exhibit a
center of inversion in the unit cell (BIA), and which, in heterostructures or gated devices,
acquire additional structural inversion asymmetry via asymmetric quantum wells or ex-
ternally applied electric fields (SIA).

In many InAs/InSb nanowire devices, the Rashba SOC typically dominates over the
Dresselhaus SOC, which is often negligible. However, recent studies have shown that, de-
pending on the growth direction and geometry, it is possible to engineer materials where
the Dresselhaus contribution can become relevant and change the effective direction of
the spin—orbit field along the wire[24].

The goal of achieving an external tuning of the Rashba SOC in materials is a primary
has fostered various theoretical proposals and subsequent experimental realizations. The
applications range from proposed spintronic devices (like the Datta—Das spin transistor),
gate—programmable spin precession and spin filters, and the generation/detection of pure
spin currents (via the spin Hall and inverse spin Hall effects). Quite interestingly, ap-
plications also include the design of superconducting hybrid devices and, more broadly,
platforms for novel topological phases of matter.

In particular, semiconductor nanowires featuring strong Rashba SOC, such as InAs or
InShb, are currently on the spotlight of this research field, for reasons that will be described
in the subsequent sections [25, 26].

1.2.4 1D Nanowires: Quantum Confinement, Phenomena and Applica-
tions

Nanowires (NWs) are cylindrical semiconductor structures, typically characterized by
a diameter of the order of nanometers (10-100 nm) and a length that can reach several
micrometers (1-10 gm). Due to their extremely high length-to-diameter aspect ratio, they
are considered quasi-one-dimensional (1D) channels. In practice, electrons are quantum-
confined in the two transverse dimensions (the diameter), and their motion occurs along
the longitudinal direction (the axis of the wire).

The physical feature that distinguishes NWs from bulk solid-state structures is that the
electron de Broglie wavelength (Ap) is comparable to the wire diameter. Consequently,
classical transport laws no longer apply, and quantum effects become dominant, leading to
quantum transport. For this reason, NWs are a remarkable example of quantum wires.
Several relevant quantum phenomena can be observed in quantum wires. The most
fundamental one is the conductance quantization, where the conductance G exhibits
discrete steps of conductance Gy = 2¢?/h quantum as a function of the transversal
confinement potential [27]. Another key phenomenon is ballistic transport that occurs
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when the electron mean free path [,,, i.e. the average distance traveled between scattering
events (e.g., off impurities or phonons), is longer than the length of the nanowire (L) [28].
This means that electrons can cross the wire with minimal or no scattering, resulting
in very low resistance (though non-zero, unlike superconductors). Others widely studied
effects include Spin Hall effect, Aharonov-Bohm and Aharonov—Casher phase-coherent
oscillations and universal conductance fluctuations [29].

One-dimensional (1D) NWs represent an evolving technological frontier with applications
across different fields. The main physical reasons why they are so investigated are :

(i) the transverse confinement yields few (sometimes single) well-resolved 1D modes,
enabling clean tests of quantum transport and scattering;

(ii) local gates allow precise control of carrier density, potential profiles, and the mag-
nitude/direction of spin—orbit coupling (SOC), enabling engineered spin textures
(30, 31];

(iii) hybrid normal/superconducting (NS, SNS, NF) devices show Andreev reflection,
Josephson effects, and spin filtering useful for metrology and spintronics [32];

(iv) their large surface-to-volume ratio underpins sensitive chemical/biological sensors
and efficient light—matter interaction for photonics/photodetectio [33].

1.2.5 Nanowires and SOC : an effective 1D model

In this subsection, we will briefly illustrate the main qualitative aspects regarding the
importance of 1D nanowires with SOC. A quantitative discussion (i.e., the calculation
of the eigensolutions of the corresponding Hamiltonian) for this type of system will be
provided extensively in the following chapters in this thesis. A suitable starting point to
derive an effective model for a 1D nanowire is a two-dimensional electron gas (2DEG)
system [34]. By applying an additional lateral confinement to the latter in, e.g., the y
direction, the motion transverse to the transport axis is quantized. The wavefucntion
describing such a system reads

U(z,y,2) = ¢n(y, 2) Yn(z) (1.57)

where ¢, solves the transverse Schrodinger problem with energy eigenenvalues E;-. In
the locally uniform (adiabatic) limit, i.e. when the confinement varies slowly along x, the
longitudinal dynamics in each transverse mode decouples and is governed by an effective
1D dispersion
P | h2k2

n(ke) = Ey + 2m* — M
so that the 2DEG is mapped onto a set of 1D subbands indexed by n, i.e. we are
neglecting the contribution from the mixing-subbands term, which naturally arises when
a confinement potential is applied. If the chemical potential lies close to the bottom
of the first subband and the spacing A | = Es- — Ef- exceeds thermal and bias energies
(kpT, eV < A]), only one the two lowest subbands are occupied (two because of spin
degree of freedom), and transport is effectively one dimensional. In this regime, the small
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number of well-resolved channels enables clean tests of quantum transport, including
conductance quantization and phase—coherent effects.

This reduction also justifies the effective 1D Hamiltonian used later in the thesis.
Starting from either a single-band effective-mass model or a multiband k - p description,
one projects all single-particle operators onto the occupied transverse mode: the kinetic
term yields the parabolic h%k2/2m* dispersion, while spin-orbit terms become linear
in k, after averaging over ¢,(y,z). The 1D SOC term of the form — k, o - o shall be
characterized by an effective magnitude « and the direction «v is determined by the actual
geometrical confinement and electrostatics.

The second quantization Hamiltonian describing such an ideal system, written in the
spinor basis U} = (C;LT, CJ]L 1) (where k = kg), is

=3 (chyscly) (€hoo — ka-o) (C’”> (1.59)
k

Ckl

To summarize, the resulting model assumes a strong transverse quantization (no inter-
subband mixing), an approximate translational invariance along = (or slowly varying
potentials), and a parabolic conduction band with effective mass m*. Furthermore weak
disorder are assumed such that the mean free path is not shorter than the device length in
the ballistic/coherent measurements considered. Under these conditions, the 1D descrip-
tion captures the essential physics of transport and interfacial matching in a minimal,
analytically transparent form.

In a strictly 1D wire with linear-in-k SOC, the single-particle spectrum splits into two
spin bands. A suitable parametrization is

HB = —kao=—|alkoy, n=a/lal (1.60)

so that the strength |« fixes the spin-precession scale, while the unit vector i sets the
spin quantization axis defined by SOC.

In typical III-V NWs the dominant linear SOC is Rashba-like and scales with the trans-
verse electric field. As a result:

o Magnitude control. The application of back, side, or wrap gates modify the transverse
field and thus the SOC strength ||, enabling continuous tuning of the spin-precession
length fs, ~ h?/(m*|c|). Experiments have demonstrated large, continuous electrical
tuning in single nanowires [35].

e Directional control. Asymmetric gating (e.g., multiple side gates), facet-selective di-
electrics, or partial metallic/superconducting coverage can rotate the effective field and
hence the SOC axis i in spin space, realizing electrically programmable spin textures
along the wire [35, 36].

e Materials/geometry leverage. Crystal orientation and cross-section (core/shell, hexag-
onal facets) set a baseline for the SOC direction n; the electrostatic environment (di-
electric constant, gate spacing and geometry) sets additional, purely electrical control
parameters for tailoring both the magnitude and the orientation of SO vector [37].
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1.2.6 SOC and Spintronics : the Datta-Das Transistor

Spintronics is a major research field in electronics aiming to exploit the spin electron
degrees of freedom, in addition to its charge, to store, transport, and process informa-
tion [38, 39]. This pursuit is driven by fundamental physical and technological needs.
As conventional silicon-based transistors approach the physical limits of miniaturization
(the end of Moore’s Law), spintronic devices promise significant advantages, such as lower
power consumption, higher processing speeds, and non-volatile memory (retaining infor-
mation when powered off). While applications like Giant Magnetoresistance (GMR) in
hard-drive read heads and MRAM have already proven to be commercially successful,
the full potential of spintronics lies in active logic and computation.

A central challenge in spintronics is the efficient control of electron spin. Manipulating
spin with external magnetic fields is typically slow, power-intensive, and difficult to inte-
grate at the nanoscale. The key to practical spintronics lies in finding a way to control
spin using fast, scalable electric fields. In this context, spin-orbit coupling plays a central
role because it links spin to the electron momentum. Thus, by engineering the SOC
effects, an applied electric field controlling the electron momentum becomes a “steering
wheel” to manipulate the electron spin.

This mechanism drives key spintronic phenomena: in metals and heterostructures with
strong SOC, it enables the generation of pure spin currents via the Spin Hall Effect or
the conversion of spin currents into transverse charge currents through the Inverse Spin
Hall Effect, forming the operating principle of gate-tunable logic devices, most notably
the Datta-Das spin transistor or spin-FET. The Datta-Das spin transistor is a field-effect
device that exploits gate-tunable spin precession to modulate the source-drain current in
the transistor, and was first proposed in 1990 [40]. Its canonical implementation consists
of a non-magnetic semiconductor channel with Rashba spin-orbit coupling, contacted by
a spin-selective injector and detector. An electron spin, injected with a well-defined ori-
entation, precesses while propagating through the channel because Rashba SOC acts as
an effective, momentum-dependent magnetic field, whose magnitude is controlled elec-
trostatically by external gates. The drain behaves as a spin analyzer. Specifically, the
transmitted current is maximized when the spin at the exit channel is aligned with the
detector polarization axis and minimized when it is orthogonal, yielding a gate-controlled
conductance.

Let us illustrate the simplest system where a Datta-Das transistor can be implemented.
We consider a toy model where the SOC vector « is aligned with the spin quantization
axis z, i.e., a = (0,0, ). For this choice of the SOC parameter, the Hamiltonian (1.59)
describing the system is diagonal in the 1 / | basis, and its eigenvalues reads

R2k?

Thus, for a fixing energy value FE, a generic propagating spin-polarized state can be
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written as superposition of spin-1 and spin-| states, namely

o) = \2 [ <(1]> etk 4 (?) ei’“w] (1.62)

where kq, k| are obtained by inverting Eq.(1.61) for a fixed energy E. For a channel of
lenght L, the injected (z = 0) and detected (x = L) spin states read, respectively,

$(0) = 1 <(1)> + GN (1.63)

(L) = \}5 (é) eiktl <‘1)> e“ﬂL} (1.64)

At a fixed energy F, the wavevectors of the two spin bands differ in wave vector by

\)

2m*|a |

then, a spin injected at x = 0 accumulates a precession angle of
AO(L) = Ak L (1.66)

If a ferromagnetic detector is also aligned along the x-axis, the current is minimized
when the spin is anti-aligned, i.e., AG(L) = m. As a result the current is minimized for
AO(L) = m, that is when
B h?

sl = gt
Thus, it is possible to modulate the current by controlling the phase difference A6(L),
which in turn depends on the SOC parameter || that can be tuned by external gates.
The device works in the regime where the channel is ballistic and phase-coherent over L,
and where spin relaxation time is longer than the transit time over the channel.
Furthermore, spin injection/detection can be implemented for 2DEGs as well, not only
in semiconductor nanowires.
A significant practical challenge in this architecture is the impedance mismatch between
the ferromagnetic metal contacts and the semiconductor channel, which can severely
inhibits efficient spin injection and detection. For this reason many experimental efforts
have shifted to all-electrical methods, such as the Spin Hall Effect, which can generate
and detect spin currents without ferromagnetic contacts.
Regardless of its practical implementation, the Datta-Das architecture remains a guiding
paradigm for gate-controlled spin manipulation.

(1.67)

1.3 Nanowires and superconductors

1.3.1 Nanowires as a platform for Andreev spin qubits

A quite interesting applications of NWs is the realization of Andreev spin qubits. A
qubit is the building block for encoding and transmitting information at quantum level,
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offering the advantage, with respect to classical qubits, to be prepared in a quantum
superposition of states. Quantum entanglement is a property that can be exploited to
speed up algorithms with respect to the classical physics realm.

Various realizations of qubits have been proposed. Among them, an interesting proposal
was formulated by Y. Nazarov and co-workers [41, 42] and is based on the Andreeev
bound states of a Josephson junction. Indeed, when a normal region is sandwiched
between two superconductors, the Andreev processes occurring at the two N/S interfaces
in the energy range within the superconducting gap A lead to a finite number of electron-
hole bound states, which are characterized by a discrete energy separation caused by the
Andreev confinement. For a customary material without any spin-texture, these states
are spin-degenerate. However, if the normal region between the two superconductors is
characterized by strong spin-orbit coupling, an spin splitting occurs. Thus, such discrete
spin states can realize an Andreev spin qubit (ASQ).

Differently from a customary quantum dot, the charge of the ASQ is not fixed, because
Andreev bound states carry an electron current. This reduces the effects of electron-
electron interaction. Moreover, because the spin state of the ASQ determines the super-
conducting current in the Josephson junction, it also enables one to readout the qubit
state by measuring the current.

Following this idea, A. Levy-Yeyati and co-workers have investigated a model for a Joseph-
son junction based on a semiconductor NWs with strong spin-orbit coupling contacted to
two superconducting electrodes, paving the way to an application of NWs as a platform
for ASQs [43]. More recently this theoretical proposal was experimentally realized by
various groups [44, 45, 46, 47, 48]. Evidence of the resulting spin-split Andreev bound
states in the weak link was observed, and the possibility to control, readout and ma-
nipulate the spin qubit via microwave radiation has been demonstrated. These results
confirm the broad and promising range of applications of NWs in qauntum science and
technology.

1.3.2 Topological superconductivity and Majorana quasi-particles

In the last two decades, many research studies in condensed matter physics have focussed
on applying concepts borrowed by the field topology to the quantum ground states char-
acterizing gapped systems, i.e models that exhibit a gap in their excitation spectrum.
Indeed for such systems—most notably insulators and fully gapped superconductors—a
topological classification is possible based on their symmetries. In this context, the under-
lying idea is to consider continuous variations of the system Hamiltonian and to inspect
how they impact on the phase, i.e. on the fundamental properties characterizing its
ground states. Specifically, two phases are topologically equivalent if and only if they
can be connected by varying the Hamiltonian parameters, without abruptly changing its
fundamental nature, i.e. without ever closing the bulk gap, and while preserving the
relevant symmetries. Conversely, a transition between topologically distinct phases nec-
essarily involves a gap closing at some critical point in parameter space, followed by a
reopening on the other side [49].

The classification of these states is achieved through topological invariants. These are
integer (or discrete) quantities that assume a specific value for all states within a given
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topological class and a different value for states in another class.

Depending on the system dimensionality and its fundamental symmetries-specifically
Time-Reversal Symmetry (TRS), Particle-Hole Symmetry (PHS), and Chiral Symme-
try (SLS) -it is possible to categorize all gapped quantum systems into the so-called
Ten-Fold Way (or Altland-Zirnbauer classification [50]). For each symmetry class, a spe-
cific topological invariant is defined (e.g., Chern number, Zs invariant, winding number).
Typically, this invariant is zero for a "trivial” phase (like the vacuum or ordinary insula-
tors) and non-zero for a "non-trivial” topological phase[51, 52].

The most profound physical consequence of this mathematical structure is the Bulk-
Boundary Correspondence. Consider the interface between two materials belonging to
different topological classes (e.g., a non-trivial topological superconductor and a trivial
vacuum). Since it is impossible to adiabatically deform the non-trivial state into the
trivial one without closing the gap, the topology mismatch enforces gapless boundary
states at the interface, allowing the topological invariant to change, while the bulk of the
material remains gapped [53].

These states are known as topological edge modes or bound states. The bulk-boundary
correspondence principle rigorously links the topological invariant of the bulk (a global
property) to the existence and number of these robust gapless modes at the surface.[54,
55, 56, 57].

In particular, in recent years topological superconductivity has attracted a great deal
of attention. This is mainly because the boundary states topological superconductors
are predicted to host Majorana zero modes (or Majorana quasi-particles). These exotic
quasiparticles, which will be briefly described in the following paragraph, hold immense
potential for fault-tolerant topological quantum computing.

Majorana quasi-particles

A Majorana quasi-particle was proposed by Ettore Majorana in 1937 as a special solution
of the Dirac equation [58]. The Dirac framework, which merges special relativity with
quantum mechanics, describes relativistic spin-1/2 particles (e.g., electrons) and predicts
their antiparticles (e.g., the positron, with the same mass and spin but opposite charge).
By contrast, a Majorana quasi-particle is a particle identical to its own antiparticle. In
high-energy physics this requires electric neutrality and spin 1/2; the neutrino has long
been considered a candidate, although a conclusive experimental evidence remains elusive
due to its extremely weak interactions. Over the past two decades, a different route to ob-
serve Majorana quasi-particles has been proposed in condensed matter physics: in super-
conductors, Majorana quasi-particles can emerge as zero-energy Bogoliubov excitations
at boundaries or defects of topological superconductors[59]. These are not fundamental
particles, but collective excitations protected by symmetry and topology. Indeed, the
intrinsic particle-hole symmetry of the Bogoliubov—de Gennes (BdG) formalism, implies
the following relation for the operators describing a spinless Bogoliubov quasiparticle at
energy F/, then

V(E)=~(-E) . (1.68)
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Therefore, a zero-energy excitation necessarily satisfies

7(0) = ~(0), (1.69)

implying that the corresponding operator is Hermitian and defines a Majorana zero mode
(MZM), which represents a spinless, neutral charge quasi-particle [60, 61].

We emphasize here that the emergence of these MZMs is a direct consequence of the
bulk-boundary correspondence principle. A superconductor in a non-trivial topological
phase must host gapless excitations at its boundaries, which, in a system of this kind,
manifest as Majorana quasiparticles [55, 56, 62, 63].

Because condition (1.69) holds, the zero-mode operator vy cannot be viewed as a standard
creation operator. Indeed it would lead to a contraddiction.

It is often said that a Majorana zero mode represents “half” of a Dirac fermion. Indeed,
two spatially separated MZMs, v4 and g, can be combined into a nonlocal Dirac fermion

o= ’YA“‘Z’YB’ S04 _VYB’ (1.70)
2 2
with fermion parity n = cfc € {0,1}. The Majorana operators obey the algebra
W=  {wur=2 =1 (1.71)

When the two MZMs are well separated, their overlap is exponentially small and they
weakly couple to each other. As a consequence, the two configurations n = 0, n = 1
have essentially the same energy and a twofold ground-state degeneracy is obtained. In
this limit for a 1D system the fermionic state built from the two Majoranas is encoded
non-locally across the two ends of the device, making it insensitive to local perturbations
at a single end.

This topological degeneracy is the key ingredient giving rise to exotic non-Abelian statis-
tics, which fundamentally distinguishes MZMs from standard quantum particles. Indeed,
let us consider a simply two non-exotic particles system: while for bosons the exchange
operations of the two particles in position space leaves the total system wavefunction
unchanged, for fermions, the exchange introduces a sign change (a phase of 7) to the
wavefunction. However, in both these standard cases, the exchange operation simply
multiplies the wavefunction by a scalar phase factor (e!?). Since the multiplication of
scalars is commutative (the order in which we perform multiple exchanges does not mat-
ter), these particles obey Abelian statistics.

In contrast, exchanging (or braiding) two MZMs does not simply apply a global phase
factor. Instead, because of the ground-state degeneracy, the exchange operation performs
a unitary rotation within the degenerate subspace. Mathematically, the operation is de-
scribed by a matrix (operator) rather than a scalar number. Notably, if one performs
multiple exchanges in sequence, the final state of the system depends on the chronological
order in which the swaps are performed. Since matrix multiplication is generally non-
commutative (U Uz # UsUy), the result of braiding A then B is different from braiding
B then A. For this reason, Majorana modes are classified as non-Abelian anyons. For
further details on the non-Abelian statistics of Majorana fermions, we refer to [64, 65,
66, 67, 68, 69, 70].
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Besides the fascination of non-Abelian exchange statistics, Majorana modes are partic-
ularly attractive for quantum information and computation applications due to their
intrinsic robustness against decoherence [71, 72].

First, their zero-energy nature is topologically protected by the bulk superconducting gap
and particle-hole symmetry. As long as the gap remains open and symmetries are pre-
served, smooth local perturbations cannot remove a Majorana mode or flip the fermion
parity encoded by two spatially separated modes. Indeed, modifying this state would
require either closing the bulk gap or inducing a strong hybridization between the distant
pair.

Moreover, Majorana excitations are, on average, electrically neutral objects, being coher-
ent superpositions of electron and hole states. Consequently, they couple only weakly to
environmental electrostatic noise. Crucially, the quantum information is encoded non-
locally in the parity shared by these spatially separated modes, which suppresses the
sensitivity to strictly local disturbances. In the ideal limit, braiding operations depend
solely on the topology of the exchange path rather than on precise timing or microscopic
details, thus providing an intrinsically robust route to fault-tolerant quantum control.
For a more in-depth discussion on the quantum computation research field we refer the
reader to [73, 74, 75, 76, 77].

1.3.3 Nanowires as a platform for topological superconductivity

Over the last 20 years, several proposals for the realization of a topological superconduc-
tor supporting Majorana quasi-particles have been discussed. The works that marked
a turning point in this field were those of Read and Green for 2D systems [78] and the
1D discrete model by Kitaev [79]. Both of these seminal works are based on the fact
that pairing in a spinless p-wave superconductor offers an ideal platform, as it admits the
closing and reopening of the superconducting gap, thereby allowing for the characteri-
zation of a non-trivial topological phase[80, 81]. Unfortunately, the realization of such
a system is not trivial for two primary reasons. First, intrinsic p-wave superconductors
are quite rare in nature. Although some materials, such as SroRuQOy [82], KoCrzAss [83]
or iron-based superconductors, have been proposed as possible candidates, there is not a
full scientific consensus on the nature of the pairing yet[84]. Second, actual spinless su-
perconductors do not exist, as electrons are spin-1/2 particles. Consequently, to create a
spinless system, it is necessary to break the Kramers degeneracy caused by Time-Reversal
Symmetry (TRS), for example, by applying a magnetic field.

However, starting from 2010, proposals emerged based on engineering an effective spinless
p-wave superconductor by combining semiconductor nanowires with conventional s-wave
superconductors. In the literature, this realization is referred to as a Majorana Nanowire
and was first proposed in Refs.Lutchyn, Sau, and Das Sarma [85] et al. and Oreg, Refael,
and Von Oppen [86] et al.

The fundamental ingredients for creating such a spinless p-wave superconducting plat-
form showing a non trivial topological phase are three: the superconducting proximity
effect, a strong spin-orbit coupling, and the application of an external magnetic field.
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We will now briefly analyze these three ingredients :

¢ Superconducting Proximity Effect

This effect was first observed by Holm—Meissner in 1932 [15, 87]. It occurs when a
superconductor (S) is placed in electrical contact with a normal conductor (N), such
as a metal or a doped semiconductor and due to this contact, the superconducting
properties are induced into the normal material. The proximity effect is necessary to
give rise to Majorana quasi-particles: a semiconductor nanowire (N), typically InAs or
InSb, is “proximized” by coupling it closely to a conventional superconductor (S), such
as Aluminum (Al). This induces the necessary s-wave pairing within the nanowire,
effectively turning it into a superconductor [49, 60, 88, 89].

¢ Spin-orbit coupling and magnetic field

In a strictly 1D channel without spin-orbit coupling, spin-rotation symmetry is con-
served. Therefore, the two spin species form degenerate bands, and a proximity-
induced s-wave pairing only couples opposite spins. With no spin mixing, the phase
remains topologically trivial and there is no route to an effectively spinless supercon-
ducting state. In contrast, the Rashba SOC lifts the spin degeneracy, and the spectrum
splits horizontally into two non-degenerate bands. For any value of the chemical po-
tential u, there exists two Kramers pairs of “helical” states, i.e. states with opposite
momenta £kpr that exhibit opposite group velocities and carry opposite spin direc-
tions. Applying a magnetic field that is orthogonal to the spin-orbit field causes the
breaking of Time-Reversal Symmetry and the opening of a helical gap at k = 0. This
means that, within such an energy range, the chemical potential only crosses one pair
of propagating helical states, while the other pair is “frozen out”. For the helical states
the propagation direction is locked to the spin orientation, e.g. right-moving electrons
only have spin-1, while left-moving electrons only have spin-|. This makes spin to
behave as a redundant degree of freedom and the system becomes effectively spinless.
In this regime, the addition of a further proximity s-wave pairing, when projected onto
the helical basis, develops an intraband component with effective p-wave symmetry.
Indeed electrons with the same energy and opposite momenta, are polarized in different
directions, therefore they can couple via the s-wave superconducting pairing. As the
Zeeman field is increased, the bulk gap closes and reopens, marking a transition into
a 1D topological superconducting phase that supports Majorana zero modes localized
at the wire ends [49, 60, 61].

The minimal Hamiltonian proposed by Lutchyn [85] and Oreg [86] to model the 1D
proximized nanowire reads

w9 fyt
H = /dx\I/T (- oy g~ Pt ia0uds + b 0.) U+ /d:n(A Wl 4 he) . (172)
where ¥T = (\I'L \IJD and ¥ = (W4, ¥))T describe the creation and annihilation field
operators, respectively, for an electron with effective mass m*, u is the chemical potential,
b, represents the applied magnetic field along the z-direction, « represents the Rashba
SOC coupling which along the z-direction and A represents the induced superconducting
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pairing by proximity.
The excitation spectrum of this Hamiltonian gives an upper band E; and a lower band
E5. In particular, the latter exhibits a minimum at & = 0 with energy

Bomin(0) = ]|bx| N/

where A denotes the superconducting gap. The energy value E,,;;,(0) represent the
energy bulk gap for the system. We observe that this gap closes precisely when the
Zeeman field reaches the critical value b% = /A2 + p?. As widely discussed, the closing
and subsequent reopening of the bulk gap signals a topological phase transition. This
unique feature renders proximized nanowires with strong spin-orbit coupling and magnetic
fields a prime candidate for the search of Majorana quasiparticle, as the system can be
tuned into a non-trivial topological phase. Specifically, the classification of the system
via a topological invariant allows for a sharp distinction between the trivial and the
topological superconducting phases, according to the following criterion

bz| > /A3 +pu2  Topological Phase (1.74)

bz < \/AZ + p? Trivial Phase (1.75)

Crucially, it is within the topological phase that the system supports Majorana Zero
Modes (MZMs) localized at the ends of the nanowire. [49, 60].

(1.73)

32



Chapter 2

Review of the BCS model

2.1 Derivation of the mean-field BCS Hamiltonian

In order to derive the BCS Hamiltonian, we start from the Frohlich Hamiltonian displayed
in Eq.(1.8). In particular the latter can be rewritten as

H = Ho + \H, (2.1)

where H represents the unperturbed Hamiltonian related to the phonon and electronic
decoupled problem, whereas H; represents the perturbation containing the electron-
phonon coupling

Ho = Z ekcltackg + Z hwqailaq (2.2)
ko q

Hi = Z uqclT(JquckU(aq + aT_q) (2.3)
kqo

Applying the Schrieffer-Wolff Transformation it is possible to treat the problem pertur-
batively and after a series of calcultations one obtain an effective Hamiltonian which
describes the electron-electron interaction mediated by phonons [7]. Specifically, it de-
scribes a process where an electron with momentum k exchanges a phonon of momentum
q with another electron with momentum k’, scattering them to states k — q and k’ + q,
respectively,

h’wq
€k — €k—q)? — (hwy)?

Hepr = 9. [val’clsqothqotcotio ( (2.4)

q1k7k/)o-70-/

where ex_q — ek denotes the energy difference between the initial and final state for the
electron scattered from k — k — q, whereas the term (hw,)? represents the energy of the
exchanged phonon. The effective interaction potential Vs is given by:

’Vq’%“’q
€k — €k—q)? — (hwq)?
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Crucially, this interaction becomes attractive (V.s¢ < 0) when the energy transfer ey —
€k—q| is less than the phonon energy fuwg. Therefore, taking into consideration the result
of the Cooper theorem, which highlights the instability of the Fermi sea with respect of
Cooper pairs, the pairing Hamiltonian, also referred to as the reduced Hamiltonian, only
retains the interaction terms that scatter a Cooper pair (k’ 1, —k’ |) into another pair
state (k T, —k |) (i.e. pairs with total momentum K = 0), as these are the most relevant
correlations for forming the superconducting condensate. It reads

Hpair = Y _ EkClyCho + > ka'CLTCT,k 16K Kt (2.6)
ko K/

where £ = € — p is the single-particle energy relative to the chemical potential. We
introduce the chemical potential u, to account for the constraint related to the average
number of particles N. Indeed in the Grand canonical ensemble the chemical potential
represents the Lagrange multiplier related to such quantity. Despite this simplification,
Hpgir is still a many-body Hamiltonian containing quartic interaction terms, making it
difficult to solve exactly.

To further proceed, considering that the superconducting GS represents a condensed
coherent macroscopic state containing Cooper pairs (k T, —k | ), we assume that the pair
creation and annihilation operators can be written as their quantum mechanical average
plus a small fluctuation:

ckickt = (C—k| k) + 6(C—k Ckt) (2.7)

Note that this approximation represents the standard procedure of any mean-field theory.
Because of the large number of involved particles we expect such fluctuations to be small.
Then, substituting the decomposition in Eq.(2.7) into the interaction term and neglecting
the second-order terms in the fluctuations (i.e., 6(...)d(...) ~ 0), we obtain

CLTCT—kiC*k/iCk/T ~ <Cl1-(TCT_k¢>ka’¢Ck’T + CI(TCT—ki <ka’¢ck’T> (2 8)

_ <CLTCik\L> <C_kl$Cle>
We now introduce the superconducting order parameter (or energy gap) Ay, defined as:
A =+ Z Vi <ka’¢ck/1‘> (29)

k/

Using this definition, the linearized interaction term can be rewritten in a more compact
form. Substituting it back into the original Hamiltonian yields the BCS Mean-Field
Hamiltonian [2, 6]:

Hpos = Z 5kcleckg + Z (AkCIT(TCT_u + Aik(c,kicm) + const. (2.10)
ko k

where the constant term is Y Ak<cLTcT_k 1)+ This Hamiltonian describes quasiparticles
moving in a mean field generated by the condensate of all other pairs. It is now quadratic
in the fermionic operators ¢, ¢’ and can be diagonalized exactly using the Bogoliubov-de
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Gennes (BAG) method [90, 91]. This method will be extensively used in the following
sections to describe excitations in a superconducting material. In particular, it represents
the most suitable formalism for describing the scattering phenomenon at the interface be-
tween a normal and a superconducting material.

Remark

We remark here that the standard BCS theory provides a valid framework to describe
the phenomenon of conventional (phonon—mediated) superconductivity, most commonly
realized in low-7,. materials. This class of superconductors is generally characterized by
an antisymmetric spin wavefunction (spin singlet, S = 0). Due to the Pauli exclusion
principle, this implies an even spatial part of the total fermionic wavefunction.

In fact, these materials typically exhibit an even-parity order parameter, i.e. Ax = A_j,
which in simple metals is often nearly isotropic in k and, to a good approximation, in-
dependent of k. For this reason, in analogy with atomic orbital this type of pairing is
often dubbed s-wave pairing (L = 0) [2, 92]. It should be pointed out, however, that
such terminology, borrowed by the atomic classification and based on spin and angular
momentum, is evocative, in a crystalline structure it is actually not rigorous, since spin
and angular momentum are not good quantum numbers. Strictly speaking, the pairing
potential and the spatial wavefunction should be classified on the crystal symmetry.

Any superconducting material not adequately described by standard s-wave BCS pair-
ing falls into the unconventional superconductivity category, which often includes the
high critical temperature (high-7,) families [92]. Indeed, beyond (nearly) isotropic s-
wave pairing, it is possible for a material to exhibit anisotropic pairing with a non-trivial
dependence on k. For instance, a p-wave pairing (L = 1) is characterized by a pairing
potential that is odd with respect to k (i.e., Ay = —A_y). This implies an antisymmetric
spatial part and, consequently, a symmetric spin wavefunction, known as a spin-triplet
state (S = 1). Some studies suggested that materials like SroRuOy4 [82] , KoCrsAss [83]
or iron-based superconductors [93] might exhibit a p-wave order parameter. While a clear
evidence of an intrinsic p-wave superconductor is still under debate, we will show in sub-
sequent sections that it is possible to engineer effective p-wave pairing in the laboratory
by combining specific ingredients, such as applied magnetic fields and strong spin—orbit
coupling [60].

In addition to p-wave, there is also d-wave pairing (L = 2, spin singlet), which has been
experimentally observed, for instance, in high-T, cuprate superconductors [94]. It differs
from s-wave pairing in that it produces nodes in the quasiparticle excitation spectrum.
Indeed d-wave pairing is characterized by an even and anisotropic pairing.

Finally, we emphasize that the study of high-T, superconductors represents a major re-
search field in condensed matter, since the mechanism underlying this phenomenon is
highly non trivial and it also involves strong electronic correlations [95].
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2.2 Diagonalization of the BCS Hamiltonian

Let us now analyze the BCS Hamiltonian derived in Eq.(2.10)
Hpces = Z (fkcl]tmckT + fkchcu) + Z (AkclT(TcT_ki + Al*(c,kickT) (2.11)
k k

where the summation over k spans the first BZ, (i.e [k| < 7 with 'a’ denoting the lattice
spacing), and & = ex — p, where € is the bare band dispersion relation and p denotes
the chemical potential.

Our goal is to diagonalize Hpcg. To this purpose, we first realize that all terms of
Eq.(2.11) are bilinears cfc, cfcf and cc in the creation/annilahilation operators. This
means that Hpcg can be rewritten in a quadratic form, i.e.

1
Hpos = 52 Ul H Uy +C (2.12)
k

where C' is a constant, Hy is a matrix, and Wy is a spinor of operators and must nec-
essarily contain both the annihilation and the creation operators. This type of operator
spinor is called Nambu spinor. There are various possible choices of Nambu spinor. Each
choice of ¥y determines a specific form of the matrix Hy, since Hpcog is given.

Here are two customary choices adopted in the literature

Ckt & 0 Ay 0
c 0 ¢ 0 A
U, = o) = ke = Hy = k k 2.13
k k CT_k\L k Aik( 0 —f—k 0 ( )
_cT—kT 0 A*_k 0 _Efk
or
Ciet &0 Ag 0
_g® _ | S 0 &x 0 Ag
Ve ="y = o = He=|p: 70" ey 0 (2.14)
. 0 AL 0 —g&

It can be noticed that, in any case, the component of ¥y are redundant, in the sense
that there are two pairs of hermitian conjugate operators; this induces some symmetries
in the structure of Hy.

Proof of Eq.(2.14)

In order to rewrite Eq.(2.11) in the form (2.12) with the Nambu spinor and the matrix
defined in Eqs.(2.14), we first relabel the summation index k — —k in the spin-| band
term, and rewrite each term as twice its half, obtaining

1 1
Hpes =5 > (i + ) + 5 Soewlel e + el ei) +
‘I K . (2.15)
+ B Z(AkCI{TCT—k\L + AI*(C,kJ/CkT) + 5 Z(AkCI{TCT—ki + AicfkickT)
K K
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Then, using anticommutation rules of the fermionic operators one has
CLackU’ = 60’,0’ — Ck.o.lczo, (216)

and
AkcLTch_k¢ = _AkCJr—kﬁLT (2.17)

which enables us to rewrite

1 1
Hpes =5 > fk(clT(TCkT - CmCLT) t3 > &k(CT_kinu - C—kwT_kO +
K K

1 . 1 ¥
+3 > Akl + Ake g a) - 3 Do (Akel e + Akege i) + )&
k k k

(2.18)

Then by comparing (2.18) with (2.12) and using the expression of the Nambu spinor
(2.14), it is easy to identify the constant C' as

C=) & (2.19)
k

and the matrix Hy is the one given in Eq.(2.14), i.e.

&k 0 A O
0 &x O Ay

Ar 0 —Eg 0
0 AL 0 &

Hy = (2.20)

End of proof.
The proof for Eq.(2.13) follows similar lines.

The reformulation in a quadratic form is now completed and we can proceed to diago-
nalize Hy. Let us e.g. consider the Nambu spinor and the matrix Hy given in Eq.(2.14).
The latter is the matrix representation of the Hamiltonian in first quantization formal-
ism, therefore it is Hermitian and can be always diagonalized by an orthonormal matrix,
whose columns are the orthonormal eigenvectors of Hy, forming a basis of our space.

We observe that the matrix (2.20) consists of two decoupled 2 x 2 blocks, related to (1,3)
and (2,4) entries, respectively. Moreover, under the reasonable hypothesis that ¢y is even
in k, then

e (2.21)

i.e. & is even too, and the matrix (2.20) reduces to

1N 0 Ay 0
0 & 0 Ay

AL 0 —& 0
0 AL 0 &
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implying that the two 2 x 2 blocks are exactly equal to

(& Ax
hy = <Ail _§k> (2.23)

This means that we can proceed to diagonalize one single block to diagonalize the entire
4 x 4 matrix. Denoting

Ay = |Ag| e+ (2.24)

from the diagonalization of Eq.(2.23) two eigenvalues are obtained

Ey+ = +Fy where Ey =\/& + |Ak]? (2.25)

and the corresponding eigenvectors are

u .
Wk 4+ = (vi) eigenvalue Ky

(2.26)
Wi, — = <_Zk> eigenvalue Ej _

where

5“) (2.27)

o 1
we=e o (1 - E‘;) (2.28)

and gy is the phase of Ak [see Eq.(2.24)].

We remark here that the quantity |vy|? represents the probability that the pair state (k 1
,—k |) is occupied, while |uy|? represents the probability that it is empty. In particular,
for |Ak| = 0 we obtain the occupation probability for the Normal ground state at 7' = 0 K,
i.e. |vg|?> =1 for k < kg and |vk|? = 0 for k > kg, as shown in Fig.2.1. The particular
structure of wy 4 and wyg _— stems from the structure of hy, and it can be proven by the
following theorem.

Theorem 2.1. For any eigenvector wy = <:jk> with eigenvalue Fy of the 2 x 2 Hermi-
k

*

tian matriz hy defined in Eq.(2.23), the vector (—ioy)-wy = <_uvk> is also an eigenvector

*
k

of hy, with eigenvalue —E .

Proof. Let us start by noting that, if wy is an eigenvector for hy, with eigenvalue Fj,
i.e. hpywy = Eyxwy, then, taking the complex conjugate of the previous expression, we
obtain hjwy = Exwy. One can now observe that the very structure of the matrix (2.23)
straightforwardly implies the following identity :

—li = (—iay) (hi) (ioy)
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2.2 — Diagonalization of the BCS Hamiltonian

(a) (b)
Normal Ground State, | A, | =0 Superconducting Ground State, | A, | >0
1 1k
0.8+ 08
0.6+ 06
0.4 04
0.2 0.2
o o L L L
0 -Ag 0 A
Sk Sk
= ul? — Jwl? = ul? — wl?

Figure 2.1: Graphic representations of |uy|? and |v|? as a function of &. The left panel shows
the Normal Ground State |Ax| = 0, while the right panel refers to the Superconducting Ground
State |Ak| # 0. The plot has been realized by considering a gap parameter with constant modulus
|Ak| = Ag [see Eq.(1.28]. In the Normal GS |vk|? reproduces the Fermi distribution at 7= 0 K.

By applying the above matrix identity on the vector (—ioy) wy, we obtain
h (ioy) wie = (—ioy) hy wi

Then, substituting hjwy with Exwy (and multiplying both side by —1), it follows that

hi(—ioy wy) = —Ex 4 (—ioywy)
which shows that (—ioy) - wi = (;?) is an eigenvector of hy with eigenvalue — FE.
O
On account of the above theorem, in Egs.(2.25) and (2.26), we have denoted by wy |
the eigenvector with positive eigenvalue Ey 1 and by wy, - = (—ioy) - wy , = <_th> the
eigenvector with negative eigenvalue Ey _ = —Ey .. )

The diagonal matrix of the full problem is

B, 0 0 0
| 0 By 0

Hio=| o 0" B o (2.29)
0 0 0 B
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Review of the BCS model

while the four orthonormal eigenvectors are

Uy 0 —vp 0

w _ |0 2 _ |uk w _| O @ _ | —vk
Vit = | gy wer = | wy = ” wy = Ok (2.30)

0 Vk 0 ui’;

Then the matrix U, such that UTHU = Hgiag, acquires the form

u, 0 —vg 0
0 u, 0 —vg

Vk 0 ui’; 0
0 v O U

U= (2.31)

Inverting the previous relation as Hy = U HdngJr and inserting it in (2.12) , we obtain

1 1 1
Hpes = 5 S UL H T +C = 3 N U UH iU +C = 3 S T HyjogTi +C (2.32)
k k k

where two new spinors 'y and FL are introduced. They are defined as
I =UT0y, and T} =9[U (2.33)

Assigning to 'y the same structure of Wy, it follows that

Vict Up Ciep + UiicT—Tki
_ ULC_K| — VyC
M= | 7 [ =] MO T G (2.34)
Vx| URC_ | — VkCit
Vit —ukc;f(T — UkC_k|

Because the latter is linear in Wy, it contains the same redundancy encountered in (2.14).
Moreover, operators v and ! are obviously fermionic operators, therefore they satisfy
the usual anticommutator relations

(Mo Mo} = OkieOo0r, Ao Moo} =0, {kos ot} =0 (2.35)

It is also useful to express Wy in terms of 'y by inverting formula (2.33. It follows that

Cier UKVt — 'Uii'YT_ki

e I I B (2.36)
Cyky U Y gy T VKVt
_CLT —Uﬂ’Y;LT + VkY-k|

The expression of Hpcg in terms of v and 7' is now

1
Hpes =5 > Ek(’YlT(T’YkT + WT_kﬂ—m — YoV — ’kalT(T) +C. (2.37)
K
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2.3 — The BCS Ground State

where C'is given by Eq.(2.19). Using now anticommutator relations (2.35) and relabelling
the summation index —k — k in the spin-| terms, Hpcs acquires the desired diagonal
form
Hpes =—» (Bx — &)+ Ek(’hinm + %Tcﬂki)a (2.38)
k k
Here, the first term represents the energy of the Ground State, whereas the second term
represents the energy of the excitations.

2.3 The BCS Ground State

By definition, the Ground State (GS) of a system is the eigenstate with the lowest energy.
Here below, we shall show that the ground state of the BCS Hamiltonian (2.38), denoted
as |[BCS), is

BCS) = TT (uic + viel ey ) [0) (2.39)
k

and its ground state energy is:

Eo=—Y (Ex — &) (2.40)

k

In order to prove that, let us first observe that the diagonal form (2.38) of Hpcg exhibits
two contributions: the first one is a constant, and is always negative, whereas, in the
second one Ey > 0 so that its expectation values are non-negative (BC'S|y~|BCS) > 0.

Therefore, in the GS energy level the eigenvalue of operators fy;r( » ko must be zero V k, 0.

This means that 'ylt » and 7 , represent, respectively, creation and annihilation opera-

tors of excitations with respect the GS. In particular these excitations are quasiparticle,
sometimes called Bogolubov quasiparticles. As a consequence, the absence of excitations
characterizing the GS implies that

Yo |BCS) =0 VYk,o (2.41)
has to be satisfied. Therefore | BC'S) may be expressed as

IBCS) = N[ o IR) (2.42)

k,o

where N is some normalization factor, and |R) is some reference state to be determined.
Indeed, by applying Yk, to |BCS) we obtain that

Yo |[BCS) =N Yo H Yo | R) oc N ( H H Yk'o ’) Vo) |R> =0 (2.43)

k’,o’ k'+#k, o#o’

Vk,o ,because (Vs )? = 0, i.e. the condition required by Eq.(2.41).
Reorganizing the terms in the product (2.42) in pairs of operators and, up to a minus

41



Review of the BCS model

sign due to the switching YoV = —Yo'Vko Of the annihilation operators order, we
can rewrite

|BCS) =N T et vy [R) - (2.44)
K

STATEMENT
The only eligible states for |R) are the empty state |0) and the completely filled state
[1). Moreover, both these choices yield the same expression for the ground state | BC'S).

Proof of statement
Using 2.34 | then

|BCS) = NH Tt Y-k} | R) = H (Uik(CkT + UltCT_m) (U;C—m — vf;cLT) |R) =
k Kk
2 1 { 2.0 (2.45)
* * ok * % *
= NH [(uk) CktC—k| — UKVkCktCpp T UkVKC_ g | C-k| — () C—kickT} |R)
k

therefore the following condition must be satisfied :

[T [(wio)ewres, — vicvierely + uivieel e = @)y e | IR) £0 (2.46)
k

i.e
(i) 2erere ey — uivierely + uivie e = ()2 ey [ IR) #£00 Vi (2.47)

As a consequence, at least one term of (2.47) must be different from zero.
A priori, within the space (k T, —k |) there are only four possible choices for the reference
state |R),, and we shall analyze Eq.(2.45) for each of these four choices:

L |R) = |0)

(BCS) = N T | (i) e, = uiviceryelg + ufcviel ey = (o)l e 10) =
0 — ugvg +0— (vl’i)QcT_kicLT} 0) =

(—vi0) (ke + vieel oy ey ) 10) =

I
=z =z =
~ W‘EWE

=N H(—viﬁ)) 11 (ul*( + UltCT_kﬁLT) |0) (2.48)
k k

BOS) = N T (i) acte-x, — vicviayely + uivie oy ex = (03)%c g ely) ey [0) =
k

=N]JJ0-0+0-0]]0)=0 (2.49)
k
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2.4 — The Excitations

3. [R) =Ly 10)
|BCS) = NH ( (up)?cxrex) — ul*{vi';cchLT + uf(vficT_k\Lc_M - (Ult)%T_kﬁLT) C]L_ki |0) =
=N H { — U Uk ( cchLT) +uvich K C—k| T 0} ¢y 10) =

= NH —uivp + upvi) ¢y 10) =0 (2.50)
k

4. |R) = eyl 10)

BCS) = N TT () ?exrex, — uiviarerely + uivie y owg = (i)%el o ol ) elyel ) 10) =
k

= N T @i acre s + 0 + uiviee! y eoxg + 0] elyel y 0) =
k

- N (]‘[ uk> IT (v + vicel s el ) 10) (2.51)
k k

where []y uf represents a constant, hence it may be absorbed in N.

We thus have proven that, within the space (k 1,—k |), the reference state must be
either |R) = |0) or |R) = CLTCT_M\@. Moreover, by comparing Eqgs.(2.48) and (2.51),
we realize that, up to a normalization factor, both choices yield the same ground state,
which acquires the form (2.39), and is normalized because |uy|? + |vy|? =

End of proof

2.4 The Excitations

In Eq.(2.38), the positive energies Fy [see Eq.(2.25)]

= &k + 1Ak (2.52)

represent the energies of excitations above the ground state. This excitation spectrum is
displayed in Fig.2.2.

Because v' and v in Eq.(2.38) are fermionic operators describing excitations, we may now
investigate what happens by creating one over the GS.

Hence, to create an excitation, for example within the space (k 1), we shall apply VIT{T on
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Normal and Superconducting excitations spectrum

A
‘—- -~
¢' ~’0
. S
AN .
V3 .
¢ .
¢ .
¢ ‘
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’ ‘
’ ‘
’ ‘
’ ‘
’ 1
’ A
¢ \ Y
? [y
> k
—kp kr
| k] Ex

Figure 2.2: The superconducting Fj (orange line) and the Normal || (blue line) excitations
spectra are plotted as a function of k, which has been taken as scalar quantities. In particular,
the figure has been obtained for a isotropic gap parameter, i.e. |Ag| = Ag. The superconducting
energy spectrum exhibits a gap in the excitation energies, which prevents the occupation of states
with energy 0 < E' < Ag. Furthermore, the dashed lines depict “hole-like” excitations, whereas
the solid lines represent “electron-like” excitations for both Normal and Superconducting spectra.

|BCS). Calling the excited state |ES),, = 'le(T |BC'S) and using (2.34), then

|ES)r = N’Y;T(T I et v=1e0 10 =N | T et 7=y ’71T<¢’7k¢ Y-k |0) =
K’ k' #k

= N H Ykt Y-k} (UkCLT + UkC_k\L) (Ui’; + U;CT—kicLT) |0> =
k’#k

IT ey (’Uk\chTm o+ vctieel o) = (el el e +
K/ +k

+ |Uk|207k¢CT_k¢CLT> 0) = (2.53)

Il
=
PR

IT e -y <|Uk|2 + |Uk’2> oy 10) =
k' #k

I
=

Il
=
-~ =

T wiv +vivel o clor | s 10)
k’+k
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2.4 — The Excitations

up to a minus sign that may appear due to the switching of operators. In the previ-
ous equation we made use of (Jux|? + |vk|?) = 1. From (2.53) it follows that, applying
fy;r(T on |BCS) creates, with certainty, an electron with momentum k and spin 1, hence
replacing the quantum superposition (u;, + vltcT_k J,CLT) |0) between an empty and a pair
state (Cooper pair) with a singly occupied state |~k |).

Repeating the same calculation of (2.53) for the operator WT_k | We obtain

|ES) yy = ’y]L_k\L |BCS) =N ( H s + Ult'cT—k’J,CI{’T> c]L_ki |0) (2.54)
K #k

Thus, we have created, with certainty, an electron with momentum —k and spin |, re-
placing a quantum superposition with a singly occupied state..

The expectation values of Hpcg over the excitated states |[ES),, and |ES) | are de-
fined as

Epsxt = (ES|Hpcos [ES)y;
(2.55)
Egs x| = (ES|Hpcs |ES)

In analogy with operators CL , and ¢k s, for which it is possible to define a number

operator ny , = cL +Ck,0, We may define a number operator related to exicitations, i.e.

Ny ko = 'y;i »Vk,o» Which counts the number of excitations within the space (k, o). There-
fore, it follows that

Epsxr = (ES|Hpes |ES>kT =

=(ES| <— > (B — &)+ B (’YLT’YM + VTk/ﬂ—kw)> |ES) =
K i

=(ES| (— Z(Ek/ — fk/)> |ES>kT + (ES)| <Z Ek/n%k/¢> |ES>kT +
K

K’ (2.56)
+ (ES] (Z Ek’n%—kw) [EShg =
k/
= — Z(Ek/ — gk/) —+ Ek =
k/
= Fy+ Ex
where we have used
0 ifk+kando
Ny o [ES)y = J %_ #1 (2.57)
1 otherwise

and Ej is the ground state energy (2.40).
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Repeating the same calculation for state |ES)_, 1> we obtain that

Eps x|, =(ES|Hpes |ES) _y = (ES| (‘ Z(Ek’ - fk’)> |ES) o+
k/

+ (ES| <Z Ek/n%k/¢> |ES)_y, + (ES] (Z Ek'nw,kw) 1ES) a0 = (2.58)
K’/ Kk’
= =Y (Bw — &) + Bi =
k/
= FEo+ Ex

As expected, the two excited states |[ES) | and |ES),, are degenerate states, and their
difference in energy, with respect the GS, is of a single excitation Ej.
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Chapter 3

Model for nanowire proximized by
a superconductor

Figure 3.1: Schematic representation of a Nanowire (light red) proximized by a superconductor
(light blue) with a magnetic field B (green arrow) applied along the z-direction.

As mentioned in Chap.1.3.3, the proximity effect occurs when a superconductor (S) is
placed in contact with a normal (N), i.e. non-superconducting conductor, and it consists
in the fact that a superconducting pairing is induced in the N material. In this chapter,
we shall illustrate and analyze a model to describe a nanowire with spin-orbit coupling
that is proximized by a superconducting film covering it.
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Model for nanowire proximized by a superconductor

3.1 Hamiltonian of a proximized nanowire with spin-orbit
coupling

We shall now consider a spatially homogeneous single-channel (1D) nanowire with spin-
orbit coupling, such as InAs or InSb, proximized by an s-wave superconducting film
deposited on it. Furthermore, the possible presence of an applied magnetic field will be
considered. We shall model the system with the following Hamiltonian [49, 60, 85, 86, 89]:

H= Zk: (CITCT’C]TQ> (fig op—ka-o —b- U) <EZI> + Zk: (A;CCLTCT_,Ci + AZC_;QCM) (3.1)

where
h2k2
2m*

E=cp—u e = (32)
is the deviation of the bare electron band energy (in the effective mass m* approxima-
tion) from the chemical potential u, while a = (a, oy, o) is the vector identifying the
three components of the spin-orbit coupling, and the term —b - o denotes the Zeeman
coupling with an external magnetic field b = (bz, by, b.). Here, og is the 2 x 2 identity,
while o = (0,,0y,0.) denotes the vector of the three Pauli matrices

(10 (o1 {0 =i (1 0
90=1g 1) =7 \10) % \i o) 7 \o <1

Finally, the s-wave character of the superconducting pairing appearing in Eq.(3.1) is
encoded in

Ak = AO ew (33)

where Ag > 0 and ¢ represent the magnitude and the phase of the pairing, respectively.
In analogy with what we have done for the customary BCS model in Egs.(2.11) and
(2.12), it is possible to show that the nanowire Hamiltonian (3.1) can be rewritten in the
Bogolubov de Gennes form,

1
H = 5 Z \PLHBdGUf)\I/k +C (3.4)
k

Here, we choose the Nambu spinor as in Eq.(2.13)

1 Ck
\I’k = \IJ](C ) — CT :;L \IJL = (CLT, C-LU C*k,],’ _kaT> (35)
e

and the corresponding Bogolubov de Gennes Hamiltonian reads

(3.6)

(oo —ka-oc—Db 0o Ape?ag
Hpyc(k) = ( Age—i% g +ka-o—b-o
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3.1 — Hamiltonian of a proximized nanowire with spin-orbit coupling

while, the constant C' appearing in Eq.(3.4) is
C=> ¢ (3.7)
k

Particle and hole blocks
In Eq.(3.6), we denote the two 2 x 2 blocks

he(k) = &oy—ka-o—b o
(3.8)
hn(k) = —&oo+ka-oc—-b-o

related to (1,2) entries as “electron block” h.(k), and related to (3,4) entries as “hole
block” hy(k), respectively. Using the property

oy0 0y = —0 (3.9)

of the Pauli matrices, it is possible to verify that the following relation holds between the
blocks

hi(k) = —oy b (—k)o, (3.10)

Proof of Eqs.(3.4)
Let us start from rewriting explicitly the scalar products in Eq.(3.1)

= Z (C};T’ C’JQ‘L) (5200 — Qzozk — ayoyk — a0k — byoy — byoy — bz(fz) (CM> +
k

Chy
+2 (AkCLTCT_m + AZC—MM)
' (3.11)
It is now convenient to decompose H as a sum
H = Hdiag + Hnon—diag (3.12)

where Hg;q4 is diagonal in the operators ¢ and ¢ and is characterized by o( and o,
whereas Hof f—diag is off-diagonal in ¢ and ¢!, Explicitly,

- ToT 0o_ . Ckt
Hdiag —; (CM’CIw) (§kao koo, bzaz> (Cm) (3.13)
C
Hoff—diag == Z (CZ:T? CITQ) (axax + ayoy + bpos + byay) <CZI> (314)
k
+ Z (AkcLTcT—ki + A]:kaickT) (3.15)
k
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Model for nanowire proximized by a superconductor

Starting from Hg;eg, we first rewrite such term as twice its half, then relabel one of the

two summation index k — —k, obtaining

1 & —azk—b 0 ¢

1 f k— azk —b: o

Hdiag =3 Ek, (CM’ Cm) ( 0 &+ azk + bz) (Cm) (3.16)
3.16

1 € +ak—0b 0 c_
- T T —k z z )
+ 5 zk: (C_m, C_ki) ( 0 ggk —ask + bz> (Cm)

Using now the anticommutation rules Eq.(2.16) of the fermionic operators, it follows that

Hdzag — 5 ; (ckT’ Cki) < 0 62 —+ O[Zk? + bz) (Ck\L +
1 égk + Oézk? - bz 0 CT_kT 0=
22,; Ckt -kl ( 0 fo_k—aszrbZ) (CT—ki +Zk:£_k_
_ iS4 &k —azk —b ’ o
T2 Zk: (ckch) ( 0 G +azk+ bz) (C’W "
1 — é‘gk —ak+0b, 0 CT_
+ 5 (C—kiv _C—kT’) ( ) 0 - Tki "
P 0 - (g_k + ok — bz) Okt
+ Zfo,k -
k
k

(ckT’ Cki) (flgao — (ck + bz)oz) (Z:I) +

l\.’)\»—\

ol
+ Z C_kl, —C—kt (_EgkUO + (Oézk? — bz)O'z) < -kl ) + ZE’O
F e k:
(3.17)

N =

Recalling now the definition (3.5) of the Nambu spinor, and the fact that £, = &) is an

even function of k£ [see Eq.(3.2)], we can rewrite Hg;qy as

4 t (&poo —ka,o, — b0, 0 0
Haiag = Z i < 0 —&oo + kazo, — b0, Vet zk: & (3:18)

Let us now consider the off-diagonal term H,f_giqq- First, by introducing

o = (0z,0y) (3.19)

= (bza by) x| = (a:m ay)

one can compactly rewrite Eq.(3.15) as

_l_

Hoff—diag = — Z (CLTv Cu) (by +kay) o ( > Z (Akc};ﬁcim + AZC—MCM) =
k
—ZZ Z cka (b, +kay)- O'J_] o Cho' +Z(AkCLTCT—k¢+AkC k’ickT>
k o,0'=1,] k
(3.20)
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3.1 — Hamiltonian of a proximized nanowire with spin-orbit coupling

Then, by rewriting the above equation as twice 1/2 of itself and by relabelling k¥ — —k
in the second 1/2, one has

1
Hofj—diag =~ 5 S Y ey ((brtkar) o), chot

k o,0'=1,]
1
—52 Z Ciko ((bL—kaL)~UL)J7J/6_kJ/+
k oo'=1]
1 1
+ 3 Z (A,CCLTCT_,Ci + AZc,k¢ck¢) + 3 Z (A*kCT—kTCLi + Afkckic,m) =
k k

(3.21)

Now, by noticing that | = (04, 0y) are completely off-diagonal matrices, and applying
the anticommutation rules (2.16), one can rewrite

1
Hoff—diag = — B Z Z CLU (b +kay)- UJ_)U,U’ Cko’

k oo'=11
+ %Z Z c_ko (b —kay)- al)o,o’ CJL,W +
k oo'=11
+ % > (Aelely, + Afereny) - % > (A eyl + A% e kery)
’ ' (3.22)
The Hermiticity of the Pauli matrices implies that
(b —koy) - o1),, =(bL—kay) o1),,
By relabelling o <+ ¢’ one can write
Hoff—diag = — ;Ek: (C,QT, o ¢) (b +kay) o)) (2’;1) +
+ % (c_m, c_m) (b, —ka)-o%) C?M) +
k —k{
+ % 4 (Axelyelyy + Atenent) - ;Zk: (A_yelycl gy + A% e iren)
(3.23)
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Model for nanowire proximized by a superconductor

Let us now sandwich the (b, — ko)) - o] between two identities oy = (—ioy)(ioy)

1 Ck
Hof f—diag = — 3 Zk: (CLT, CITQ) (by +kay) -oy) <ij> +
1 . . * . . CJLkT
B > (Cfma Cfm) (—ioy)ioy (by —kay)-ol) (—ioy)ioy | "1 |+
k €kl
1 . 1 «
5 Z (AkCLTCT—ki + AkC*kJ,Ck‘T) — 5 Z (A*kCL‘LCT—kT + Aka*chki) =
k i
[use oot oy = —0 ]
1 c
- _ = Tt . kT
==3 Zk: (chsehy) (b +kar) o) <%> +
.i_
1 c
3 Z (Cfm; —Cfm) (by —kay)-o1) ( Tki ) +
k _c—kT
1

1
52 (Brepely + Afe-pyom) — 32 (A_pelyclyy + A% jeoien)
k k

[\

(3.24)

Recalling now the definition (3.5) of the Nambu spinor, and the s-wave character of the
pairing Ay, we can rewrite Hoff—diag as

1 —(kay +b) o Apet?
I T L i L 0
Hoff—diag = 5 ; vy, ( Age—iv (koey —b)- cu) Uy, (3.25)

By summing up the two results (3.18) and (3.25), the total Hamiltonian H = Hgiaq +
Hnondiag acquires the form (3.6).

End of proof.

3.2 The case of magnetic field parallel to the spin-orbit field

Let us consider the case where the spin-orbit coupling a and the magnetic field b are
parallel. Without any loss in generality, we can assume that both these fields point along
the z-direction.

a = (0,0,a,) (3.26)
b = (0,0,b,) (3.27)

The Bogolubov de Gennes Hamiltonian (3.6) reduces to

Hpac (k) =

0 _ o )
(fkao ka,o, — b0, Ape¥oq ba) (3.28)

Age %oy —fgao + ka0, —
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3.2 — The case of magnetic field parallel to the spin-orbit field

Let us introduce the electron bands for spin-1 and spin-J electrons

Sk = eg—u—azk—bz = {g—azk—bz
kl €k M + ok + 0, gk + ok + 0,

with £ given by Eq.(3.2). The band dispersions &y and & are plotted in Fig. 3.2.

(a) (b)

a,=0,b,=0 a,+0,b,=0

\ Fermi level / K \ Fermi level / K

= &ir il = &kt il

(<) (d)

a,=0,b,+0 a,+0,b,%0
A

\ Fermi level / -k \ Fermi level / K

AN

= &k 190 = &kt iy

Figure 3.2: Plots of &4 and &, defined in Eqgs.(3.29), for different values of the parameters
a, and b,. In particular: Panel (a) the doubly degenerate dispersion relation in the absence of
SOC and magnetic field; (b) the degeneracy is broken by the SOC and the bands are shifted
horizontally; Panel (¢) an applied magnetic field open a gap between the two energy branches;
(d) the combined effect of the SOC and magnetic field.

The Hamiltonian (3.28) acquires the form
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Model for nanowire proximized by a superconductor

Ekt 0 Aget? 0
o 0 fki 0 Aoei@
Hpqc(k) = Age—i 0 e 0 (3.30)
0 Aoefw 0 —ffkT

where &, are defined in Eqs.(3.29).
We observe that in this case the Bogolubov de Gennes Hamiltonian (3.30) consists of two
decoupled 2 x 2 blocks, related to (1,3) and (2,4) entries, defined as

1. block (1,3)

Wy _ [ &t Doe®) _ (&l —azk b Age'?
h (k') (AO e~ _5_[@) ( AO e~ _(62 o Oézk‘) _ bz (331)

2. block (2,4)

(2) _ 3 ) Age'? _ 5]2 + azk’“" b. Ay e
h (k) (AO e~y _ng> ( AO e~y _(gl(c) 4 Ckzk> + bz (332)

where 52 is defined in Eq.(3.2). In particular, it is possible to verify that the relation
(3.10) between hy,(k) and he (k) is valid also for AV (k) and h( (k) i.e.

oy (M (k) oy = —h® (k) (3.33)
As we shall see here below, the blocks (1,3) and (2,4) can be interpreted as

block (1,3) — block of spin-1 excitations
(3.34)
block (2,4) — block of spin-| excitations

Let us first proceed by diagonalizing matrices (3.31 and (3.32). In order to do it, we shall
make use of the following theorem.

(12) ith etgenvalues E,(CI’Q) of the 2 x 2 Hermitian

matrices h\M?) (k) defined in eq.(3.31) and in eq (3.32), then the vectors —i Jy(w(_llf))*

are eigenvectors of h>V(k), with eigenvalues E,(f’l) = —E(,llf)-

Theorem 3.1. For any eigenvector w

Proof. For simplicity, let us proceed by proving Theorem (3.1) for an eigenvector w,(;) of
A (k). Proof for an eigenvector w,(f) of h (k) follows similar lines.

Let us start by noting that, if wl(;) is an eigenvector for h(Y) (k), with eigenvalue E,(cl), ie.
R (k) w,(cl) = E,(Cl)wl(:), then, taking the complex conjugate of the previous expression,
we obtain

(h (k) w,(j))* = B (wM)* (3.35)
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3.2 — The case of magnetic field parallel to the spin-orbit field

By applying the matrix identity (3.33) on vector iay(w(_l,Z)* it follows that
, 1\ * , 1)\
iy (D) wl)” = —ih D k) 0y ()
Using now eq (3.35) we obtain that
. D, (s , 1)\
ioy Egg(wgz) = —i k@ (k) oy(wﬂ,i) ,

i.e.

. 1)\% I 1)\
WO (k) [=ioy (wh)*] = =BG [<i 0y ()] (3.36)
which proves that —i oy (w_llz)* is an eigenvector of h(® (k) with eigenvalue E,?) = —E(_llz.
End of proof. O

Theorem 3.2. Within each block, the eigevectors are independent of the value of b,.

Proof. This is simply because, within each block (3.31) and (3.32), b, multiplies the 2 x 2
identity matrix.
O

The case of a Normal nanowire (A = 0)

The case of a Normal, i.e. non-superconducting, nanowire is obtained by removing the
superconducting pairing, i.e. by setting Ax = 0. Then, the, matrix (3.30) acquires a
diagonal form, i.e.

&kt O 0 0
| 0 &y 0 0
0 0 0 —&_it
and the Hamiltonian H reads
1
H = 5 Z (ngCLTCkT + gk\LCL\LCkJ’ - g_kTC*chikT — g_kicfkicikl,) + C (338)
k

where &, is defined in Eqs.(3.29) and the constant C is given by Eq.(3.7).
The Hamiltonian (3.38) can be rewritten in terms of excitation operators v, as follows.
First, we rewrite

$ko = |Eko |V (Era) — [Eka[V(—Ero) o="11 (3.39)

where ¥(+) represents the Heaviside step function.
Then, we re-express the fermion operators ci, in terms of excitation operators Yiqy, as
follows
Viete it &g >0
Cktr = (3.40)
W on if &r <0
Vile it &y >0
Cpl = (3.41)
'YT,kTh if gki <0
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Model for nanowire proximized by a superconductor

where e and h describe electron and hole excitation, respectively. Inserting Eqgs.(3.39),
(3.40), and (3.41) into Eq.(3.38), the Hamiltonian is rewritten as (proof given below)

1 1
Ho= > [EET <%1¢e7me - 2) + By (ﬂwﬂm - 2) +
k

+E5, (711¢67k¢e - ;) + EI}CL¢ (’Y;iuﬂkuz - ;)} + zk:flg (3.42)
where
B = |&l9(&r) >0 spin-1 excitations (electron type)
E,};T = [ gy |¥(—€—ky) >0 spin-T excitations (hole type)
Ep = [&ky9(&ky) >0 spin-| excitations (electron type) 4
El]%li = | pp|9(—=€-kr) >0 spin-| excitations (hole type)

Proof of Eq.(3.42):
Inserting Eqgs.(3.39), (3.40), and (3.41) into Eq.(3.38) one obtains

1
H=) &+ 3 > [(|§kﬂ"9(§k¢) - ’ékTW(_ng))cleckT +
% %
+ (Ierl9(&y) — lrs19(—€r1) ) chyeny +
- (fé—kTW(f—m) - |§—m|79(—5—m))67k¢6im -
# (IE-ul9(E) = Il (~€r))e el | =
1
=> &+ 3 > [\ﬁkﬂﬁ(ﬁm)ﬂ%’mg - !fkﬂﬁ(—&ﬁ)%mwimh +
% %
+ !EMW(&OVL@’YW - ‘gkiw(_fki)'ﬁ_kﬂ{)/_mh +
- ’éﬁkﬂﬁ(f—m)%meﬁ’ime + |§fkT|19(_§fkT)’7]];¢h’Yk¢h +

- |§fk¢’79(§fk¢)7—k¢e')’ikie + |§k¢|§(_§k¢)7]];¢h7mh] =

1
=) &+ B > [\Skﬂ’ﬁ(ﬁm) (’YZTe’Yme - 7k¢6711¢6> +
p !

16kl (=€-w0) (VhnTotn — i) +
+ |k [9(Ery) (V;Lﬂme - ’VkJ,e’YIZie) +

+ [ w9 (=€ k1) (’Y/Tcuz%uz - ’Ykih’leih)
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3.2 — The case of magnetic field parallel to the spin-orbit field

1 1
=526+ 5 llo6n) (shye = 3) + 1eml=€0) (sl = 5) +
; 1 ; 1
1€k [9(Ek1) { VepeVise — 3)+ |-kt (=€) { VegnVerh — 3
. 1 1
=D &+ [Em (’YZTe’YkTe - 2) + By (%imm - 2) +
k k

N 1
+E, (’Y;Lﬂme - 2> + Ly <711¢h7k¢h - 2)} (3.44)

End of proof.

¢« Ground state energy
The fact that the energies (3.43) are by definition positive, enables us to evaluate the
ground state energy Fjy, and to interpret also the excitations above the ground state.
Indeed, for every k-state, the lower energy is obtained for <’7110n7k077> = 0, yielding a

n
ground state energy contribution —% < 0, while the higher energy is obtained when

77
<71J<r:an7k m?> 1, yielding an excited state with energy ’“" > 0. As a consequence, the
ground state energy is

Bo= 3T ¥ T EL 43T (349
k o=T,dn=eh

Inserting Eq.(3.43) into Eq.(3.45), and using Eq.(3.39), one can prove that (proof given
below)

Eo=— Y &0l (3.46)
6k,a<0

Proof of Eq.(3.46):
Inserting Eq.(3.43) into Eq.(3.45), and using Eq.(3.39), one obtains

:_7ZE:ZO'+ nga—

k,om

=3 Z“fkﬂﬁ(ﬁm) 1€k [9(—Eky) + 1€k [0 (Ery) + \§—kﬂ19(—§—m)] +
k

+ %ZD&TW(&T) — &t [0(—Erp) + [Exy|O(ERy) — !&”ﬁ(—gm)}: (3.47)
k

1
=~ 5 22l (=)
= - Z ’gk,a’

Ek,o<0

End of proof.

ﬂ(—fm)} =
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Model for nanowire proximized by a superconductor

e Fermi wavevectors
Taking into account the expressions (3.29), we can re-express Eq.(3.46) by identifying
the Fermi wavevectors, i.e. the wavevectors at which £, ’s vanish. They are given by:

ko) = oakso £ 1/k2o + (k)2 (3.48)
k}ﬁ) = —0akso +\/kip + (K}))? (3.49)

where we have defined

*
kso = m 74204,3’ (spin-orbit wavevector) (3.50)
oo = sign(ay) (spin-orbit coupling sign) (3.51)
2m* b
k?’T = m(,%u—l—z) (bare spin-1 Fermi wavevector) (3.52)
2m*(u—b
k% L = m(iibuz) (bare spin-| Fermi wavevector) (3.53)

as it is possible to appreciate in Fig.3.3, where the “kzl(pi)” points are the ones for which

the parabolas intersect the Fermi level.

o Excitations
Taking into account the expression (3.42) of the Hamiltonian, and the fact that the
ground state is obtained for <711 an7k0n> = 0, we also deduce that, for each (k,o,n), the
difference between the higher and the lower energy state is Ej,y,, which can therefore
be interpreted as the excitation energy over the GS. Concerning the nature of such ex-
citations, the structure of Hamiltonian (3.42) and the definition (3.41) of the fermionic
operators in terms of excitation operators -y, straightforward implies that by applying

the operators 7,1(”7 on the ground state, four different excitation processes are possible.

1. spin-T excitation of electron type
This occur for £y > 0 (ie. for k < k‘%_) or k > k‘g%)) In this case vae = C;LT, ie.
one creates a spin-1 “electron” excitation, depicted by solid blue curves in Fig.3.3;
2. spin-T excitation of hole type
It occurs when {_;| < 0 (i.e. for k € [kl([i)v k;{)]) In this case 'y,iTh = ¢_j, which
corresponds to removing from the GS an electron with spin-| and momentum —k,
which means that we are creating a spin-T “hole” excitation, depicted by dashed

blue curves in Fig.3.3;

3. spin-| excitation of electron type
This is when &) > 0 (i.e. for k < k:;:) or k > k:g;i)) In this case, ’Yl:w = ch. This
excitation corresponds to creating a spin-| “electron” excitation, depicted by solid
yellow curves in Fig.3.3;

4. spin-| excitation of hole type

This excitation occurs for {_pp < 0 (i.e. for k € [k%?,k%)]), then fy,];ih = C_pyp-
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3.2 — The case of magnetic field parallel to the spin-orbit field

In this case one removes from the GS an electron with spin-1 and momentum —¥k,
which means that we are creating a spin-| “hole” excitation, depicted by dashed
yellow curves in Fig.3.3.

(a) (b)

: ‘ k
kit K, ) K —kso | kso K K
— g  __ pe __ ph __ rh e e __ ph  __ ph
Kt Epy k1 Epy Eq Epy Epr Ey
(c) (d)
Ag=0,a,=0,b,20 Ag=0,0,20,b, %0
() 20 ) > k 0 0 e (+) k
kiy ki) kiy kip kiy kiy  =kso | kso kiy kiy
— e . e . h . h — e . e . h . h
| Elr Ll Ly By | By Ly By By |

Figure 3.3: The spectrum of the excitation energies of a Normal nanowire (Ag = 0) plotted as
a function of k for various values of the parameters a, and b,. The spectrum consists of four
excitation bands [see Eq.(3.43)], related to two spin degrees of freedom and to the electron/hole
character. Compare with the spectrum of Fig.3.2.

The case Ay > 0

When Ag > 0, a superconducting state may appear in the system. Then, let us proceed
by diagonalizing the matrix A1) (k) in Eq.(3.30). In order to do it, we start by computing
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Model for nanowire proximized by a superconductor

the eigenvalues of matrix (3.31). Denoting by E,glzr and E,E:ZJ)F the eigenvalues of matrix
h((k), we obtain that

BV = b+ /(€) - ak)® + A2
(3.54)

EY = —b— (€ - ak)’ + A2

Let us notice that, as a consequence of theorem (3.2), the eigenvectors of matrix (3.31)
are the same as the eigenvectors of the following matrix

. O ok Ag e
h(l)(k):<§£0€gzw _(ggo_@azk)> (3.55)

which satisfy the requirements of theorem 2.1. Therefore, we may make use of the latter
to compute the eigenvectors of matrix (3.31). It follows that

w,(cll = (Z:) eigenvalue E,(gl_)|r
(3.56)
w,(cl)_ = (;%k> eigenvalue E,(cl)_
where
1 — >
U = - 1 + gk; e
2\ @ -k + 23
(3.57)

v, =e ¥ 1 1-— & —azk
2\ @ —ask)? + A3

A similar remark holds for the diagonalization of the matrix h(® (k) in Eq.(3.32). How-
ever, in order to diagonalize h(Q)(k), we may also make use of theorem 3.1, obtaining

eigenvectors and eigenvalues of h(?) (k) from the eigenvectors and eigenvalues of h(Y) (k)
in Eq.(3.31) as follows

—ioy (w(_l,z,_)* = (u_k> is eigenvector of h(?) (k) with eigenvalue E,(f_)F = —E(_lk)jv_

—ioy (w(_1,2+)* = <_U_k> is eigenvector of h(2)(k) with eigenvalue E,(f)_ = —E(_llz
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3.2 — The case of magnetic field parallel to the spin-orbit field

Since we always have the freedom of redefining such obtained eigenvectors by an overall
phase factor, we shall denote

w,(fzr = (Z‘k> eigenvector of h(?) (k) with eigenvalue E,(CZJ)r
I _k )
(3.59)
w,(f), = (;ﬁ_k> eigenvector of h(?) (k) with eigenvalue E,(fl
I _k )
where
2 1 2
BY = BN = b+ k) + A3
(3.60)
2 1 2
B = —BE0 L = b= (@4 ask) + A3
Therefore, the diagonal form of matrix (3.30) is
1
Ey) o0 0
0 FE 0 0
Hpag—-a (k) = kot 3.61
Bac—d (k) 0 0 —E(zﬁ, 0 (3.61)
0 0 o —EeY,
and the four orthonormal eigenvectors w W W and wi? for the full 4 x 4 matrix
k4o Wi+ Wi — k,—
are
Uy, 0 -y 0
m _ |0 (2) _ | U m _| 0 @ _ | vk
Wy = o, wih =1 wy L = ul wy L = 0 (3.62)
0 v k 0 U*k

Then, the matrix Uy, such that

Ul Hpac (k) Uy = Hpag-a(k) (3.63)
acquires the form
10 u, 0 —vr,
Up = o 0 UZ 0 (3.64)

*

0 v_, 0 ut
Inverting the above relation (3.63)
Hpac(k) = Uy Hpag—a(k) U} (3.65)
and inserting it in Eq.(3.6), we obtain
1 1
H=3 S Ul Hpag (k) ¥y + C = 5 N U UHpag—a (k) U ¥, + C
k k

4 T (3.66)
=5 ZrkHBdg,d (k)T + C
k
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Model for nanowire proximized by a superconductor

where

I, =U¥, and Tl =0l0; (3.67)
and ¥y is given by Eq.(3.5).
Assigning to I'y the same structure of spinor (3.68), i.e.

'NYM
:Y]Q
Iy = (3.68)

Ykl
~
it follows that :
UpCrp + U,’;c_M

* T
+u’ pep — vt el
Ty = T ' (3.69)
—ULCkt T URCpy

_'U_kcki - ’LL_kCT_kT

The expression of H in terms of v and 7' is now
1 1) ~f =~ 2) .t - 2 . 1) -~ -
H= 9 Z (El(c,_)s_’YIZTWkT + Elg,-)1-711¢'7k¢ - E(_xz,_s_’Y—ki’Yim - E(_;z,w_kwim) +C. (3.70)
k

where the constant C' is given in Eq.(3.7). Using Eq.(2.35) and relabeling the summation
index —k — k, the final form is

1
Ho= 3 (a- B2 - )+ X (B Ala + BO ) =
k k

P L1
= > &+ {Ezili (Vlﬂm - 2) + B <%iﬂk¢ - 2)} (3.71)

Excitations

It is important to point out that, differently from the standard BCS case covered in
chapter 2, here the energy E,(clj_ and E,(fl, defined in Eqs.(3.54) and (3.60) respectively,
may not be positive V k, due to the presence of the magnetic field b,. Indeed, depending

on the magnitude |b,| of the Zeeman field one can distinguish two cases:

1. weak magnetic field Ag > |b.]|
In this case one has '
EJ, >0 vk

and E](fj?i’ can be correctly interpreted as excitation energies. Indeed the ground state

GS is obtained for
A Aro) =0 Vk,o
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3.2 — The case of magnetic field parallel to the spin-orbit field

(a) (b)
Ag>0,a,=0,b,=0 Ag>0,a,%0,b,=0
E E
A
;“‘ \“x
B +
¢ AN
9" \:
k k
e . e . h _ h — e . e . h _ h
Eqw — Ey T Ey By B — Ey i By
(<) (d)
Ay>0,a,=0,b,+0 Ay>0,a,+0,b,+0
E
k k
— e . e . h . h — e . e . h . h
Eyy — Ef -t El. o Ep Eyy — Efy -t El o Ep

Figure 3.4: The spectrum of excitation energies Ej 4+ and Ej of a proximized Nanowire [see
Eqgs.(3.72)] is plotted as a function of k, for various values of the parameters a and b,, in the case
|b.] < Ag. Solid and dashed lines refer to electron-like and hole-like branches of the excitations,
where the quasi-particle operator v, in Eq.(3.73) exhibits a predominant weight on the particle
and in the hole sectors [see Eq.(3.57)]
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Model for nanowire proximized by a superconductor

Then, one can denote

1 2
By = B = —b+ /(& — a.k)? + Al o)
and the related excitations
~ * w1
Vet = Vet = UpCpy +UpCl
e R R, (3.73)
Vel = Tkl = U_Cpp — V_Cpy

are superpositions of particle and hole states. At a given k, depending on the relative
weights of uy and vy in Eqs.(3.57), the excitation is dubbed electron-like or hole-like.
The Hamiltonian (3.71) is rewritten as

1 1

H = Z {Ek,T (’Y;Zﬂm - 2) + Eg,| (’Y;zﬂm - 2)} + Z & (3.74)
%

k

In Fig.3.4 the two bands are depicted as a function of k.

. strong magnetic field A < |b,|

In this case the energies E,(gjl may become negative for some k-values. When this
occurs, the superconducting gap closes, and they cannot be interpreted as excitation
energies. This means that, for those k-values, in the GS, the expectation value <:YZ;T'~71€T>
is not equal to zero, and such operators do not describe excitations. Indeed, one may

have two possible situations:

(a) E,, >0 = GSis obtained for (fy,ia’ykﬁ = 0, with energy contribution —
By _ _|Ey

2 2

(b) B, <0 = GSis obtained for <'~71107k:a> = 1, with energy contribution +
By _ _|E

2 2

This implies that the ’y,i operators appearing in the Hamiltonian (3.71) are related to
the actual excitation operators «;’s through the relation

E]il) >0 = E]gl) = E;ﬁ — ’?k,T = Ykt
1 j—

+ -
1 -
EI(C,J)r <0 = El(c,?k = E_]Q - Ykt = viki
(3.75)
2 2 -
E](€7J)r >0 = E](CJ)r :E;Q — ’yk,T:’yiki
2 -
EIEI-)F <0 = El(f,—i- =E_rpp = Wl= VT—M
Thus, the GS energy is
1, 1, 9
Ey = Z (513 - §]E,(€J)r\ - 2\E;§;)+\> (3.76)
k
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3.3 — The case of magnetic field perpendicular to the spin-orbit field: emergence of exotic superconducting pairing

3.3 The case of magnetic field perpendicular to the spin-
orbit field: emergence of exotic superconducting pair-
ing

In this section we want to show that, when the magnetic field and the spin-orbit field are
orthogonal, a Nanowire proximized by an s-wave superconductor can also exhibit exotic
p-wave superconducting pairings, controlled by the intensity of the spin-orbit coupling
and the Zeeman field.

3.3.1 BdG Hamiltonian in the natural basis and effective pairings

Before implementing the hypothesis of orthogonality between the spin-orbit and the mag-
netic fields, let us start from the general expression (3.6) of the homogeneous NW proxi-
mized by the s-wave superconductor, and rewrite it in its 'natural basis’, i.e. in the basis
that diagonalizes the particle and hole sectors. To this purpose, we first rewrite Eq.(3.6)
compactly as

_ (&oo+m(k)-o Ape? o
Hpaa (k) = ( Aoe- %0y —&00+m(—k) - & (3.77)
where
m(k) = —(ka+b) = (—azk — by, —oyk — by, —ak —b.) (3.78)
and the related unit vector
n(k) = ——= = (sin 6y cos @i, sin O sin @y, cos b,) (3.79)
im(k)|

identifies the azimuthal and polar angles, ¢ € [0, 27] and 6y € [0, 7], respectively.
Explicitly

ok +0b,
cosl, = —
V(@ak 4 b2)2 + (ayk + by)2 + (ak +b.)2
s — (azk + by)% + (ayk + by)?
(agk +by)? + (ayk + by)? + (azk + b.)?
Dk = arctan (giiigi) + 1 (agk + by) < (here ¥ is the Heaviside function)
(3.80)
where
a=|af b= |b| (3.81)

o Diagonalization of the electron sector
To diagonalize the electron block of the BAG Hamiltonian (3.77), we exploit the general
expression of the eigenvectors of m(k) - o, i.e.

cos % —e "k sin %
W=l N = (3.82)
ek sin %’“ cos %’“
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Model for nanowire proximized by a superconductor

and introduce the unitary matrix U, containing the vectors (3.82) as columns
O — o~ Pk gin Ok 9k e~k O
cos e sin cos sin
Uy, = 2 2 Ul = 2) (3.8

g <€“pk sin %’“ cos 9’“ ) k —e'¥k sin 92’“ cos ek (3.83)
Because Uy contains the eigenvectors of the electron block he(k) = &) + m(k) - o,
a rotation by U diagonalizes the particle block he(k) = Ukﬁe(k)U,I, where he(k) =
€) + |m(k)|o.. In turn, this amounts to identify the new operators é., in terms of
which the electron Hamiltonian is diagonal

He = (CkT’Cu) he(k (CM)

Ck\L
_ 7%k
—*Z@W@Wm UQQ (3.84)
——
whence
~ ~ 0 _ ’Lg&k 6 e
c c c C cos k¢ e sin 2k ¢
ék—i— UT csz = ckT = U 5k+ — Z%z k+0k 92 k—
fo— k| kL Jo— sin 5 Ck+ + cos 5 Ck—
(3.85)
Remark

We note that matrix Uy in Eq.(3.83) can be interpreted as a rotation by an angle 6y
around an axis (k) lying in the z-y plane and perpendicular to the projection of i(k)
in that plane. Indeed U can be compactly rewritten as

0 0 0
Uy = cos Ek [+ isin ?k (siny - 05 —cospy - 0y) = i3 kT (3.86)
where uy, is

uy, = (sin g, — cos ¢, 0) = (cos (cpk — g) ,sin (gpk — ;T) ,0) (3.87)

Diagonalization of the hole sector
The above transformation (3.85) on the upper part of the Nambu spinor ¥ Eq.(3.5)
directly determines, by consistency requirement, the transformation on the lower part

of the Nambu spinor,

0 i 0k ~
ht) — g, (G = (O e %+—6 ¥+ sin QTC k— (3.88)
€kl k- e ksin 5he_py +cos 5t E

which in turn implies
Cilw _ e_w—z sin %ET jy T COS 965 &l She )
_CT—m —cos 5~ Bt e T e¥P—k sin 5t é e

B cos H’Tk —e " ¥—k gin 6*7’“ 6T_k_
il U 0 f (3.89)
e Sin 5 COS 5 —C

=U_,
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3.3 — The case of magnetic field perpendicular to the spin-orbit field: emergence of exotic superconducting pairing

Combining Eqgs.(3.85) and (3.89) we deduce that the Nambu spinor must rotate as

Ckt Crt

Cr) o Uk 0 ék_

CT_]Q = ( 0 U—k) gf_k_ (3.90)
—C gy —Cpy

We therefore apply the following rotation

uk=<%’f Ui) (3.91)
to Hpag (k)
Hpag (k) = Uy, Hpac (k) UL & Hpaa (k) = Ul Hpaa (k) Uy (3.92)
obtaining -
. ip
- (Aol Sothie )

Note that Uik U, = (U,;r U_,)f, as is expected from the Hermiticity of Hpgg(k). Fur-

thermore, recalling Eqgs.(3.86)-(3.87) the products UII U_, and Uik U, can be compactly
rewritten as

i —i% oy, ig_—ku o

UU_j =e "2 2 Uk (3.94)
1 L0 6

Ut Uy = i3 uno iF e (3.95)

By construction, the rotated BAG Hamiltonian Hpgg (k) in Eq.(3.93) exhibits particle
and hole blocks that are diagonal. However, the off-diagonal blocks characterized by the
superconducting pairing acquire a richer, k-dependent, texture. As we shall see, novel
types of superconducting pairing arise, due to the products U, ,I U_, and Uik U,

Ulu_, =

0

0_ . s 0k il — 0_ _
cos%cos%—i—sm%ksm —te ir—%-k)  cos 5% sin 9’“6 Pk _ cos 92’f sin e ik

0_ 6_ , 6_ . Ok (o
— cos —5* sin ek etk 4+ cos 92’“ sin e eP—k  cos %" cos —5* + sin O gin ?’“ez(g"k P—k)

2
(3.96)
Ul U, =
0_ 0_ _ 0_1 —
coS 92’“ cos =k 4 sin 92’“ sin <% eiler—¢—k)  _cos % sin er Wk 4 cos 92’“ sin <*e Pk
f_ 0 0_ _

cos —5* sin ‘9’“ €'k — cos 9’“ sin 5"e elP—k cos 92" cos =k 1 sin 92’“ sin e i(pr—p—k)

(3.97)
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Model for nanowire proximized by a superconductor

In particular, in the next subsection, we shall explicitly show an example of how effective
p-wave superconducting pairing can be generated from the interplay of superconductivity,
spin-orbit coupling and magnetic field. Before doing that, let us briefly mention what
happens in the case Ag = 0.

The case Ay =0
When Ay = 0 the rotated BAG Hamiltonian (3.93) of the NW is completely diagonal

~ O o
Hiaah) = <§k ) —5200+ﬁn<—k>ro—z> (399

Its four eigenvalues are

By = &=+(m(k)|
(3.99)
B = —&F |m(—k)
with corresponding eigenvectors
1 0 0 0
0 = 1 =p 0 =n 0
ot = 0 o = 0 Qp_ = 1 P = 0 (3.100)
0 0 0 1

Thus, the eigenstates CDZ/ i of Hpgya(k) are straightforwardly obtained using Eq.(3.92)

Hpac (k) @)% = B/ a}/! (3.101)
and read
o)/l = U8} (3.102)
In particular
cos %’“ —gin %k e~k
e _ |sin %’“ ek e cos %’“
k+ — 0 k,— — 0
0 0
(3.103)
0 0
(I)h’_ - 008065’“ (I)Z’J“ | —sin 05?“ e Pk
sin 9% eiP—k cos 6%
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3.3 — The case of magnetic field perpendicular to the spin-orbit field: emergence of exotic superconducting pairing

3.3.2 The case of SO coupling along z and magnetic field along z-
direction

In the previous Sec.3.3.1, we have kept the directions of a and b completely arbitrary.
As anticipated at the beginning of this section, we now want to focus on the case where
the spin-orbit field and the magnetic field are mutually orthogonal. For definiteness, we
shall choose

a = (0,0, ) (3.104)
b = (b4,0,0) (3.105)

In this configuration, the general relations Eqgs.(3.80) reduce to

_ [_aZk2 lozk| 2k
coslp, = —sgn(ayk) Wf—sgn(azk)\/b?;o[gkzf—\/bg‘mgl€2

; b2 |6 | _ sen(bs) ba 3.106
Sin Hk bi+a§k2 - \/b%+a§k2 - \/b%+a%k2 ( )
Ok = 7mI(by) — etk = —sgn(b,)

Since %’“ € [0, 5], terms of type “cos %’“, sin %’“” shall be always positive, thus, in this

interval, the following trigonometric relations are valid

0 1 0 1
cos Ek =+ 3 (14 cosby) sin Ek =+ 3 (1 —cos ) (3.107)

whence, given that in our particular case cos0_j; = — cos 0y, we have
0_ 0 0_ 0
cos 7k = sin Ek and sin Tk = Cos Ek (3.108)

Given that ¢, = ¢_g, the product U, ];r U_j, shall acquire the form

2 cos % sin % sin? % — cos? %) e—ion
Ul = 2Ok 200\ i ( S 292 (3.109)
(COS 5 —sin 7) e 2 cos 3 sin 3
Now, using the following trigonometric relations
0 0
2 cos Ek sin Ek = sin O, (3.110)
0 0
cos® 2 _ sin® 2= = cos (3.111)
2 2
then
+ B sin Ok —cosfge=r\  sgn(bs) by —ask 119
UpUk = <cos 0;,e Pk sin 0y, T /02 + a2k \ ak by (3.112)
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Model for nanowire proximized by a superconductor

and U, U, = (U,IU,k)T.
Inserting this last result in Eq.(3.93), together with |m(k)| = /b2 + a2k2, we get

€9 4 /B2 + a2k? 0 A (k) Ay (k)
0 & — Vb2 + aZk? —Ap(k) As(k)
0

Hpga =

A% (k) — A% (k) —&) + VB2 + aZk?
Ay (k) AG (k) 0 —& — Vb3 + aZk?
(3.113)
where we have defined the k-dependent functions Ag(k) and A, (k) as
i sgn(by)by
Ags(k) = ApeY —=——= 3.114
Ay (k) = —Ageie SERJazk (3.115)

In particular, being the A4(k) term even in k, it represents the conventional “s-wave” su-
perconducting pairing, which couples electron from different band (interband coupling).
In contrast, the Ay,(k) term represents an effective superconducting pairing that is odd
in k, defining it as “p-wave” pairing. It couples electron from the same band (intraband
coupling) and results from the interplay between spin-orbit coupling and s-wave super-
conducting coupling.

It is this emergent pairing that is responsible for driving the system into the topological
phase. Indeed when the Fermi level lies between the two bands, one can effectively de-
scribe the system in terms of a single band, i.e.the lower one. The electrons of this unique
band can couple via the new effective p-wave term, obtaining an effective spinless p-wave
superconducting system as proposed by Lutchyn and Oreg and discussed in Section 1.3.3.

70



Chapter 4

Hybrid junctions in proximized
nanowires

In this chapter, we shall describe hybrid junctions involving nanowires, i.e setups where a
portion of the nanowire is normal (N), while other portions exhibit superconducting (S)
pairing induced through proximity effect by superconducting films deposited on the NW.
These kinds of setups include the so called N-S junctions, or S-N-S junctions, also known
as Josephson junctions, which are the backbone of various modern quantum devices. In
these systems, inhomogeneities in the Rashba spin-orbit coupling are expected to arise
and to affect the physical properties such as the differential conductance or the Josephson
current. However, most theoretical studies on hybrid junctions with nanowires have ne-
glected such inhomogeneities. In particular, a thorough analysis of how inhomogeneities
of the spin-orbit coupling affect Andreev reflection is still lacking. Because such phe-
nomenon underlies the physics of these quantum systems, our ultimate goal is to address
this problem.

4.1 Model for an inhomogeneous proximized nanowire with
spin-orbit coupling

Inhomogeneities in the Rashba spin-orbit coupling in systems with proximized nanowires
emerge for various reasons. The first one is that Rashba spin-orbit coupling can be tuned
locally. Indeed, since the SOC strength depends on the electric field characterizing the
SIA, such field can be controlled by means of voltage applied to local metallic gates
near the nanowire [35, 96, 97, 98, 99]. By designing suitable setup geometries involving
various top-, side- or wrap-gates, one can realize inhomogeneous profiles a(z) of the
Rashba SOC, where both the magnitude o = || and the direction f of the Rashba field
depend on the longitudinal position. This sort of inhomogeneity occurs already without
superconductivity, and is purposely generated with the aim of controlling the electron
transmission through the nanowire, exploiting its spin texture.

The second source of inhomogeneities is usually unwanted. It arises from disorder ef-
fects, such as impurity doping, interface density fluctuations, or random variations in the
nanowire shape, which may affect a geometry and structure dependent coupling such as
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Hybrid junctions in proximized nanowires

SOC [100, 101, 102, 103).

Finally, in the specific case of proximized nanowires, where a superconducting pairing is
induced by proximity effect on the NW portions covered by superconducting metal films,
the different STA characterizing the covered and uncovered portions of the NW naturally
gives rise to further inhomogeneities of the RSOC. These effects, combined with the in-
homogeneity of the superconducting pairing, are expected to strongly affect the Andreev
reflection process, the spectrum of bound states and the Josephson current.

While some works have analyzed the effects of RSOC inhomogeneities in normal NWs,
showing that they can lead to control and significantly modulate the electron transmission
through the NW [104, 105, 106, 107, 108] , when it comes to hybrid junctions involving
NWs proximized by superconductors, most studies have either assumed a homogeneous
SOC (see e.g. Refs.[85], [86] [109]) or have neglected the SOC in the proximized regions
[110]. Only a few papers have investigated the effects of inhomogeneities of SOC in prox-
imized NWs. However, the main focus of these studies was to distinguish topological
Majorana bound states from trivial bound states originating from inhomogeneities [111,
112, 113]. So far, a detailed investigation of how Andreev reflection is affected by the
RSOC inhomogeneities is still lacking.

Here below, we introduce a general model that enables us to account for spatial inho-
mogeneities both in the superconducting pairing and in the Rashba spin-orbit coupling.
While in this chapter we shall highlight the symmetries of the model and illustrate how
the Bogolubov de Gennes formalism can be exploited to attack these problems, in the
next chapter we shall focus on the specific case of a N-S junction, and show that Andreev
reflection can be strongly affected by inhomogeneities of the Rashba spin-orbit coupling.

Because hybrid systems are intrinsically spatially inhomogeneous, it is convenient to use
a real-space description of the system. The Hamiltonian consists of five terms

H=Hpin +Hu+Hso +Hz +Hsc (4.1)

where

2m*

D2
Hyoin = / dr (Wl (2), ¥l (2)) U @IgD (4.2)

describes the kinetic term associated with the effective mass approximation,
Uy(x)
H:—/dx \IlTx,\I/T:J: wz)oo | 1 4.3
" (Wh@) wi@) n@oo 4! 59 (4.3)
is the term accounting for the chemical potential profile p(x),

Heo = —2% /dx (¥ (@), ¥](a)) {a(x),ﬁ} o (&@ (4.4)
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4.1 — Model for an inhomogeneous proximized nanowire with spin-orbit coupling

describes the inhomogeneous Rashba spin-orbit coupling. Here, the anticommutator {-, -}
in Eq.(4.4) term is necessary because the momentum P = —ihd, does not commute with
a space-dependent vector field a(x) characterizing the spin-orbit field. Moreover,

s == s (v 9]0 - (110 v

denotes the Zeeman coupling with a magnetic field b(z), whereas
Hse = [ do[A@UH@)¥] (@) + A" @), ()W () (4.6)
is the inhomogeneous superconducting pairing potential, which vanishes in the N regions,

while it is present in the proximized regions (S) of the NW. The combination (4.1) of the
above five terms is compactly rewritten as

H = [ do (vl(@), ¥)@)) K;; * —u(@) 70~ 5p{ o). P} .a_b@.a] (iﬁ;)

+ / dr ()W (@)W (@) + A" (2)T, ()3 (2)) (4.7)

Hamiltonian symmetries

¢ Time-reversal transformation
The time-reversal (TR) transformation 7 is defined as a anti-linear transformation
operating on the electron fields as follows

T @D T1= (‘5?) = —ioy (&) (4.8)

T (qf} \I/j) T1= (—\1/1 \I/D = (q@ \I/D iy (4.9)

and, correspondingly

The Hamiltonian H is time-reversal invariant iff

THT ' =H (4.10)

¢ Charge-conjugation transformation
The particle-hole or charge-conjugation transformation C is defined as the linear op-
eration mapping each field onto its adjoint Pro

LA
C <%> cl= (w]) (4.11)

¢ (vl wf)c = (v, v)) (4.12)

and, correspondingly
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The Hamiltonian H is particle-hole symmetric iff
CHC ' =H (4.13)

It is straightforward to verify that, differently from TR, C-symmetry typically does
not hold for H given in Eq.(4.7), regardless of the parameter values. Indeed it is easy
to realize that the kinetic term is not charge-conjugation symmetric.

4.2 Bogoliubov de Gennes form of the proximized nanowire
Hamiltonian

It is possible to show that the proximized and inhomogenous NW Hamiltonian (4.7) can
be rewritten in the Bogolubov de Gennes form [1, 90, 91], namely as

H= ;/dx Ul (z) Hpaq(z)¥(z) +C (4.14)
where
e
U(x) = \Ilj(x) (4.15)
()

denotes the four components (real-space) Nambu spinor, and

Hpaa(z) = (A}ie(gl_o Ah(hx&:)(? (4.16)

is the Bogolubov de Gennes (BdG) Hamiltonian, i.e. the first-quantization matrix repre-
sentation of the NW Hamiltonian operator H. Finally, C' is a constant.

In the BAG Hamiltonian Hpgg(z) appearing in Eq.(4.16), the 2 x 2 electron-block h.(x)
and the 2 x 2 hole-block hy(z) are mutually related through

hp(x) = —oyhi(x)oy, (4.17)
and are explicitly given by
he(x) = &(x)o0 — %{a(m), ]5} o —b(z) o (4.18)
hn(z) = —E()o0 + %{a(m), P} o -ba)-o (4.19)
where 2 Lo
£(z) = Sy w(z) = o 9 p(z) (4.20)



4.2 — Bogoliubov de Gennes form of the proximized nanowire Hamiltonian

is the kinetic energy operator with respect to the chemical potential, and

N 1 . i 0 . 0o 1

bso(r) = g {al@), P} = —{af@), 5~} = i (a(x)ax 4 Q(axa(x») (4.21)
describes the spin-orbit field operator. Note that, differently from the actual mag-

netic field b, the spin-orbit bgo(z) is complex (in particular it is purely imaginary, i.e.
bgo(r) = =bso(z)).

Explicitly the BAG Hamiltonian H gy (x) for the inhomogeneous proximized NW is writ-
ten as

Hpac(z) = <é($)00 —bso(z) -0 —b(z) -0 ) A@)og )
A*(z)ao —&(2)o0 +bso(z) -0 —b(z) o

(4.22)
or equivalently, in a compact form,

Hpaa(z) = 7.8 (€)oo — bso(r) - @) ~ (m®(b(x)-0))-+ (7 @a0) Ale)+ (- ©00) A*(2)
(4.23)

where o; are Pauli matrices acting on spin space, while 7; are Pauli matrices acting on

Nambu space, and 74+ = (7, £i7,)/2.

Moreover, the constant C' in Eq.(4.14) is given by

/ / hg 82 /
Cz//dxdxé(x—x)( A (x))é(a:—x) (4.24)

 2m* 022
The proof of Eq.(4.22) is given in Appendix A.

The spatially uniform case

In the case of a homogeneous system, where all parameters in the Hamiltonian (4.22) are
spatially uniform

a(r) = «
b(z) = b
Alz) = Age (4.25)
pwx) = p

it is worth rewriting the Hamiltonian (4.14) in k-space, by re-expressing the electron field
operator ¥, (x) in its Fourier mode operators cg,

1 .
Up(z) = —(=Y ey (4.26)
VQ 5
1 ‘ 1 .
Uir) = =Y ethod = =S etect, (4.27)
VQ 5 VQ
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Hybrid junctions in proximized nanowires

whence the Nambu spinor (4.15) can be expressed as
Uy () Crp
U(z) = i == ¢t == ey, (4.28)
\IIJ,(x) \/ﬁ zk: CTTIQ \/ﬁ zk:
*\IIT( ) Ckt
where 2 — oo is the entire length of the system and, correspondingly
1 A
Uha) = =Y e7hey] 4.29
(@) = g el (429)
Here,
Cpet
ki f P
Uy = CT—ki = (Ckmck»y Ckls —C—m) (4.30)
.I.
—cl

is the natural k-space version of the Nambu spinor [see Eq.(2.13)].
Inserting Eqs.(4.28)-(4.29) into Eq.(4.14), and taking into account Eq.(4.22), the Hamil-
tonian acquires a diagonal form in k-space

1
H=3 zk: U Hpao(k)¥, +C (4.31)

where the k-space Bogolubov de Gennes Hamiltonian found for the homogeneous case
[see Eq.(3.6)] is recovered

_ 5200 —ka-o—b- o Age?oy
Hpaa (k) = ( Ape %0y —&oy+ka-oc—b-o (4.32)
Proof of Eqs.(4.31-4.32)
Inserting Eqs.(4.28)-(4.29) into Eq.(4.14), one has
1
== /d:c Ui (2) Hpag ()W (z) +C =
ikx T ikox
2Q/dee V) Hpgc(x 226 Ty, +C (4.33)
—ikz gyt tkox
QQ/d:EXk:;e U Hpao(2)e™ 0, +C
2

Substituting P —iha% in Eq.(4.22), and considering that, in the homogeneous case,
Eq.(4.25) holds, then Hpya(x) acquires the form

h29? j
( - + u) oo + i - 0'— —b-o Age¥oy
m*Ox?
Hpaa(z) = ( 2 , . 4.34)
—b-o

2
ip o) _ 9
Age %oy (72771 9z T ,u) o0 — i O 5
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4.3 — Hamiltonian symmetries in the BdG formalism

Applying now Hpyg(r) to the exponential function e~%*27 it follows that

Hpac(x)e™ ™" = Hpge(ka)e™ """ (4.35)
where Hpgg(k2) is
(Zi:g—u)ao—kga-a'—b-a Apeoy
Hpqc(k2) = » 1252
Ape *%oyg f(QmEfu)ao+k2a~0'7b-0'
(4.36)

i.e. Eq.(4.32). Finally, re-inserting Hpgg(ke) in H, we get

: —ikx ikox
H:m/dxzk:kze k\I’J]ngBdG(kQ)GIQ \I’kg —|—C:
2

1 1 4
9 > \I/LHBdG(l@)‘I/kQﬁ /d:];eﬂ(k*b)x +C =
k ko

1
=3 S Ul Hpac (ko) Wiy 0k, +C =
k ks

1
=3 ST Hpag (k) ¥y, +C
k

(4.37)

which proves Eq.(4.31).

4.3 Hamiltonian symmetries in the BdG formalism

¢ Time-reversal in the BdG formalism
Since we are dealing with hybrid superconducting systems, it is worth rewriting the
action of the TR transformation on the Nambu spinor (4.15), namely

Wy - 0 -1 0 0 Wy
o vl B 00 0| W »
TET =T ‘I'I T = \I{I[ =10 o0 o 1 \I’I (0@ (—ioy))¥
t t
—wl ! 0 0 1 0 —vl

(4.38)
which implies that the TR transformation 7 on the Nambu spinor is implemented by
the 4 x 4 matrix

T = (10 ® (—ioy)) K (4.39)

where K is the complex conjugation characterizing any anti-linear transformation.
Correspondingly

TUT ! =0l (7 ® (i) = I TT (4.40)
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When applying the TR transformation on the Hamiltonian, one obtains

THT ' = T<;/d$\PT(l‘)HBde(.T)\II(:U) —|—C) T =

1 . . . .
_ §/dx7mum7'1Tﬂgﬂx@7*17m@yrl L=
=Hp,6(2) =C

= %/dm \IIT(TO ® (ioy)) Hpgq(z) (10 ® (—ioy)¥(z) +C =
— ;/dx\IlT(l‘) (To@ay) HEdG(x) (TO®Uy)\IJ(:U) L0 =
- ;/dﬂf‘lﬁ(ﬂﬁ) Hpqg(z)¥(z) +C

where
Hpac(x) = (10 @ 0y) Hpag () (10 @ 03) (4.41)
is the transformed BdG Hamiltonian.

From Eq.(4.41), TR symmetry is fulfilled by # if and only if the following constraint
is fulfilled by the BAG Hamiltonian

Hpac(z) = (10 ® 0y) Hpye(2) (10 ® 0y) (4.42)

Exploiting this condition, here we shall verify which of the five terms (Egs.(4.2) to
(4.6)) of Hamiltonian (4.7) fulfills TR symmetry.

— Kinetic term (with respect the chemical potential)
In this case we are dealing with the following term

p2
2m*

Hpin(2) + Hy(2) = £(2)(r: © 009) = ( - M(ﬂf)) (7 ® 00) (4.43)

*
from which, obviously, (Hkm(x) + Hﬂ(x)) = (Hkm(x) + Hﬂ(x)) .
Then, let us compute the quantity given in the rhs of condition (4.42)

(70 ® ) (Hiin(z) + Hu(2)) (10 ® 0y) =

={(z) (10 ® 0y) (7= ® 00) (70 ® 0y) =
=TzRQ0y (444)

= é(x)(Tz ® Uy)(TO ® Uy) =
= £(z)(12 ® 0p)

Therefore the kinetic term (with respect the chemical potential) satisfies TR sym-
metry (and thus, both the kinetic and the chemical potential terms, individually,
satisfy it).
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4.3 — Hamiltonian symmetries in the BdG formalism

— Spin-orbit term
The SO term has the form

Hso(z) = -7 ® (f)so(x) : U)

where bgo(z) = Q—IE{a(:E), ]3} and, consequently, b%,(z) = —bso(z). Thus

Hio(z) = -7 ® (Bso(l') : U)* =
=7, Q (Bgo(x) . a*)
Then, given Eq.(4.42), we have to prove that
Hso(x) = (10 ® oy) Hso () (10 ® 0y))
Considering that o, 0* 0, = —0o, it follows

(10 ® ay) (Tz ® a;y,z) (o ®oy) =
_[oy O 0';y’z 0 oy 0
- \0 oy 0 —03,.)\0 o,)
_ [ 7 O=xy.z= 0 _
o 0 Onyz)

=T, Q0gy,2

Hence

(1o ® oy)Hgo(z) (1o ® 0y) =
= (0 ®ay) <Tz ® (550(96) - 0*) ) (o ® 0y) =

=—7,® (Bso(aj) . 0') =
= Hso(x)

In conclusion, we have proven that SO term fulfills TR symmetry.

— Zeeman term
The Zeeman term is
Hz(z) = -9 ® (b(z) - o)

Therefore, using o, 0* 0y = —0o, we have
* N
) (To ® %,y,z> (T0®0y) = =70 © Oay 2
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whence

(10 ®@ o) Hy(2) (0 ® 07) =

— (o a) (0o be)-e)) nea) -
(4.55)

=7 ® (b(x) . a) =
= —Hz(m)

We showed that, under TR transformation, the Zeeman term is mapped into its
opposite and thus, it does not satisfy TR symmetry.

— Superconducting term
The superconducting pairing term has the form

Hsc(z) = (14 ® 00) A(x) + (7- © 09) A*(z) = ( A*((;)UO A‘”g)““) (4.56)

Then, applying relation (4.42) one gets
(10 ® oy)Hge(2) (10 ® 0y)) =

_foy O 0 A*(z)og\ (oy 0 _
N0 oy) \Ax)oo 0 0 o)

_ (A(;’)ay A@«g*ay) (rgy fy) _ (4.57)

= (14 ® 09) A™(z) + (- ® 0¢) A(x)
Hence, Hsc(x) = (10 ® 0y) Hé(x) (70 ® 0y) is valid, and therefore TR symmetry
fulfilled, iff A(z) = A*(x), i.e. when A(z) represents a real quantity.

¢ Particle-hole transformation

It is worth noting that the action of the C-transformation onto the Nambu spinor
(4.15)

by ‘lﬂ 0 00 —1 Wy
~1 + . let L _]lo 01 0 vy
= = L = -
cuC C ‘I’I C v, =10 10 o ‘I'I (1y @ o)) ¥
_gl -1 _yl
vl —, 00 0 vl
(4.58)

is implemented by the 4 x 4 matrix 7y, ® o,. This is a consequence of the redundancy
of the 4 components of the Nambu spinor, which contains both the fields and their
adjoint.
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4.4 — Spin operator in BdG formalism

4.4 Spin operator in BdG formalism

The second-quantized spin operator is defined as (j = z,y, z)
Si(z) = (m(x),q‘:j( )) S ( g )
-3 (s i) (v )-
Z vi@) (o7)  Wy(a) (4.59)
o,0'=T,
where
S = gaj (4.60)

is the first-quantized spin operator. We shall now prove that the operator (4.59) can be
rewritten in the BAG formalism as follows

A5 1h

S(x) = B 2\IJT( z) (10 ® 07) () (4.61)

where W(x) is the Nambu spinor (4.15). Thus, the first-quantized BAdG spin-operator is

Shac = 5(10© %) (4.62)
Proof of Eqs.(4.61)-(4.62)
We rewrite Eq.(4.59) as
S(z) = (4.63)
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h i Yyl A \IIT(x)
= {(q@(:ﬁ),xpj(x)) o < \III% ) — (v4(2), 0y (@) (o7) < qﬁ(x) )} _
(—ioy)(ioy) on the left and on the right of (¢7)7]

)

Il
|
.

[insert identity og

y
; T N Ul
- Z {(\Ijkff)a\l’l(ﬂfn o’ < iIExi ) — (‘PT(ZB),\I@(JJ)) (—ioy)ioy (07 (—ioy)ioy ( \I&Ex) )}
h i Yqpx) j \I/T(x)
=7 {(M(a:),wj(x)) o ( \III(%) ) — (T, (@), ~ T (@) oy (o) 0y< —ﬁ(x) )} _
SR
h i\ T
= (W@, v@). v, @ -w@) | 0 o ) i \Ifia:) -
— /9@
Uy (x)
v (z
:% (Wi(2), 9] (@), ¥ ,(2), =¥y (2)) (10 @ 07) \I,ﬁx; (4.64)
()

which is precisely Eq.(4.61) with Eq.(4.62).
End of Proof.

4.5 Bogolubov de Gennes formalism for a spatially inho-
mogeneous system

Whenever the second-quantized Hamiltonian H of a system can be written in the Bogol-
ubov de Gennes form

H— % / do U1 (2) Hpao(2)U(z) +C (4.65)

where the Bogolubov de Gennes Hamiltonian exhibits the structure

HBdG(:c)=< e (x) Alz)oo ) (4.66)

M@)oy —oyh(2)o,

one can apply the Bogolubov de Gennes method for inhomogeneous system that we are
going to describe here below.

4.6 Built-in symmetry of the BAG Hamiltonian

The very structure (4.66) of the BAG Hamiltonian shows that, by construction, Hpgga
exhibits an intrinsic symmetry

CHpycC = —Hpyq “ (Ty ® 0y) Hpae:(my @ 0y) = —Hpyi (4.67)
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4.7 — Bogolubov quasi-particles

where

C=(ry®oy)K (4.68)
is the first-quantized version of the particle-hole transformation C to the second-quantized
operators of the Nambu spinor, and fulfills

cl=c (4.69)

Note that particle-hole C is linear in second-quantization, while its first quantization action
C in Eq.(4.68) is anti-linear, as it involves the complex conjugation K. Because it is the
product of a unitary matrix 7, ® o, and complex conjugation K, it is an anti-unitary
operator, since the transformation C' preserves the norm of any wavefunction ®.

We emphasize that the relation (4.67) does not correspond to any physical symmetry of
the second quantized Hamiltonian . Rather, it is a built-in symmetry characterizing
the structure (4.66) of the first-quantized BAG Hamiltonian Hpgg. Because the BAG
Hamiltonian results from re-writing the Hamiltonian H in the form (4.14) using the
Nambu spinor, such built-in symmetry originates from the redundancy of Nambu degrees
of freedom, which contains both the field operators and their adjoint.

4.7 Bogolubov quasi-particles

The built-in symmetry (4.67) implies that, for any given (4 x 1 spinor) eigenfunction

ut(x)
®(z) = ( é u(e) ; ) | i) (4.70)
v(x) vy ()
vr(z)
of the BAG Hamiltonian with energy F,
Hpac(2)®(z) = E®(2) (4.71)
the wavefunction
—Z?(I)
B (2) = CB(x) = (r, © o)D" () = ( o (Sf’) ) _ Zﬁi (4.72)
()
is also an eigenfunction of the BdAG Hamiltonian, with eigenvalue —FE.
Indeed, taking the complex conjugate of Eq.(4.71)
Hipg(@)®"(z) = E* ()
[apply (T, ® oy )to both sides]
4
(1y ® 0y)Hpaq(x)(1y @ 0y) (Ty ® 0) 7 (2) = E (7 ® 0))®" () (4.73)
= Hpuc(z) trom Bq.(4.67) —CP(2)=' (z) —C®(2)=0(z)
\

Hpye(2)®'(z) = —E®'(x)
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As a consequence, the spectrum of the BdG equation is by construction symmetric around

E = 0. Therefore, we can only look for solutions <I>$L+) with non-negative eigenvalues

E,>0
Hpac(x) ( ‘Vlzgg ) = En ( ‘V‘Zg; > E, >0 (4.74)

Then, the entire set of eigenfunctions ®,, can be split into two groups

()
solutions with energy E,, > 0 <I>£L+) T) = Un () = U‘L’n(x) 4.75
v = ) ( val#) ) 7| viale) @)
Ut (2)
_%E(g;)
. : B (=) _ un(z) | _ vy, (x
solutions with energy —F,, <0 &,/ (z) C ( V() ) ut () (4.76)
—u,(z)
that are mutually connected through charge-conjugation
o) (x) = CBP) (x) o\ (2) = OB (x) (4.77)

where C' is given by Eq.(4.68) and the label n runs over a half of the eigenfunction quan-
tum numbers, i.e. £, > 0.

Zero energy solutions

In solving the BdG equations, there might be eigenfunctions at zero energy. Because
the charge conjugation transformation (4.72) maps a zero energy eigenfunction into a
zero energy eigenfunction, this means that, the zero-energy subspace of the Bogolubov de
Gennes Equation can always be considered as spanned by a basis formed by eigenfunctions
that are also eigenfunctions of the charge-conjugation operator

OBy (z) = £B(x) (4.78)

Recalling Eq.(4.68), this means that such wavefunction must fulfill

(e

Ui xr _ ,Ui X

oy (@) + H(a) (4.79)
o) —ui(x)

In customary systems, when zero energy solutions exist, they always come in pairs. How-
ever, in topological systems, there might be under suitable conditions, only one single

zero energy solution. In that case, it must be an eigenfunction of charge conjugation
(4.78).
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4.7 — Bogolubov quasi-particles

Direct relations

Because Hpqg is Hermitean, its entire set of eigenfunctions (with positive and nega-
tive energies) form an orthogonal complete set of the 4 x 1 wavefunction Hilbert space.
Thus, we can expand the Nambu field operator in terms of the BAG eigenfunction ®,,’s
multiplied by an operator each. In doing that, we separate the (I>7(l+)(ac) from the @%_)(x)

V)= Y (8P @r+ o @)= 3 [ |2 @) | |80 @) (”?)

E.>0 E.>0 T
2x1
4x2
(4.80)
which can be compactly rewritten as
U(r) = 3 (8 @)y, + o7 @l) = 30 Wal@)Tn (4.81)
En>0 En>0
by introducing the matrix-valued function
) )!
o, (x)
Wi(z) = | [ @i (2) | | @5 (@) Wi (z) = ( >T (4.82)
(=)
(Cbn (x
4x2 2x4

and the 2 x 1 operator spinor

Tn

Tp(z) = (77;) (4.83)

The operators 7,,, v} are called Bogoliubov quasi-particle (second-quantized) operators.

Remark 1: Notice that in Eq.(4.80) the operator 4} multiplying the negative energy
solution (1351_) must be the Hermitean conjugate of the operator v, multiplying the posi-
tive energy solution <I>£L+) related through charge conjugation (4.77). This is a consistency

condition arising from the intrinsic redundancy of the Nambu spinor

CU(z)C™! = CV(x) (4.84)
\
¢ ( > (@&*><x>wn+q>g><z>v£)) ¢t =Y (@, + o @n])  (485)
En>0 En>0
\’
> (@ + 00 @) = X (0 @ + 0 (@)nf)  (4.86)
En>0 En>0

Remark 2: Notice that, in our notation, the quantum number n appearing in the oper-
ators ,,, ’y;fl labels the positive energy solutions. Indeed in the Nambu spinor expansion

Eq.(4.80), n denotes the quantum number of a solution CI%(;F), and the negative energy
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solutions, labelled as <I>7(1_), are the charge-conjugated of the positive energy ones [see
Eq.(4.76)]. Of course, Eq.(4.80) could in principle be rewritten as

V()= > (2 (@), + 2 (@)7,) (4.87)
E,>0

with n. denoting the ’charge-conjugated’ of n, i.e. the quantum number labelling the
negative energy eigenfunctions obtained from charge-conjugation of the positive energy
@ﬁﬁ. However, the consistency imposed by the Nambu redundancy would impose the
constraint

(E) = Yn.(—E) (4.88)

which elucidates that the ~-operators related to negative energies would not be indepen-
dent of the one with positive energy.

In particular, notice that the operators related to zero energy solutions (F = 0) that
are eigenstate of the charge conjugation transformation [see Eq.(4.78)] necessarily fulfill
ne = n and

=0 Majorana quasi-particle (4.89)

i.e. they are equal to their adjoint. These operators describe Majorana quasi-particles.

Remark 3: Taking into account the expression of 3! and @4 [see Eqgs.(4.75)-(4.76)],
the explicit expression of the electron field operators ¥4 and ¥ in terms of the 7,’s can
be gained from the upper two components in the expansion (4.80) of the Nambu electron
field operator

Ui@) = > (wparn — viaih)

W = Y (¥ + 0] 07 20
n
Inverse relations
The BdG eigenfunctions exhibit a mutual orthogonality
/dx (@) (2)1 (8 (2)) = wOnm 5,8 ==+ (4.91)
which can be compactly rewritten using the matrix W,,(z) defined in Eq.(4.82)
/ dz Wi (2) W, () = 00 6m (4.92)

By multiplying Eq.(4.87) on the left by W/ (2) and integrating over x, one can invert the
transformation Eq.(4.80) or and express the Bogolubov quasi-particles in terms of the
Nambu field operator

T, = / dr Wi (2) U () (4.93)
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4.8 — Hamiltonian in the Bogolubov quasi-particle basis

Recalling the definition (4.82) and (4.83), one obtains

sy

= / dz (B0 (2)) U (z) = / 0 (45 0] 0] 03 ) () ol |@ @9
T
sy

i () (1) Yy

= [dr@D@) ¥@) = [ o (<vpn 010t —ut0) (2) o @ @)
_\14

Remark 1: By inspecting the scalar products in Eqs.(4.94)-(4.95), it is straightforward
to realize that the above results can equivalently be expressed in two equivalent ways

_U?,n
= [dewi@ e = [de(Wivl v, —w) @ | b f@) @)
1n

uT,TL

Ul n
V= / dr Wi (2) 90 () = / de (W], 0], 0, ~04) (2) Utn () (4.97)

UT7TL

Remark 2: It is possible to prove that the anti-commutation relations of the fermionic
field operators {V,(z), \Ili,, (')} = 05070(x — 2') imply that the Bogolubov operators are
also fermionic

{'Yn’ an} = 5n,m (4'98)

4.8 Hamiltonian in the Bogolubov quasi-particle basis

One can now rewrite the Hamiltonian H in Eq.(4.14) in terms of the Bogolubov quasi-
particle operators ~,’s. It is possible to show that

1
H= Z E, (fy);'yn - 2) +C (4.99)
n>0

which can be interpreted as a collection of two-level systems, labelled by n. Indeed, de-
pending on whether the eigenvalue of number operator ’y;f;yn is 1 or 0, i.e. on whether

the fermionic level is occupied or empty, the energy value is £ F,, /2.

Proof of Eq.(4.99):
In order to prove that the Hamiltonian (4.14) can be rewritten as Eq.(4.99), we insert
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the expression (4.80) of the Nambu field, and the related expression for its adjoint

U(z) = Z((@,&“(x)) ,(cp,&”(@)) <7¢> (4.100)
n>0

Tn
=4x2 o1
(@)} ()
Ul(z) = L Y _ 4.101
@ mzo(lj,”_), (E(@W(@%) oy
- 2x4
into the Hamiltonian (4.14), obtaining
1 (@)} () _
n= i S o) ([ ) oo (85700) (80) (3) +
| (4.102)
Recalling now that @%i) () are the eigenfunctions of Hpyg with eigenvalues +F,,
Hpaa(z)®F) (2) = £E, ) (z) (4.103)
one has
y-L (g ; (@) (2) E, 0 o) o) Yn =
B 5/ i%o (94 m) (@57 () 0 —E, (o) - (207 @)) W) T
=3, 2 {Eohon ([ @)@ #400) - Bowol [ de(@l) 1) @) |+

exploiting the orthonormality conditions (4.91), one finds
1 t i
n>0

Exploiting now the anti-commutation relations (4.98) of the Bogolubov quasi-particles,
we finally obtain the claimed Eq.(4.99).

The ground state

Since by construction E,, > 0, for each of the two-level system appearing in Eq.(4.99)
the ground state has an energy —FE, /2 (unoccupied level), while the excited state has an
energy +F, /2 (occupied level). This means that E,, > 0 represents the ezcitation energy,
and that the ground state |G) of the inhomogeneous system is defined as

YalG) =0 vn (4.105)

The ground state energy Ey = (G|H|G) is obtained when all excited levels are left empty
and is equal to

1
Ey=C—3 ;En (4.106)
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4.8 — Hamiltonian in the Bogolubov quasi-particle basis

Note that, although both (1/2) }",, E, and C are formally infinite constants, their differ-
ence Fy is typically finite.

89



90



Chapter 5

The case of a single N /S interface
in the nanowire

N|S Interface

Figure 5.1: Schematic geometry of the Normal-Superconductor (N-S) junction. The system is
modeled as a 1D nanowire. The Normal Region (N) and the Superconducting Region (S) are
connected through a vertical planar interface, as illustrated in the figure.

Let us now consider the problem of an interface between a normal region N that is not
proximized Ay = 0, and a nanowire region S proximized by a superconducting film, where
the superconducting pairing Ag > 0 is present

A(z) = 9(x — x0)Aoe™? (5.1)

where zg is the location of the interface. Fig.5.1 shows a schematic representation of such
a system.

Moreover, we shall assume that the hemical potential p(z), the magnetic field b(x) and
the spin-orbit coupling a(z) can take different values on the two sides N and S of the
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The case of a single N/S interface in the nanowire

junction. For simplicity, we shall consider piecewise constant profiles, i.e.

w@) = o — )y + 0 — zo)ps (5.2)
b(z) = J(xg—z)by +I(z — z9)bs (5.3)
a(r) = J(zrg—z)any +9(z—x0)ag (5.4

Equation (5.2) implies that the operator Eq.(4.20) is

1 92

{(z) = o 9 I(zo — z)un — Iz — z0) s (5.5)

while Eq.(5.4) leads to the spin-orbit field operator Eq.(4.21)

bso() = —i (a5 +3(0.0a())) =
= i (a5 + las - ax) @ — ) (5.6)

The BdG Equations for the N-S junction are obtained from Eq.(4.22) and read

~

£(x)o0 —bso(x) -0 —b(z) o A(x)og z) = x
( A*(x)og —&(x)o0 + bso(z) - o —b(z) - U) ®(z) = E®(z) E>0

where £(z) is given by Eq.(5.5), bso(z) by Eq.(5.6) and A(z) by Eq.(5.1), and b(z) by
Eq.(5.3), while the components read [see Eq.(4.70)]

up ()

@(:L') _ < u(x) ) _ ui(l') (5.8)
v(z) vigxi
UT X

5.1 Interface boundary conditions

At the interface x(, the wavefunction ®(x) must satisfy specific constraints at the in-
terface. Here below we shall show that, the assumptions of piecewise constant profiles
Egs.(5.1),(5.2), (5.3) and (5.4) lead to the following boundary conditions at the N-S
interface xg

O(af) = ®(xg) = ®(0) (5.9)

and

*

0. (af) — 0, () =i (m @ ((as —an) 0')) B(0) (5.10)

Notably, the wavefunction derivative exhibits a discontinuity at the interface location z,
related to the abrupt jump of the spin-orbit coupling (5.4), whereas the discontinuities
(5.2) and (5.3) in the chemical potential and magnetic field do not affect the boundary
conditions. We now proceed by deriving these boundary conditions.
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5.1 — Interface boundary conditions

Rewriting the Bogoliubov equations (5.7) with the Hamiltonian Eq.(4.22) for the two
2 x 1 spinors u(z) and v(x) of the wavefunction (5.8), one obtains

A~

(é@)on = Bso(@) - o~ bia) -0 Ju(e) + A)v(a) = Eu(s)

A~

A (5.11)
&*(z)ula)  (é@)on - Bsols) -0+ b(x) -0 )v(a) = Ev(z)

Substituting Eqgs.(5.5) and (5.6), one obtains

—2;* *u — p(z)u(x) + i (a(m) o Ozu(x) + %(as —ay)-ou(z)d(x — xg)) +
—b(z) - ou(z) + A(z)v(z) = Fu(x)
(5.12)

1

2m*

O*v + p(x)v(z) —i (a(az) co Oyv(x) + %(as —ay)-ov(z)d(r— :cg)) +

—b(x) - ov(z) + A*(x)u(z) = Ev(z)
(5.13)

¢ Continuity of the wavefunction

The first equation (5.12) implies that the function u(z) must be continuous at x.
Indeed, if u(x) had a discontinuity at xo, its first derivative would behave as dyu
§(x — x0), while its second derivative as d?u o 9,0(x — z9). However, the other
equation terms do not exhibit a term 0,0(x — xp) and the equation could not be
fulfilled. Similarly, the second equation (5.12) implies that the function v(z) must be
continuous at xg

u(zg) =u(zy) = u(z
{ ( 3) (20) (z0) = d(zf) = ®(z5) = (20) (5.14)
0 v
which is the claimed Eq.(5.9).

¢ Discontinuity of the first derivative of the wavefunction
To derive the boundary conditions for the first derivative, we integrate each of the two
BdG equations over an infinitesimal interval [zg — €, 2o + €], taking the limit e — 0,

xTo+e€
lim/ Eq.(5.12) dz
xTo+€
P (HBdG(x) - E)‘I’(x) dz =0 & T
To—€ lim Eq(513) dx
€e—=0 Jzo—e
(5.15)

When integrating, we observe that, because u and v are continuous, their derivatives
O;u and 0,v can at most exhibit a jump discontinuity (not a divergence), and are
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bounded. Thus, their integral over the infinitesimally small domain [z — €,z + €]
vanishes. Integrating Eq.(5.12) one obtains

h2 To+e To+e
(dou(e) — euleg)) - / p(z)ya(z) de +i / a(z) - o dyu(z) do+
2m* Tro—E€ To—E€
—0 —0
% To+e rote
+§(a5—aN)-a'/ u(x)é(x—xo)dx—/ b(z) - ou(z)dx+
To—€ To—€
u 370) —0
1’0+6 zo+e
+ / z)dz = E / (5.16)
=0
which leads to
. .m"
Oru(xd) — Opu(zy) = iy ((as —ay) - a) u(xo) (5.17)
Similarly, integrating Eq.(5.13) one obtains
h2 xo+te xo+e
— (&Ev(xé{) — 8mv(aca)) +/ w(x)v(z)de —i / a(z) - o dyv(z)dr +
2m* To—€ To—€
—0 —0
7 To+e€ zo+e
—g(as—aN)-a'/ v(m)é(m—:ﬂo)dac—/ b(z) - ov(z)dr+
To—€ To—€
v —0
$o+e fso+e
4 / 2)dz = E / (5.18)
—0
which leads to
m*
Opv(ag) — Dav(ay) = imy ((@s —an) o) v(zo) (5.19)

Finally, recalling Eq.(5.8), we can recast the two conditions Egs.(5.16) and (5.18) into
Bq.(5.10).

5.1.1 Scattering Matrix

In this section we shall illustrate how the boundary conditions defined in Eqgs.(5.9)-(5.10)
enable us to construct the Scattering Matrix, which enables us to extract all the relevant
physical transport properties and, in particular, the Andreev reflection.

We start by observing that the wavefunction ®(x) for the entire N-S system is expressed
as the following piecewise function:
P N ($) if o < i)
O(x) = (5.20)
bg(x) if z>x
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5.1 — Interface boundary conditions

where zo denotes the interface positions. Then, it is worth rewriting the boundary con-
dition (5.10) describing the discontinuity of the first derivatives by separating the terms
related to ®n(z) in N region from those of ®g(z) in S region. Then, the boundary
conditions (5.9)-(5.10) for ®(x) are rewritten as

Dy () = Ps(ag)
0, (2g) — z% (To ® (o - 0')) Dy (z5) = 0, Ps(af) — z% (To ® (as - a‘)) Ds(ad)
(5.21)

Since the wavefunctions are four-component spinors, Eq.(5.21) corresponds to a system
of 8 linear equations. In order to proceed to the solution, we shall borrow some concepts
from the Scattering formalism formulated by Landauer & Biittiker [114, 115].

At a given energy F, the wavefunctions ®y(x) and ®g(x) on each side of the junction,
are superposition of planewaves eigenstates of the form e”*5%  each being multiplied by
its complex amplitude. One can distinguish two types of waves.

o The wavefunctions characterized by a real wavevector kg are called propagating modes.
They might be particle or hole modes (in the N side) and particle-like or hole-like (in
the S side). The sign of the group velocity v = A~ 10} E), determines the propagation
direction of the mode (rightwards or leftwards). At each energy E, one always has
an even number of propagating modes. Indeed for any propagating mode with a
positive group velocity, there exists also another propagating mode with negative group
velocity. Specifically, in the system considered here, for any mode with velocity vg > 0,
there exist a mode with the same energy E and opposite velocity —vg (although not
necessarily with the opposite wavevector). Such a pair of counter-propagating modes
form a quantum propagating channel. In each side of the interface, we shall label by a
the amplitudes of propagating modes that are incoming towards the interface, and by
b the amplitudes of the modes that are outgoing from the interface;

e At the energy F, one can also have wavefunctions characterized by a wavevector k
with an imaginary part. Again, in each side of the interface, such modes come always
in pairs with complex conjugate imaginary parts of the wavevectors. However, only
the ones that do not diverge exponentially at |x| — oo are physically acceptable and
should be retained. These are dubbed evanescent modes.

The number of propagating and evanescent modes depend on the energy. For a given
energy range, in each side ¢ = N, S of the interface, one has a number N, v and N, g
of propagating channels, and each channel exhibits a mode incoming towards the inter-
face (with an amplitude denoted by a) and a mode outgoing from the interface (with
an amplitude denoted by b). Thus, in each side, one has 2N, ; unknown amplitudes.
Furthermore, each side can also exhibit a number N, y (and N, g) of evanescent modes,
whose amplitudes are denoted by c. We also note that, in the system considered here, at
each given energy F, there are always 8 wavevectors in each side. Therefore, the following
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relation holds
2(Npi+New) =8 & Npi+Nei=4 i=N,8 (5.22)

In summary, one has

Ny = 2N, N + Nen = # of unknowns on the N side (5.23)
Ns = 2N,g+ Nes = # of unknowns on the S side '
We now denote by
T
VN = a...b....c... = vector of the Ny unknown amplitudes on the N side
——
2Np;N Ne;N
T
vy = a...b....c... = vector of the Ng unknown amplitudes on the S side
—_— =~
2N,.s  Nes
(5.24)

Then, Eq.(5.21) can be written as

My (o) (VN> _ Ms (o) (Vs) (5.25)

——r ——

Ny x1 Ngx1
N——

8><NN 8><NS

where the matrices My (z¢) and Mg(xg) contain the various waves (travelling or evanes-
cent) on the N and S side, respectively, evaluated at zg.

As a whole, this is a set of 8 linear equations for Ny + Ng unknowns. This implies that
one will be able to fix only 8 unknowns in terms of the remaining Ny + Ng — 8, which
remain undetermined. Exploiting Eqs.(5.22) and (5.23) it is straightforward to see that
total number of undetermined unknowns is

N, = Ny + Ng—8 (total # of undetermined unknowns) = (5.26)
= Npn + Nps (total # of propagating channels) '
Notice also that

8 = total # of determined unknowns =N, y + Np g + Ne ny + Ne s (5.27)

We shall choose the amplitudes a of the incoming propagating modes as the undetermined
unknowns. Thus, the boundary conditions (5.25) will enables us to express all the b
amplitudes of the outgoing propagating modes and all the ¢ amplitudes of the evanescent
modes in terms of the a amplitudes of the incoming propagating modes.

(5.28)




5.1 — Interface boundary conditions

where the upper part of the ¥ matrix, called the Scattering matriz, is a N, x N, matrix
connecting the outgoing amplitudes to the incoming amplitudes. Then we have:

¢ N region

T N. =4
h h h h N
Range 1 VN - (ae/‘v"’_’ a/)e/f"_7 a/7_7 a\/7_’ be/‘7_7 616/7_7 b/(7+’ b)/7+) { NZ N = O
T Ny Ny =2
Range 2 vy = (a%..a% ., b'% b _ % PN
g N (/‘Hr V= O C 0 Cp ) Noy =2
¢ S region
T N. o=0
~ _ e e h h p,S
Sub-Gap Vs (e diinhy) { Nes =4
LOWQI' h h h h T vas =4
Supra_gap VS = (a,?:_’ ai7_7 aT7+7 aiv"’_’ b$7+’ bi7+’ bT7_7 b*l”_) NE S = 0
Upper hoon \T Np,s =2
Supra-gap Vs = <a$’*’ R L L Civ*) Negs =2

The explicit expression of the Matrix 3 in Eq.(5.28) can be obtained from solving the
system (5.25) using Wolfram Mathematica.

Unitarity of the Scattering Matrix

The fundamental property of the scattering matrix S is its unitarity. This mathematical
property encode a fundamental physical principle: the conservation of probability. We
will now provide a qualitative explanation for this statement. For a bound quantum state,
the normalization condition for a generic wavefunction ®(x,t) reads

+o00
/_ |®(z, 1) do = 1. (5.29)

In scattering problems, however, the wavefunctions are not square-integrable and are
instead normalized with respect to their probability flux. The continuity equation still
expresses the same principle — the local conservation of probability.

Defining the probability density p(x,t) and the probability current j(x,t) as

O () ®(x,t) (5.30)
iz, t) = O (x,t) 0, D(z, 1) (5.31)

=
8
~
~—
I

where 9, is the 4 x 4 velocity operator, then the conservation of probability implies
that the temporal change of p in any volume V is balanced by the net flux through its

boundaries: 5 9i
p J

—dx=— | =dx. 5.32

/v at /V oz (5:32)
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Since this relation holds for any volume, one obtains the continuity equation in differential

form: 9 9i
P J

— + == =0. 5.33

ot " ou (5.33)

In a scattering problem treated with stationary states, the density p(z) = |®(z)[? is

independent of time. Consequently, d;p = 0, and the continuity equation reduces to the
conservation of the current:

gi =0 = j(z) = constant. (5.34)

Considering now the scattering matrix S and denoting the vectors of incoming and out-
going components, respectively, as b and a one has

b = Sa (5.35)

Since each propagating mode in the wavefunctions ®y [see Eqs (5.67-5.76)] and ®g [see
Eqs(5.120-5.105-5.109)] has been normalized with respect to its corresponding group ve-
locity, the total probability flux for the incoming state is

P, =a'a (5.36)
whereas, the total probability flux for the outgoing state is
P,:=b b=alS'Sa (5.37)
Then the conservation of probability fluxes holds iff
P, =Pou — ST s=1 (5.38)
namely, iff S is unitary.

The conservation of flux implies that the current j;,. carried by the incoming modes,
is exactly redistributed among all outgoing waves. Therefore, considering a single in-
coming modes (normalized to carry unit flux), we define the reflection and transmission
probabilities as

_ ‘jR,m‘ _ ’jT,n’
- ’jiHC‘ ’ " ’jinc"

and the conservation of flux imposes

> R+ Y T,=1 (5.40)

R (5.39)

where m/n span all possible reflected and transmitted modes, respectively.
Thus, the unitarity of Sg guarantees that the total probability for a particle to be either
reflected or transmitted is exactly one.
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5.2 The case without magnetic field

Let us start by analyzing the case where no magnetic field is applied to the system
b=0 (5.41)

We shall assume the spin-orbit field lies in the y-z spin plane. In fact, in a 1D nanowire
where the confinement potential acts in the y-z plane, the electron motion is restricted
to the z-axis, implying k = k.. Recalling that the Rashba SOC term is proportional
to (k x o) -t [see Eq.(1.54)], where ¥ represents the direction of the applied electric
field E(r), it follows that the spin-orbit vector « lies entirely in the plane perpendicular
to the electron propagation direction. Moreover, because we aim to take into account
inhomogeneities of the spin-orbit field, we shall assume that

ay = ay(0,sin®gp,cosPgo) (5.42)

as = (0,0,ag) (5.43)

where ag can take any sign and ®gp describes the mislignament angle of the spin-orbit
field directions between the N and S regions. Here below, we shall compute the solutions
in the N and S regions, and then apply the boundary conditions to match them properly
and identifying the Andreev reflection and the transmission processes

5.2.1 Solution in the N region
In the N region, i.e. for x < 0, the BdG equations (5.7) reduce to

02 .
—5 i — oo+ i(lay - 0)0 0
( 2m NN) 0 ( N ) T . . (IJ(Z):E(I)(.%)
0 (ﬁ—l—mv) o9 —i(an - o)0;
(5.44)
Introducing the matrix
0o = 0ysinPgo + 0, cos Pgo (5.45)
one has
N O = QN O
Then, looking now for plane-wave solutions of Eq.(5.44)
() = wy, eh? (5.46)
with wi denoting a 4 x 1 spinor, the Equation reduces to
Hpag,n(k)wy = Ewy, (5.47)
where the k-space Hamiltonian Hpge v (k) in the N region is
H (k) _ f?v(k)Oo — QN kU.:p 0 (5 48)
BdG,N 0 —&%(k)oo + ay kog ‘
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The case of a single N/S interface in the nanowire

and -
hk
0
k) = — 5.49
() = 5 — p (5.49)
The problem naturally decouples in two separate problems for the particle and the hole
sectors. To find the eigenstates, we notice that the eigenvectors of og are

Cosq)%

w = i sin (b% TpW 5 = +W n (5.50)
L. Do
781N —5—=

w/—< COS% ) OoW, = —W, (5.51)

Introducing the quantities
&y (k) = & F ank (5.52)

the positive spectrum of (5.48) is
B (k) = 0(§(Rk)|g (k)] = O(EX (k) — ank) &R (k) — ank|

E(k) = 0(=6/(=k))| = &/ (=k)| = 0(=€J (k) + ank)[€X (k) — ank|

(5.53)
ES (k) = 0(E (R)IE, (k)] = 0(EX (k) + ank)|ER (k) + ankl
Bl(k) = 0(=EA(—K))| = (k)| = 0(=EJ (k) — ank)[€X (k) + ank]
and is independent of the spin-orbit angle ®go. The related eigenvectors read
cos q)% isin CD%
e 1 sin q’% . cos (}%
WN,/‘ = 0 WN”/ = 0
0 0
(5.54)
0 0
h 0 h 0
WN, COS‘@% N = isinq)%
1sin q’% cos q)%

and are independent of k.

Eigenfunctions at fixed energy F

So far, we have found the eigenvalues and eigenvectors as a function of k. We now want
to fix ££ > 0, and determine the wavevectors and the eigenfunctions. Inverting in favor
of k the four equations (5.53), one realizes that there exist two energy regimes:

» Range 1: ‘OSEéESO,N‘FNN‘
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5.2 — The case without magnetic field

In this case each of the four eigenvalue branch leads to two wavevectors, and one
obtains 8 wavevectors at a given energy F

E =& (k) —ank >0 — |k (E) = kson

+ UN
5.55
Eso,n ) (5.55)

E® =&} (k) +ank >0 = |kS L(E) =kson | —144/1+ (5.56)

EY = (& (k) + ank) >0 — |k L(E) =kson

E" = —(&(k) —ank) >0 — |k . (E) = kson (1 + 1o 2 “N> (5.57)

FE —
14+ ,)1 “N> (5.58)

~ Eson
where
*
kson = % >0 (spin-orbit wavevector in N) (5.59)
2, % h2k2
Eson = 0412\;;1 = an?k’N (spin-orbit energy in N) (5.60)

At each of these wavevectors, the group velocity, defined as

10F
v(E)= -—- 5.61
)= 5o k=k(E) (5.61)
reads
vef, E) = ve/’i(E) = o (F) 5.62
Vs L(B) =0l L(B) = Tk (E) 5.63)
where
e 2 E
UN(E): m* (ESO+MN+E) = UN 1+m (5.64)
2 E
’U%(E):\/Tn* (ESO+MN_E) = UN\/l_ESONWV (5.65)
and
oy = \/Q(ESO;;V*JF ) (5.66)

is an energy-independent velocity.
The general expression of the wavefunction in the N side of the junction, in this energy
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range, is
on (@) otk o (B) otk 4 (B)z .
N T :(1/(7 WN/(+G/’+7WN/+
2ho$; (E) \/ 2w (E)
. eik}} (B)zx . . ez‘k?_(E) x
+a_ WN o~ + a, _ wy o+
4 2rnholy (E) 4 o 2rholy (E) < (5.67)
ik _(E)z ok _(B)w )
+ 0% _ Wy oA+ b5 wy o+
T 2rhg (E) 4 < 2nhv§ (E) o
ikl  (E)z ik, _(B)x
et e,
& 2wl (E) 7 < 2wl (E) <

where the a®/" are complex amplitudes denoting the states incoming from the N side
towards the interface, i.e. right-moving, while the be/h are complex amplitudes denot-
ing the states outgoing from the interface to the N side, i.e. left-moving. The spinors

W]e\éh// are given in Eqgs.(5.54).

Range 2: |F > Eso N + ,uN‘

In this case, while the electron wavevectors are just the same as in the previous range,
the wavevectors of the hole branches acquire an imaginary part

E
B =) —ank >0 = |Ks(B) = kson (14 )1+ LY )| (5.68)
’ ’ Eso.n
e 0 e E+MN
ES = (k) + ank > 0 — |k L (BE) =kson [ -1£,/1+ (5.69)
’ ’ Eso.n

Eso,n

(
FE —
EY = —(& (k) + ank) >0 — |kY L(E) =kson (—1 iy [—1+ “N>
’ Eso,n
(

where kgo n and Eso y are defined in Egs.(5.60)-(5.60).
Note that, in the case of a single N/S interface, only one of the two hole wavevectors
k‘; 4 can be retained. Specifically, since N is on the left-hand side of the interface, only

FE —
E"% = —(&(k) —ank) >0 — kh/7i(E):kSO7N<1ii -1+ “N>

5.70)

5.71)

k ", can be retained since, when inserted in Eq.(5.46), it describes an evanescent wave
decaying for x — —oo. In contrast, the solution related to k:h/ 4 grows exponentially
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5.2 — The case without magnetic field

for x — —oo and cannot be retained in the Hilbert space. The same occurs for the
two hole wavevectors k:h/ 1-
The group velocity is well defined only for the propagating modes, i.e. the electron

wavevectors,
10F
v = o0 5.72
)= 5 on k=k(E) (5:72)
and reads again
V2 (B) = vy 1(E) = 0} (E) (5.73)
with
UE(E)\/Q(E +unv+FE)=v 1—1—L (5.74)
N m* SO T UN N ESQN ¥ i .

where vy is the energy-independent velocity defined in Eq.(5.66).

For the hole evanescent modes a velocity is meaningless. Nevertheless, in order for the
amplitudes of the evanescent modes to be dimensionally consistent with the amplitudes
of the propagating modes, one can formally attribute

v%_(E) = U)h/7_(E) =N (formal definition) (5.75)

where vy is the energy-independent velocity (5.66).
The general expression of the wavefunction in the N side of the junction, in this energy

range, is
o ( ) e /Jr(E)x e e /+
Nz
,/27Tth 1/271'th
'Lk” ike, E)

+be € WN/ —+ (576)

— WN -+ b® ,
1/27TFLUN 7 < 2mho§; (F)
zkh

ezk:/ _(B)x

+C/‘ \/27Tﬁ’UN WN/‘ * C‘/ \/27Tﬁ’UN

where cf} /— are amplitudes associated to the evanescent modes, while the spinors

w]e\’,flﬂ/ are defined in Egs.(5.54).

Fig.5.2 displays the energy spectrum in N region and highlights graphically the various
energy ranges previously analyzed.
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The case without magnetic field: excitations spectrum in the N region

E
\ ! /
. (3)
E = Egon + Uy . (2
\ o (1)
-—o—&';.; Y ¢ & e » k
k- k- kg k. k.,

— B B B B

Figure 5.2: Graphic solution for the k"¢ wavevectors in the N region. As already illustrated
by solving analytically Eqs.(5.53) for a given E > 0, no real solutions in the hole sectors exist for
E > Eso + un (line (3)), whereas for E = Ego + pn (line (2)) the solutions k%i, as well as

k:‘h/ 4, coincide. For energy values F < Ego+ pun the number of propagating modes are maximum
as illustrated by highlighting the intersections with line 1.

5.2.2 Solution in the S region

In the region S, i.e. for z > 0, the spin-orbit field is supposed to point only along the z
direction [see Eq.(5.43)] Then, the BAG equations (5.7) reduce to

82 . .
(— S — Ms) 00 + iago,0y Ape'®
. 2
Age™"? ( O | MS) o0 — 10500y

2m

®(z) = E®(z)  (5.77)

Looking for plane-wave solutions
() = wy, eh? (5.78)

with wy denoting a 4 x 1 spinor, the Equation reduces to

Hpag,s(k) wi = Ewy (5.79)
B §g(k:)ao — agok Aget?
Hpac.s(k) = < Age™"¢ —£%(k)oo + ago.k (5:80)
where 252
0
=20 81
Es(k) =5~ —us (5.81)
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5.2 — The case without magnetic field

A configuration of this type has already been discussed in Sec.(3.2), therefore, let us recall
here the expressions of the excitation energies when b = 0 [see Hamiltonian (3.71)]

Ei(k) =/ (€0(k) — agh)® + A2 (5.82)

(k) =/ (€3(k) + ask)® + A3 (5.83)

where £2(k) is given by Eq.(5.81) and we note that Eq(k) = E1(—k).
As shown in (3.62) the eigenvectors are

e _ 0 e _ |l u_g h _ 0 h _ _U*—k
WS,l(k) = v, WS,Q(k) = 0 WS,l(k) w WS,2(k) = 0
0 U—k‘ 0 uik
(5.84)
where
o 1<1+ €0(k) — ask )
P
2\ V(€(k) — agk)2 + A2
(5.85)
1 (k) — agk
v, = el 5 1 — 55‘( ) as
V(E(R) — ash)? + A

We remind that, even when b # 0, ug, v do not depend on the magnetic field.

Having revisited the solutions for the system in this region, it is important to clarify the
notation used for the spin sectors. The choice of the indices 1,2 is a matter of convention
adopted in Sec.3.2 to distinguish the superconducting case from the normal case [see
Sec.3.2], for which the more explicit spin labels 1, were used.However, it is crucial to
remark that both sets of labels refer to the same physical reality, i.e. spin-up and spin-
down excitations.

The eigenvectors presented in Eq.(5.84) are, in fact, eigenstates of the first quantized spin
operator along the z-axis, which in the Nambu basis is written as S5, = %(7‘0 ® o?)[see
Eq.(4.62)]. Indeed, it is easy to verify that :

e The eigenvectors Wg’f{ of sector 1 are eigenvectors of S3,, with eigenvalue “+17;

e The eigenvectors ng of sector 2 are eigenvectors of Sj,, with eigenvalue “—17;

This confirms that the Hamiltonian is block diagonal in the spin-basis and that, the ener-
gies E1(k), E2(k) are the dispersion relation for the spin-up and spin-down quasiparticle
excitations, respectively. Therefore, to maintain physical clarity, from this point on we
shall adopt the more explicit spin labels 71, ] in place of 1,2 to refer to the corresponding
sector.
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The case of a single N/S interface in the nanowire

The very structure of the eigenvectors allows us to distinguish between “electron-like”

and “hole-like” excitations. Indeed

Ef(k) = 0(63(k) —ask) |Br(k)| = 0 (£3(k) — ask) \/(ﬁg(k) — ask)? + A

BS(k) = 0(€3(k) + ask) |E, (k)] = 0 (3(k) + ask) \/(€3(k) + ask)? + A2

ER(R) = 0(=€3(k) + ask) [By(k)] = 0 (—€3(k) + ashk) y/ (€3(k) — ash)” + A3

Eigenfunctions at fixed energy E

EMk) = 0(=€3(K) — ask) [Ey(k)| = 0 (—€3(k) — ask) \/ (€3(k) + ash)” + AF

(5.86)

To determine the expressions for an “electron-like” and a “hole-like” eigenfunctions we
have to compute the explicit expressions of the wavevectors. This can be achieved by

solving the following equations for a given energy value £ > 0,

ER)=E = \(&k) —ask)’ +M=E = (&(k) - ask) = E* - A}

2
EM=E = (&0 +ash?+03=F = (k) +ask) = - A}
Furthermore, let us define the SO wavevector and energy in the S region as

agm®

kso,s = 2
212
50,5 = o 212

(5.87)

(5.88)

(5.89)

(5.90)

Now, we shall first analyze the solutions in the so called “Supra-gap regime”(E > Ay),
and then in the so-called “Sub-gap regime”(E < Ag). Fig.5.3 illustrates graphically the

possible en

e Supra-gap regime (E > Aj)

Similarly to the N region, in the Supra-gap regime we identify two different energy

ranges:

1. Lower supra-gap regime: |Ag < E < \/A% + (Eso,s + ug)Z

In this energy range, each of the energy branch in Eq.(5.86) yields two wavevector
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5.2 — The case without magnetic field

solutions for a fixed energy E:

+ VE? — A}
(E5)? - =+ (£4(k) —agk) = kS +(E) = kso.s (1i\/1+ﬂs X o)
50,5
B2 — A2
(B)? — A3 =+ (§3(k) +ask) = |kj L(E)=kso.s (_1 n \/1 4 M +P}£?
_ E2 _ AQ
\/m:_@g(k)—ask) = |kt +(E) =ksos <1i\/l+us T 0)
50,8
_ JE?_A2
(B})? - — (&3(k) +ask) = |k L(E)=ksos (—1 + \/1 L s = VER = AG
’ ’ Eso,s
(5.91)
Note that, as expected, kf ;. (E) = —k§ -(E) and kfi(E) = _k¥,$(E)'

Since in this energy range, we are describing propagating modes (only real solutions
for the wavevectors exist), the group velocity is well defined and reads

v 4 (B) = F0g(E)
o="1,4
Ug,i(E) = qEU?G(E)
where
2 A2
IR S
88 (1, VA
= |V _——
5 2 Eso,s + s
2 A2
vg(E) = J — (1 - E) (Esos +ps =/ E? — A%)
AQ /E2 _ AZ
=|vg 1 —g 1-— A
E Eso,s + ps

(5.92)

(5.93)

(5.94)

(5.95)




The case of a single N/S interface in the nanowire

and

v = 1| AE80:5 T 1is) (5.96)

m*

is an energy independent velocity.

It is now possible to construct the general expression for the wavefunction in
the S region, as a superposition of hole-like and electron-like waves, propagating
towards(left-moving) and away(right-moving) from the interface, that is

zke (B)zx zke (B)z
+(BS ) + af LR )+
\ /27rfws T’ - \ /27rh1)5 i’
ezw )z ; H<E>m
WST (kf4) + af y——— WS¢ (1) +
\/27‘(‘712}5 \/271'77/05 (5.97)
e T+(E)$ e’ ¢+(E)m .
M Prtwg(E) T YT Brhes(E) T T
ikl (B)x ikl _(BE)x
[ e
+ 0 - wg (k2 ) + b - wg, (k] )
2nhvd(E) 2rhvd(E)

Each wave in the previous expression is weighted by a coefficient which represents
the probability amplitude related to that specific modes. In particular, a®/” coeffi-
cients are associated to incoming (left-moving) particle with respect to the interface,
while b*/" coefficients to outgoing (right-moving) ones.

Let us now make the following consideration: as alreay observed, for a fixed energy
value E, the wavevectors exhibit the symmetry k‘ e/h L(E) = —k:e/ h( E), due to the
relation £ (k) = E4(—k). This implies a correspondmg symmetry in the coherence
factors, that is

and Vg (5.98)

U =U_g

ke/h(E) = e/h(E)

e/h
K (E) S

ke/h(E) ot

T+

This symmetry allow us to define a new set of eigenvectors that depend only on
the energy, rather than on the specific wavevector k. To this end, we introduce the
energy dependent quantities ug(F), vo(E) as

1 E2 - A2 A 5 arccosn ——
u(E) = | = (1+”° = 2E° 3 21cosh & (5.99)

2 E

1 E? A(2) A[) —L arccosh £
U[)( ) 5 ( 5 e 0 (5 00)




5.2 — The case without magnetic field

We can thus define a simplified, energy-dependent, basis of eigenvectors w§ i(E ) for
an electron-like and hole-like states as

uo(E) 0
w540 = |, E(;e—w wg () = | ol (5.101)
0 vo(E)e™ %
vo(E) 0
Wa(E) = | E(;ew why )= | ) (5.102)
0 ug(E)e™

Note that, to ensure the normalization of the eigenvectors, the relation |ug(E)|? +
lvg(E)|? = 1 must hold. Indeed, we have that

A arccos £ — arccos £
un(B)? + [ao(B)F = 52 (&30 4 et ) (5.103)
A E
= fo cosh (arccosh A—) =1 (5.104)
0

Furthermore, being ug(E), vo(E) real quantities, it is also true that uZ + v3 = 1.
The general expression for the wavefunction in Eq.(5.97) can now be compactly
rewritten as

oiks _(B)a ik _(B)a
bg(x) = a%_ie \/_ng(E) + ai_ie v'vfﬂ(E’) +
2rhvg(E) 2rhvg(E)
ikh (E)=z ikl (B)x
et _ e bt _
+afy W (B) + af W5, (B) +
2l (E) 2l (E)
1
ik (B)a kG () (5.105)
e WS (E) 4 b5, WS, (E) +
B T Y rms(E)
ikh (B)z ikh _(B)x
+ 4
roh € who(B) + b w | (E)
Ty S7T J/7 7‘1’
2rhvli(E) 2l (E)

2. Upper supra-gap regime: | E > \/A% + (Eso,s + u5)2

From Egs.(5.91) we note that, in this energy range, the hole solutions k:? 4 k:f n

acquire an imaginary part, indeed, as clear from Fig.(5.3) no intersections for the
hole sectors exist. Thus, while the electron wavevectors remain unchanged, the hole
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wavevectors acquire an imaginary part

E$)?2 — A2 = 2(k) — ask kS L(B)=k
(E5) 0=+ (&k) —ask) = |kf.(E)=ksos Fsos

2 _ A2
1i\/1+“S+VE AO)

(Bf)? = AF =+ (&3(k) +ask) = |kf+(E) =kso,s

E2_A2
_1:|:\/1_|_MS+ VZ T 20

Eso.s

VE? = A - s

1/(Eg)z — A3 =—(&2(k) —ask) = |k!i(E)=ksos oo

-1+

(Bp)? = AF =~ (&8(k) +ask) = |k[L(E) =ksos

/\/\/\/\

F? _ A2 _
14 —1+°“5)

Eso,s

(5.106)
E2 — AQ _

ki L (E) =ksos | 1+ (—1 + EOMS> (5.107)

50,8
E2 — AQ _

Kl +(B) =ksos | —1%i (—1 + Eo“s> (5.108)

S0,s

Differently from the expression of the wavefunction in the Lower Supra-Gap regime dis-
played in Eq.(5.105), in the upper supra gap regime the appearance of imaginary wavevec-
tors implies that the hole solutions no longer represent propagating modes. Furthermore,
given that the S region is on the right-hand side of the interface, the solutions related to
wavevectors k%_, kf,_ must be discard since they are diverging for z — +o0.

Thus, the wavefunction in this regime read

. eik?i(E):c . . eikj,(E)I Y
(I)S(Jj) = aT,_WWSJ\(E) + al”_w WS,\L(E) +
eik?Jr(E) T _ eikiJr(E) x _
+ b$’+W Wg7T(E) + bj’+m Wg,L(E) + (5109)
. sz +(E)gg B zkh LBz _h
T e W (E) el e W5 (F)

where vg(E) represents the group velocity for the electron modes [see Eq.(5.94)] and it
is well posed, whereas we adopt the energy independent velocity (5.96) to normalize the
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5.2 — The case without magnetic field

coeflicients of the evanescent modes, since for them the definition of group velocity become
meaningless.

e Sub-gap regime (0 < F < Ay)
This energy regime is characterized by energies F < Ag. Starting from the solutions
computed in “Lower Upper-gap” regime and displayed in Eqs.(5.91), we observe that,

in the current regime, the term \/E? — A2 becomes purely immaginary, leading to
complex wavevectors.
Therefore, the latter now read

K (E) = ksos+key
Kl (E) = ksos+kiy
(5.110)
k‘j:t(E) = —ksos*kéx
kﬁi(E) = —ksos* ké’X

where k¢ y and k‘g x are complex quantity. We then define k¢ y as the principal square
root

ps + i/ Az — E2
ke = kso.s (1 n 0 (5.111)

Eso,s

and k& being its complex conjugate, k. = [k&y]*.
In polar coordinates they read

e i2 0 L. 0

ké:x = |kexle'z = \kcx|(cos§ + ¢sin 5) (5.112)
hoo_ ¢ o6 .90

kéx = lkoxle ™2 = |kCX\<cos 5 ~isin 2) (5.113)

where the magnitude and angle are given by

1
2 1
A2 — E?
lkex| = kso.s (<1+ K >+ 0 ) (5.114)

Eso.s Eo.s
\/AZ — B2
0 = arctan [ —— | + 7Y (—Eso,s — is) (5.115)
Esos +

As a consequence, in this regime, the wavefunction ®g(x) become a superposition of
growing and decaying exponential solutions for x — 4-o00. Thus, for a physical accept-
able wavefunction we must discard the diverging terms, which, in this case, are related
to wavevectors k:%f, k:jf, k:%Jr, kﬁJr.
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Furthermore, for E < Ay we observe that the coherence factors ug(E), vo(E) trans-
form into

[AQ i arceos E- [ Ao —iarccos E-
UO(E) _ ﬁ(an CCos 2o and U()(E) — ﬁe 5 arccos Ao (5.116)

i.e. the analityc continuation of Eq.(5.99).
The latter no longer satisfy the eigenvectors normalization condition

[uo(E)|? + |vo(B)* =1 (5.117)
instead they are related by
U()(E)2 + ’U()(E)2 _ % (eiarCCOSAE;] + e*iarccos AEO) (5118)
A E
= fo cos (arccos A—) =1 (5.119)

Finally, the wavefunction representing the superposition of evanescent modes reads

etkf 4 (B)x kS (B)
(@) = C'?,-FW w54 (E) + Cj”LW WG (E) +
, eMt-Ee L M@ (5.120)
+CT7—WWS,T(E) T - Brhos s.(E)
or, equivalently
Pg(z) = \/2717115{ ¢ WG (E) kS (B C¢+W§¢(E)ekj+(E)a:+

(5.121)
where vg is given in Eq.(5.96) and the complex wavevectors are given in Eqs.(5.110).

Fig. 5.3 shows the graphic visualization of the obtained analytical derivation.
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The case without magnetic field: excitations spectrum in the S region
E

\ ! / 4)

E= y(Esos+Hs)* + 13 (3)

E </ ()

6. kK K g, KK, K,

— v h

S

Figure 5.3: The excitations spectrum in the S region exhibits three different energy regimes,
which have been discussed analytically: the “Sub-gap” regime, in which no intersection exists
(line (1)), and the Supra-gap one, which consists of a Lower and an Upper part. Specifically, in
the Lower regimes 8 different propagating solutions for the wavevectors are found, as clear from
the intersections of line (2) with the spectrum in the figure; whereas, in Upper regimes only 4
(electron-like) propagating modes are allowed as shown from the intersection with line (4).

5.2.3 The regime of large spin-orbit energy (Eso > Ay)

We start by analyzing the regime of strong spin-orbit coupling, i.e. Fgo > Ay. For
definiteness, we shall adopt the following parameters

Eso,n = Eso,s = 104 pN = ps =0 (5.122)

The excitations spectra for both regions are illustrated in Fig. 5.4.
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The case of strong SOC: excitations spectra in N and S regions

E\ N S E A

»v

Figure 5.4: Plot of the excitations spectra of the two regions for the case of large spin-orbit
energy Fso > Ag. This particular choice of parameters allows for four different energy ranges.
The energy thresholds characterizing each range are marked by horizontal lines.

For this parameter set, there exist four energy ranges, which we shall analyze in details
here below.

(I) E < Ap
This energy range corresponds to Range 1 in the N region and to the Sub-gap regime

in the S region.

The ¥-matrix in Eq.(5.28) is an 8 x4 matrix, and the upper 4 x4 block is the Scattering
matrix connecting the outgoing amplitude vector b to the incoming amplitude vector

a7
T
_ e e h h
a o (a/‘v""’a}/?""a/(a_,a\/ﬂ_)
(5.123)
T
_ h h
b = (b;_,be/,_,b/&,b/#)

thus, in this energy range we observe only the reflection phenomenon, since the out-
going coefficients are all related to the N-side.
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5.2 — The case without magnetic field

The explicit expression of the scattering matrix S is

e/ e/ e/

e e,/ e
S Te,? %5 T’L? Th? @+
ex/ﬁ — T::/‘ TE:/ TZZ/‘ 7’2”/ axe/Hr 5.124
/7+ r€7§ revé Thv? rh:? a/‘7_
h, h, h, h,
L res Ter T ) \al

=S

where the 2 denote the reflection amplitudes with the notation defined as follows:

o the superscript 5 (e.g.e, /) identifies the state of the outgoing (reflected) particle;

o the subscript « (e.g.h, ) identifies the state of the incoming (incident) particle;
For example, TZ? represents the reflection amplitude for an incoming hole in the ,/

state to be reflected as an electron in the  state.

We define the reflection coefficient from « to S as

R = |riF  Va, B (5.125)
We have verified that
RS +R% + RV + R =1 Va (5.126)
and that
R} .+R’ +R) .+R) /=1 Vp (5.127)

in agreement with the unitarity of the Scattering Matrix, stemming from the conser-
vation of the probability flux. The numerical results for each single incoming mode
are summarized in Table 5.1, from which we observe that the dominant process is the
Andreev Reflection (AR).

Incident mode | [r&7 12 | &2 | |v%7 ]2 | |#%<|2 | Dominant process
(N 4) ~0 0 ~1 0 ey —h
(s +) 0 ~0 0 ~1 e/ +—h, 4
=) ~1 0 ~0 0 hp_ —en_
(') 0 ~1 0 ~0 hy _—e,_

Table 5.1: Numerical reflection probabilities for the different incoming modes o = (', %), (v
, ). Each incoming particle is (almost) completely reflected into its corresponding Time-reversal

partner.

As a result, defining the total Normal and Andreev Reflection for the electron and
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The case of a single N/S interface in the nanowire

hole modes as
RZZ? + RZ:? + Re o RZ:?) Electron Normal Reflection  (5.128)
h, /"

Ry 7+ RZ? + RZ§ R :?) Hole Normal Reflection (5.129)

€,

Rév_m(E) = (RZL; + R / + Rh S Rh"/> Electron Andreev Reflection  (5.130)
(Rh’/ + R o+ Rh At RZZ?) Hole Andreev Reflection (5.131)

we obtained that

Ré\;e( ) = lezvﬁh(E) =0 (5'132)

Ry (B) = RYL,(E) =2 (5.133)

as clear from Fig. 5.5.

We have observed up to this point that Normal Reflection is completely suppressed.
This result can be perfectly understood by establishing an analogy between our spin-
orbit model and the standard Blonder-Tinkham-Klapwijk (BTK) framework [12]. In
this mapping, the spin-orbit energy Ego assumes the physical role of the chemical
potential p of the standard BTK model.

The regime of large spin-orbit energy [see Eq.(5.122)] represents an ideal scenario de-
fined by two conditions that suppress Normal Reflection .

First, the condition Eso nv = Eso,s > A places the system in the Andreev approx-
imation limit. This is analogous to the g > Ag limit in the standard BTK model.
This large energy scale ensures that the intrinsic momentum mismatch between the
incident electron (k¢) and the reflected hole (k") is negligible, which removes the first
potential source of normal reflection.

Second, the condition Eso Ny = FEso,s implies there is no “step” in the dominant
energy scale at the interface. This is analogous to a perfectly transparent interface
(zero barrier potential) in the BTK model, removing the second source of Normal
Reflection. Indeed, even within our defined Andreev approximation (Eso > Ay), a
non-negligible difference between the two energies (Eso v # Eso,s) would act as an
effective interface barrier, resulting in the appearance of Normal Reflection. Indeed,
as derived in the boundary condition Eq.(5.10), any discontinuity in the spin-orbit
vector at the interface (ay # ag) creates an additional, spin-dependent effective bar-
rier. This term is mathematically analogous to the V0(x) potential used in the BTK
model to describe a non-ideal interface.

Furthermore, another key result is that, the Reflection coefficients are individually
completely independent of the misalignment angle ®gp, representing the orientation
of the SO vector in the y — z plane for the N region. Indeed, in the absence of addi-
tional spin-anisotropic fields or perturbations, changing ®go only amounts to a local
choice of the reference frame in N and does not modify the reflection probabilities
measured.

Specifically, in the N region, varying the angle ®g¢ is equivalent to a rigid rotation of
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5.2 — The case without magnetic field

the local spin quantization axis around the z-axes. This rotation does not affect the
spectrum or the group velocities of the incident modes; in practice, it is just a change
of spin basis. Because the reflected basis in N is defined within the same region, it
rotates in exactly the same way. As a result, a change in ®gp acts as a simultaneous
rotation of the entire N-region, including the incident states, the reflected basis, and
the N-component of the interface barrier. Since all components related to reflection
phenomenon "rotate together”, the Reflection probabilities remain unchanged.
Furthermore, in the S region, the superconducting pairing term is s-wave singlet and
proportional to o( in spin space, i.e. spin-isotropic. A global change of spin basis
therefore does not alter the pairing term and cannot induce any residual sensitivity
to the spin orientation chosen on the N side. Therefore, the case of strong spin-
orbit coupling demonstrates the key feature of ideal Andreev scattering: the Normal
Reflection is suppressed because the system is simultaneously in the Andreev approx-
imation (Eso,n, Eso,s > Ag) and possesses a transparent interface (guaranteed by
Eson = Eso,s)-

The case of strong SOC, Range | - N side

E/4,

— pN N N _ pN
Re—)e Re—)h Rh—)e Rh—)h

Figure 5.5: Plot of the total Normal and Andreev Reflection in the energy range 1. The green
and the purple curves are shown with a slight vertical offset to aid visualization, since the electron
and hole ARs, as well as the electron and hole Normal Reflections, are perfectly coincident. The
figure shows that the Normal Reflection is completely suppressed, while the AR is constant at its
maximum probability value of 2 for both the electron and hole modes. There is no dependence
on the SO misalignment angle ®go.

(II) Ag <E < Eson+un + Ag <E <104

This energy range still corresponds to Range 1 in the Normal side while spans a large
portion of the Lower Supra-gap regime in the Superconducting side . With respect
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The case of a single N/S interface in the nanowire

to the sub-gap regime, it includes both incoming and outgoing components in the S
region. The vectors of propagating components read

— h h h h
a - (ae/(7+’ ale/7+’ a//‘v_’ al/v_’ ai\:_’ ai7_7 aT7+’ a\l/a"'_)
(5.134)

_ e e h h e e h h
b = (b%—’b/,—vbfwb/,+vbT,+7b¢,+vbm—’b¢,—)

As a result, the Scattering matrix .S is a 8 x 4 matrix and acquires the following form

oo\ (e el s ml ted el tf Gl (s

o I e vl S Sl Il K

S B VA R R S R

L I Eev Sy v W S Sl B 2 e
O I VS s S RO B
b ||ttt f er orer mnom || e

N I A B R e

vio) \t el i twy orlorlomiom) s

The notation for the transmission amplitudes (t2) follows the same structure as for
the reflection ones. For example, tzi represents the transmission amplitude for an
incident e, electron to be transmitted as a e, ] quasi-electron.

The scattering matrix displayed in Eq.(5.135) is composed by four 4 x 4 sub-blocks.

Specifically:

o the 4 x 4 upper-left block contains the reflection amplitudes (2) for the N-side
modes;

o the 4 x 4 lower-left block contains the transmission amplitudes (¢3) for a particle
incoming from the N region and transmitted in the S one;

o the 4 x 4 upper-right block contains the transmission amplitudes (t2) for a particle
incoming from the S region and transmitted in N one;

o the 4 x 4 lower-right block contains the reflection amplitudes (r2) for the S-side
modes;

Therefore, this energy interval supports all types of scattering processes.
The Transmission coefficient 7 from mode a to mode 3 is defined as

T8 = |tP? Vo, B (5.136)

while the Reflection coefficient was already defined in Eq.(5.125).

The computation of each of the Rg and T f coefficients V «, 8 via Wolfram Mathe-
matica shows that, while the Reflection coefficients are independent of the ®g5o angle
also in this interval, the Transmission coefficients do depend on ®go . To explain
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5.2 — The case without magnetic field

this effect , let us consider, for example, the case of the (e, /) incoming mode, which
corresponds to analyzing the first column of the S-matrix in Eq.(5.135).

Let us recall here the expressions of the (e, /) eigenvector in the N region and of the
(e,71), (e, 1) eigenvectors in the S region for a fixed energy E. From Eq.(5.54-5.101) we
have

oS q’% uo(E) 0
| isin _ _ _ B uo
W?va - 0 2 Wg,T(E) - Uo(E)e_w Wg,¢(E) - 0
0 0 vo(E)e™

We observe that the first two components in Wiy, e depend on the spin-orbit direction
angle ®go . In contrast the first two components of the eigenvectors on the S side,
wg 4 (E) and wg | (E), cannot have such dependence.

Thus, the fractions of the incoming mode (e, ), transmitted as electron-like (e, 1) and
as electron-like (e, ) shall depend on the value of the ® g0, causing such dependence

in each of the Transmission coefficients T ’; and T ’;. However, the total electron-

electron transmission, i.e. the sum T: ; + T: ; of the two Transmission coefficients,

is independent of the ®gp angle. Similarly, a $go dependence is present also in T eh }

and Teh i‘, whereas the total electron-hole Transmission Teh T4 eh } is independent of

Dgo.

The same considerations hold when considering the Transmission coefficients regard-
ing the other incoming modes, i.e. the other columns of the scattering matrix Eq.(5.135).
In addition, we verified that

S (RE+TI) =1 vV a (5.137)
5
S (RI+T) =1 v 8 (5.138)

in agreement with the conservation of the probability flux.
Finally, let us define the total Reflection and Transmission coefficients for each of the
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The case of a single N/S interface in the nanowire

possible scattering processes in the two side as

N side S side
R, (E) = (ROZ + Ro + ROS + REY) RE,.(E) = (RO} + RE]+ R+ ROY)
RY,(B) = (RiZ+ Ry + Rped o+ Ry Ry, (B) = (R)L+ R+ Ryt + Ryt
RN, .(E) = (RZ’; +Ry7 + Ry + RZ’?) Ry, .(E)= (R;ﬂ + R+ RS 4R t)
RY,,(B) = (RI:Z + RJ + RUS + RS RS, (B) = (RUL + UL+ R+ RLY)
TS E) = (Toh + T + T + 1L ) TSN E) = (T + Tl + T + 10}
TS (E) = (Tuh + Rl + Thh + Tt ) TN E) = (T + Tl + Tt + T}
TS(E) = (Tl + Tl + Tob + Tk ) TEN(B) = (Tl + Tl + Tt + 1Y)
TS (E) = (TVL + T + T+ Tl ) TSN E) = (T + T+ T+ Tl

(5.139)

Since there are two electron and two hole incident modes in each side of the junctions,
then it holds that

(Ré\;e + Ré\;h + Te]\;%es + T«s&?s) (E) = (RhN—)e + RhN%h + Té\;aes + T}]Lva%s) (E) =2
(5.140)

(REpe+ R+ TN + TNV (B) = (RiLe+ Ry + TSN + TSN )(B) =2
(5.141)

The graphic representation of the total Reflection and Transmission coefficients for
both sides is provided in Fig. 5.6.
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5.2 — The case without magnetic field

(a) (b)
The case of strong SOC, Range Il - N side The case of strong SOC, Range Il - S side
2F ’====:==========:===:::=====:.‘-‘-‘:‘ 2F ,==:=::=::::::::::::::::::::::::,‘
o o
z" :“
§ §
] ]
]
i
0- ~ Or >
1 10
E/A() E/A()
_ pN N _ pN — pN — S — S — pS — pS
Re—)e Re—)h Rh—)e Rh—)h Re—)e Re—)h Rh—)e Rh—)h
. N->S N->S ) N->S  _. N->S . S->N  _._ S->N S->N  _. S->N
Te—)e Te—)h Th—)e h-h Te—)e Te—)h Th—)e Th—)h

Figure 5.6: Graphic representation of the scattering process in the N side (left panel) and S
side (right panel) in range II. To aid visualization a slight vertical offset has been added to the
green and dashed blue curve in the left panel and to the blue and dashed brown curve in right
panel. As clear from the figures, this energy range supports all the possible scattering process,
since no evanescent modes are allowed. From the left panel we observe a pronounced decay of
the Andreev Reflection which is almost completely suppressed for value of 4Ag. Furthermore we
observe that the h — h Transmission in both side of the junction abruptly drops to zero while the
h — h Reflection drastically increase around the energy value of 104, as for energies greater than
this value, the hole modes become evanescent in the N region.

(HI) ESO,N"‘I!'N S E S \/(ESO,S+NS)2 —|—A(2) < IOAO S E S v101 AO

This energy range corresponds to Range 2 in the N region, while also spanning a small
and final portion of the Lower supra-gap regime. The vectors of propagating modes

are
a = (aefﬂr’“e/ﬂr’“?—vai—’a?w“}f&)
b = (be/ﬁ’ Y Y blfﬁ>
The scattering matrix linearly connecting these two vectors reads
p o W L G T A
W20 I o S G el K
T I o R U S A
b | |tex top rer rer minorin| | df-
TN I VA
Vi) Nt oy v rey ey i) \dfa
=S
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The case of a single N/S interface in the nanowire

Thus, this energy range supports both the electron to electron and electron to hole
transmissions, as well as the electron reflection in the N side. In contrast, Andreev
Reflection is no longer allowed, since for this energy interval the hole modes in the N
region become evanescent.

The dependence of the Transmission coefficients T O/f on the spin-orbit angle ® g0, found
in the previous energy regime, is also observed in this energy interval.

Here as well, we have verified that the conditions in Eq.(5.137), which ensure flux
conservation, are satisfied.

Finally, given the definitions of the total Reflection and Transmission coefficients in
Eq.(5.139), the following probability conservation relations must hold

e

(RN, + TS +TY55)(B) = 2 (5.144)

(Rgﬁ\e + Resah + Tg;N) (B) = (Rgae + R}‘?ah + TifjeN> (B) = 2 (5.145)

Indeed, this energy interval supports two and four incoming modes in the N and
S regions, respectively. As verification, we have plotted the total Reflection and
Transmission coefficients For the N and S side in Fig.(5.6)

(a) (b)
The case of strong SOC, Range lll - N side The case of strong SOC, Range Ill - S side
L ke L S PETTTETTEES ooy
0- : M = = N
10 4101 10 4101
E/4) E/4g
— pN .. mN->§ N->S — pS — pS .. mS->N
Re—>e T e-e T, e—>h Re—)e Re—)h Th—)e
.. 7S->N _ pS — pS
Te—)e Rh—)e Rh—)h

Figure 5.7: The energy range III does no support hole modes in the N side (left panel), thus the
number of scattering process are limited in that region and the Andreev Reflection is no longer
allowed. To aid visualization a slight vertical offset has been addedd to the blue and dashed blue
curves, in continuity with the representation of the S side in range II.

iv) E > \/(Eso,s +us)’+A2 & E > V1014,

We now analyze the final range for the case of large SO energy. Here, the energy lies
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5.2 — The case without magnetic field

within Range 2 in the N side and within the Upper supra-gap regime in the S side.
The vectors of propagating components are

a = (a5, .al .05 0] )
(5.146)
b - (be/‘v_’ b)€/7_7 b/?v—’_’ bj?"’_)
The scattering matrix, which relates these two vectors, is

o\ (s el e el (e
€ eﬂ/ en/ teﬂ/ ten/ e
1/77 — r€7/ /ren/ G,T e»L al/"i'

= |Ter Te el el (5.147)
be t ) t } r ) r ) ae
T7+ 6,/‘ 6“/ evT 67\1/ T:f’
A R A

=S

This energy range no longer supports propagating hole modes, which, in fact, are
evanescent in both sides of the junction. As a consequence, the only observable
phenomena in the two regions are Normal electron Reflection and Transmission.
The spin-orbit angle ®go dependence of the Transmission coefficients, observed in the
previous two regimes, persists in this energy interval as well.

Furthermore, we have numerically verified that the conservation of the flux, expressed
by the conditions in Eq.(5.137), is satisfied.
In the end, as clear from Fig. 5.8, it holds that

(RY,.+TY25)(B) = 2 (5.148)

(R +TZN)(B) = 2 (5.149)

since this regime supports two electron incoming modes in both sides of the junction.
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The case of a single N/S interface in the nanowire

(a) (b)

The case of strong SOC, Range IV - N side he case of strong SOC, Range IV - S side
] S Y L LT T T T
0 » 0: >

V 101 V 101

E/4 Ej4y
— pN o N->S — pS . S->N
Re—)e Te—)e Re—)e Te—)e

Figure 5.8: This energy range trivially supports only electron modes in both sides of the junction,
therefore only Normal Reflection and electron-electron Transmission are allowed. As expected, for
larger energy values, the Reflection probabilities are completely suppressed while the Transmission
ones are maximized.

In conclusion, we have summarized the results obtained for the Normal and Andreev Re-
flection coefficients in Fig. 5.9 for energies up to 4Ag. This value marks the approximate
threshold after which the Andreev Reflection is suppressed.

We remark here that the single Reflection coefficients R as well as the total Reflec-
tion (34 R?) and Transmission coefficients (3 5T, %) for each incoming mode o does not
exhibit any dependence on the misalignment angle ®go. In contrast, the individual
Transmission coefficients (e.g. T; ;) show a dependence on the ®gp, since the basis of N
and S regions have a difference dependence on the SO angle.

Furthermore, in Fig.5.10 we have shown that it is possible to modulate the AR probabil-
ities by varying the SO energy in the N region.
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5.2 — The case without magnetic field

The case of strong SOC : Normal and Andreev Reflections

2
0 >
0 1 4
E/4
— pN . pN _ pN _ pN
Re—)e Re—)h Rh—)e Rh—)h

Figure 5.9: Plot of the total Normal and Andreev Reflections up to the energy value of 4Aq for
the electron and hole modes. Also here the green and the purple curves are shown with a slight
vertical offset to aid visualization. The AR probability is maximum in the sub-gap regime, while
strongly decades for energy values larger than Ay and is completely suppressed for energy values
around 4Ay. No dependence on the misalignment angle @ is observed.

Normal and Andreev Reflections for different SO energy values
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E/4,

—RY,, : Esoy=2Do —R),, : Esox =50y —RY, : Eson=10A0

-'RN . ESO,N=2AO —'RN . ESO,N=5A0 -'Riv_)h . ESO,N= 10A0
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Figure 5.10: Normal and Andreev Reflections for a fixed SO energy in S region (Eso.s = 10A)
and different values of Ego v in N region. The value £ = 2Aq marks the energy after which AR
is no longer allowed for the Eso. ny = 24 case . Here we observe that changing the magnitude of
the SO energy in N region causes the AR probabilities to vary.
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The case of a single N/S interface in the nanowire

5.2.4 The regime of weak spin-orbit energy (Eso < Ay)

Let us now turn to the case of weak spin-orbit energy Ego < Ag. Specifically, we shall
adopt the following model parameters

Ap

Eson = Eso,s = 3 un = ps =0 (5.150)

The case of weak SOC : Excitations spectra in N and S regions

E A N | s E A

>tv

— E» — E, — Er — E,

Figure 5.11: Plot of the excitations spectra in the two regions for the regime B of weak spin-orbit
energy (Eso < Ap). This specific set of parameters leads to four different energy ranges, which
are marked by horizontal lines.

The energy spectrum on the two sides of the junction is shown in Fig.5.11. As one can
see, there are four different energy ranges, stemming from the combination of the energy
ranges in the two sides of the junction. Let us now analyze each of these separately:

I) E < Eson+un + E <%

This interval corresponds to Range 1 in the N side, and to the Sub-Gap regime in the
S one. The vector of propagating components are

T
— h h
a - (ae/(7+7a16/7+’a/7_7a1/7_)
(5.151)

b= (b b0 Wt L)

The corresponding scattering matrix S for this pair of incoming vectors is presented
in Eq.(5.124). Indeed, this energy interval is characterized by the same vectors a and
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5.2 — The case without magnetic field

b as for the £ < Ag regime of large spin-orbit energy [see Sec 5.2.3]. Consequently,
the theoretical considerations regarding the structure of the S matrix and the allowed
scattering process are identical.

We emphasize that, since the parameters under consideration in this configuration are
different from those in large spin-orbit energy (5.122), the energy dependence of the
individual Reflection coefficients RS differs between the two cases.

In particular the most significant difference between the cases of large and weak spin-
orbit energy -in the case of equal SO energy in the two regions (Eso,n = Es0,5)-, is
the emergence of a finite Normal Reflection in the weak regime that was not observed
in large regime.

The emergence of the Normal Reflection confirms that the current parameters place
the system in a regime beyond the standard Andreev approximation. Indeed, as es-
tablished in our analysis of the large spin-orbit regime, this setup is analogous to the
BTK framework, but with the spin-orbit energy Ego playing the role of the chemical
potential p. In contrast, here the spin-orbit energy is smaller than the superconduct-
ing gap Eson = Eson < Ap, and the Andreev approximation (Eso > Ag) no
longer holds. Consequently, an intrinsic momentum mismatch k¢ # k" arises between
the incident electron (hole) and the reflected hole (electron) in the Andreev Reflection
process. This mismatch acts as an effective barrier, generating the appearance of a
Normal Reflection.

Finally, we remark that even in this regime, the individual Reflection coefficients (R5)
are still independent of the angle ®go. Indeed, a change in ®gp acts as a rotation
of the entire N-region. Since all parts related to the reflection phenomenon rotate
together, the reflection probabilities are left invariant.
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The case of weak SOC, Range | - N side

Y

0 1/3
E/4,

N N _ N _ N
~ Reye T Ry TR Riysi

e-e h—-e

Figure 5.12: Plot of the Andreev and Normal Reflection for Range I in the case of weak SOC.
The green and purple curves are shown with a slight vertical offset to aid visualization, since
the electron and hole AR curves, as well as the electron and hole Normal Reflection ones, are
perfectly coincident. Differently from the case of strong SO energy, here the Normal Reflection is
not suppressed, conversely it approaches its maximum probability value as the energy tends to %.
No dependence on the SO misalignment angle is observed also for this choice of the parameters.

(I) Eson+un < E <Ag <+ 5 <E <A

This energy range spans a second and final portion of the Sub-Gap regime, while
it refers to Range 2 regime for the Normal region. Notably, for all higher energy
intervals, the N region remains in Range 2, and consequently, hole modes in this side
are no longer allowed. The vector of propagating components are

a = (a;’+,ae/’+)T

(5.152)
T
b - ( 6/‘777 e)/vf)
and the corresponding scattering matrix is
e/ e/
be/(,— — 7"67/( Ten/ ae/‘ﬂ- (5153)
e, e,
ble/’f {r‘e’/( ren/ ae\/7+
—_————

=S

The S-matrix reveals that the system is trivial in this energy interval. Indeed, the

only permitted process is Normal Reflection. We have specifically verified that RZ;

and Rz:/ are equal to 1.
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5.2 — The case without magnetic field

@) Ag < E < \JA2Z4 (Bsow +us)? < Ag < E <,/

This energy interval spans all the Lower Supra-Gap regime, while, as already dis-
cussed, it corresponds to Range 2 for the Normal region. The vectors a and b of
propagating components are

T
a = (ae/w L ZRRYC S L “}f#)
(5.154)
T
— h h
b - (be/‘77’ be\/777 b$7+’ bif‘r’ bT777 bJMi)
and the Scattering matrix reads
e Syl e e/ e S
= 7’:,? 7":,:? tZ,T/ t;/ ti,} ticﬁ/ Wt
€, €, €, €, €, €,
16/7_ TE,T/‘ 7167/)]\/ tE?TT tehlr th7T]\ thaJ' a\e/7+
be te7 teu ,r,e) reu ,r,e) reu ae
™| — ?f 27{ Z’J, z,i Z,I Z,i - (5.155)
be t ) t ) ro ro ry ry CLE
\Lf‘r Zj{‘ Z’\T/ }617; Zv# Zq\\ 2"7* vln*
h ) ) s ) ) s h
b T t}elzf tiﬂ{ r?{l rz»i TZ»:[ /r.};;:t a/T7+
h ) ) , ) ) , h
by ter ey Tek Tel Ty Twy/) \al

This energy range has already been encountered in the analyses of the case of strong
SO energy. Therefore, we refer the reader to that specific section for the details of the
allowed scattering processes.

We remark here that the Andreev Reflection phenomenon is no longer allowed since
hole modes in N side are evanescent in this energy range.

Fig.(5.13) displays the total Reflection and Transmission probabilities, and clearly
demonstrates the unitarity of the Scattering matrix.
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(a)

The case of weak SOC, Range lll - N side

E/4g
— pN . N->S N->S
Re—)e Te—)e Te—)h

(b)

The case of weak SOC, Range Illl - S side
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Figure 5.13: Graphic representation of the total Reflection and Transmission probabilities for
the N (left panel) and S regions (right panel) in Range III. A slight vertical offset has been added
to the pink curve to aid visualization.

(IV) E > /A2 + (Eson +ps)? « E >

10
3 Ao

The vectors of propagating components are

a

b= (b5

(ae/‘,+’ ay 4+ a5 ai—)

- b)€/7_7 b/??—’_’ bi?"")

The Scattering matrix, which relates these two vectors, is

R B v R S N

2 I e e G ) K

T N D DA I B

b Nty et et ) \di-
=S

(5.156)

(5.157)

This last energy range trivially admits only electron modes in both sides of the junc-
tion. The total Transmission and Reflection probabilities are presented in Fig.5.14,
which clearly demonstrate the unitary of the Scattering matrix.
As expected, the electron reflection are completely suppressed for larger energy values
and the Transmission coefficient reaches its maximum value.
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(a) (b)
The case of weak SOC, Range IV - N side he case of weak SOC, Range IV - S side
2F | eeeemmmemsmmmsemmseme e 2f

0t L 0 .
‘v10/9 ‘v10/9

E/A() E/A()

— pN . N->S — pS . S->N
Re—)e T, e-e Re—)e T e-e

Figure 5.14: This energy range trivially supports only electron modes in both side of the
junction, therefore only Normal Reflection and electron-electron Transmission are allowed. As
expected, for large energy values, the Normal Reflection is completely suppressed and the Trans-
mission probabilities are maximized.

In conclusion, we summarize here the main result obtained for the current choice of
parameters. No dependence on the misalignment angle ®go is observed for the total
Reflection and Transmission coefficients. In Fig.5.15 we have plotted the Normal and
Andreev Reflection up to an energy of 1.5Ag . We remark that AR is allowed up to
an energy value of %, since hole modes turn evanescent at higher energies; Normal
Reflection remains allowed however is completely suppressed for energy values around
1.5A¢.

In contrast, a dependence on the magnitude of the SO vector is always observed, as
showed in Fig.5.16.

Specifically, we have represented the Normal and Andreev Reflection probabilities up to
the energy value of Ay for a fixed SO energy in S region of Esp g = %, while varying the
magnitude of the SO vector in the N side. This amounts to change the value of the SO
energy Fgo in the N region, thus Fig.5.16 demonstrates the possibility to tune the AR
probabilities by modulating the value of the SO energy Eso n. Tuning the Rashba SOC
can be experimentally realized by implementing electrostatic gates (wrap/side/back) in
the N side of the junction, through which it is possible to control the applied electrical
field E(r) and thus the Rashba interaction term [35].
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The case of weak SOC : Normal and Andreev Reflections

2L
0- k ; .
1/3 14/10/9 1.5
E/4,
— pN . pN . pN — pN
Re—>e Re—)h Rh—>e Rh—>h

Figure 5.15: Plot of the total Normal and Andreev Reflection up to the energy value of 1.5A.
Also here a slight vertical offset has been added to aid visualization, as the electron and hole
ARs, as well as the electron and hole Normal Reflections, are perfectly coincident. There is no
dependence on the spin-orbit misalignment angle ®5o.

Normal and Andreev Reflections for different SO energy values

2,

_Riv_)e . ESO,N = Ao/s _Riv_)e . ESO,N = A0/3 _Ri,v_)e . ESO,N = A0/2

"Riv_m . ESO,N = A0/5 "Riv_)h . ESO,N = A0/3 "RQI_)h . ESO,N = A0/2

Figure 5.16: Plot of the total Normal and Andreev Reflection up to the energy value of Ag, for
a fixed value of Egp g = 0.54 in the S region and for different values of Ego n in the N region.
The inhomogeneities in the magnitude o of the SOC, which enters the spin-orbit energy on each
side of the interface, affect the AR process.
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5.3 — Effects of a perpendicular magnetic field

5.3 Effects of a perpendicular magnetic field

Building upon the system structure delineated at the beginning of Section 5, we now
extend our analysis of the N-S interface to include a uniform magnetic field that is or-
thogonal to the spin-orbit field. Specifically, since the spin-orbit field lies in y — z plane

ay = ay(0,sin®gp,cosPgo) (5.158)

as = (0,0,as) (5.159)

with ®go denoting the mislignament angle between the N and S regions, we shall assume
that the magnetic field b is applied along the NW axis x, i.e.

b = (by,0,0) (5.160)

Similarly to what we did in the previous section for the case without magnetic field,
we shall compute the solutions in the N and S regions, and then impose the boundary
conditions to determine the reflection and transmission properties.

5.3.1 Solution in the N region

We start by the Bogoliubov-de Gennes Hamiltonian (3.6) derived in Section 3.1. By
specifying it to the N region, where the superconducting pairing vanishes (Ag = 0), we
obtain the block-diagonal Hamiltonian

05, — .o—b-
oy —kan-oc—b-o 0 ) (5.161)

Hpac(k) = ( 0 —&oy+kan-oc—b-o

The diagonalization of such matrix was already performed in Section 3.3.1, by rotating
the basis and moving to the natural basis [see Eq.(3.98)]

: _ (&loo + [m(k)|o. 0
HBdG(k)_<k o —5200+rm<—k>ro—z> (5162

In particular, in the present case (5.158)-(5.160) the effective field vector m(k), which
includes both the SO and Zeeman terms, is

lm(k)| = y/(ank)? + b2 (5.163)
and, the eigenvalues (3.99) read
& y(b) = €4(k) & o T B2
(5.164)
k) = —€4(0) T VanRE TR
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The eigenvectors (3.103) acquire the form

Cos 92’“ —sin 9’“ e "k
e sm%’“ Pk e COS%’“
ket = 0 kol = 0
0 0
(5.165)
0 0
0 0
h h
Phey = cOS GT’“ Pig = _ sin (LT’“ e iP—k
sin OT‘“ elP—k cos Q*Tk
where
0 azk
cos = -
¥ b2 + (ank)?
“ng, — b2 + (o ksin @50)? (5.166)
b7 + (ank)?
Ok — arctan (7QN kzirn%O) + 7 (by)

and ¢y, € [0,27], 0 € [0, 7], with ¥ denoting the Heaviside function.
We observe that, since %’“ € [0, 5], terms of type “cos %‘“, sin ez’f ” shall be always positive,
thus, in this interval, the following trigonometric relations are valid

0 1 0 1
cos =& = 4 — (14 cosby) sin = = 4 — (1 — cosby) (5.167)
2 2 2 2
whence, given that in our particular case cos_, = — cos 0y, we get
0_ 0 0_ 0
cos 7k = sin gk and sin Tk = cos 5]6 (5.168)

Finally the positive spectrum of (5.162) read

Ei(k) = 0(&5(0)Ig5 (k)] = 9(€X (k) + v/ (ank)Z+ B2) [€R (k) + Vlank)Z + 2|
Ep(k) = 9(&h(k)Iep(k)] = o - &k (ank)Z+ 52)|€% (k) + v aw k2 + 12|
E(k) = (&5 (k)€ (k)] = 9(€% (k) — V{ank)” + 52 )| €% (k) - (aNk)2+b%’

Ey(k) = 9(&hR))IEL k) 19( &R ( +¢m) (ank)2 + b2

(5.169)
From the expression of E#(k) in Eq.(5.169), we observe that this branch only exists in the
positive spectrum if the argument of the Heaviside ¥-function is positive. Let us analyze
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5.3 — Effects of a perpendicular magnetic field

this condition, which is

h2k?

2m*

ﬂ(fﬁ(k))=19<— + - (aNk>2+b%> (5.170)

The terms — Zir]ff and —/(ank)? + b7 both provide a negative contribution that increases
in magnitude with k. Therefore, the maximum of E” (k) occurs at k = 0, and it is puy —|b|.
If this maximum value is negative (i.e., if |b;| > pn), then E? (k) will be negative for
all k. Consequently, the ¥-function will be zero for all k£, and the Hole-f} branch of the
spectrum vanishes from the positive energy range, thus losing its capacity to support
propagating modes. Despite that, in such a situation, this branch still contributes to the
total solution through evanescent modes.

We now have all the necessary ingredients to compute the wavefunction ®y(z) in the N

region.

Remark

A crucial difference from the case with vanishing magnetic field is that here the eigen-
vectors are now necessarily k-dependent. The electron bands acquire a k-dependent spin
texture. This is a fundamental consequence of the competition between the two spin-
aligning fields in the system: the constant Zeeman field b and the momentum-dependent
spin-orbit (SO) field, kex.

The total effective field, m(k) = —(ko + b), defines the spin quantization axis for the
system, given by n(k) = m(k)/|m(k)|. Due to the competition between its two con-
stituent terms, this axis rotates as a function of momentum k. Specifically, the spin axis
precesses from being aligned with the Zeeman field at £ = 0 (where m(0) = —b) to
being asymptotically aligned with the SO-field at large k (where m(k) ~ —ka. Since the
eigenvectors of the Hamiltonian are, by definition, the spin states that align with this
k-dependent axis, they must inherit this strong k-dependence to form the correct basis.

Eigenfunctions at fixed energy E

To determine the eigenfunctions for our system at a fixed energy E > 0, we must first
find the corresponding wavevectors. These are obtained by inverting the four equations
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The case of a single N/S interface in the nanowire

of the positive spectrum given in Eq.(5.169) in favour of k, namely

Ei(k)=FE = &k +/(axk)?2+2=E = (ank)>+02 = (E - (k)

Elk)=E = &k)+/(ank)2+2=-E = (ayk)®+b2=

B =F = &)~ vk +R=E = (axk)+82=(E-&(®k)
Ef(k)=E = k) —\(ank?2+b3=-E = (axk)?+0=( )
1

As is evident from the equations above, the two electron equations once squared, collapse
into a single algebraic equation. The same holds true for the two hole sectors (ET}TL and
Ep).

Since &3, (k) is a quadratic function of k (i.e., & (k) = gi’ff — un ), both of these resulting
equations are biquadratic in k (i.e., of the form Ak* + Bk? + C = 0).

Solving each of these two biquadratic equations yields four distinct roots for k.

The correct correspondence between these solutions and the four original dispersion
branches is recovered by considering the sign constraints in the unsquared equations.
For example, the roots belonging to Ef must satisfy the constraint E — &%;(k) > 0, while

those belonging to Ej must satisfy £/ — €% (k) < 0. An analogous sorting applies to the
two hole branches.

As a result the number of solutions for each branch strictly depends on the competition
between the energy parameters pun , Eso n, Ez, where the definition of Fgo n is given
in Eq.(5.60) and the Zeeman Energy E is defined as

Ez = |bs| (5.172)

Specifically, we start our analysis by considering the case EFz > uy. We have already
noted that, in this situation, the Hole-{} branch in Eq.(5.169) is shifted entirely below the
Fermi level (E' = 0) and thus it is unable to carry propagating modes, but only evanescent
ones.

Furthermore, we will structure our analysis based on a critical condition that dictates
the Hole-|} sector band structure. Indeed, we observe that the competition between the
Zeeman energy (Ez) and the spin-orbit energy (Eso ) fundamentally alters the shape
of the Eﬁ(k:) branch, thereby changing the number of available propagating channels.

In particular, it is possible to distinguish between two regimes, namely the Rashba-
dominated regime, defined by the condition E7 < 2Ego y and the Zeeman dominated-
regime Bz > 2Ego N.

When the spin-orbit interaction is dominant(Ez < 2Eg0.g), the Eﬁ(k‘) band exhibits
a “double-well” (or inverted Mexican hat) structure and it is characterized by a local
minimum at k£ = 0 and two global maxima at k = fky,4,. The crucial consequence is the
emergence of a finite energy window between the local minimum Eﬁ(O) and the global
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5.3 — Effects of a perpendicular magnetic field

maxima, Eﬁ(:l:kmm) where a line of constant energy F intersects the band four times.
Therefore, in this specific energy interval, the hole-|} sector can support four propagating
solutions (i.e., four real k-vectors).

Conversely, when the Zeeman field is strong enough to overcome the spin-orbit splitting
(Ez > 2Es50,s), the double-well structure collapses. The band’s shape is now featuring
by only a single global maximum at & = 0. In this regime, any line of constant energy F
can intersect the band Hole-| at most twice.

Consequently, the hole sector can only support a maximum of two propagating solutions.
This distinction is extremely important, as the number of “open” propagating channels
(four vs two) at given energy depends on it.

Finally, in what follows we will analyze only the case of the Rashba-dominated regime, as
the main focus of this thesis lies in the study of how SOC changes the scattering process
in an N/S junction.

Rashba-dominated regime E; < 2Es50 N

Let us start by solving the equations (5.171) for a fixed energy E to identify the various
energy regimes governing the scattering process.

In doing so, we first identify two critical energy thresholds derived from the band ex-
2
trema: Iy = Ez — uy and Is = puny + 4}55#- We observe that the relative order
of these two thresholds depends on the speciﬁc system parameters. In particular, if
2

BN > % E; — szﬁ , then I1 marks the lower energy threshold, whereas if this condi-
tion is not met, Is becomes the lower threshold. As will be clear, the primary consequence
of this ordering relates to the nature and presence of evanescent modes within the differ-
ent energy intervals defined by I; and Is.

Regardless, for the remainder of this derivation, we shall focus on the specific situation

1 _ By

where puy < 5 <EZ 1Eson )

In particular we identify five possible regimes:

£}

4FEso.N

The solution of the Eqs defined in (5.171) are

e Range 1: |F < uny +

(ah)? + 1 = (B~ (k)

. [2m*
kx = iz\/hz (V4Eso (4 + E + Bson) + B3 — (un + E + 2Eso.n) )
(5.173)

(awh)® + 82 = (B} + (k)

. [2m*
k?r,:l: = :EZ\/ K2 (\/4ESO,N (,UN —FE+ ESO,N) + E% — (/LN —FE+ 2ESO,N))
(5.174)
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(awh)? + 12 = (Bf — ()’

2m*
kj+= jE\/ ( (un + E+2Eso.N) + \/4ES0,N (un + E+ Eson) + E%)

h2
(5.175)
2
(awk)? + b2 = (B} + X (k)
2m*
k‘ﬁ:li = i\/f:LZ((MN —F+ QESO,N) + \/4ESO,N (/LN — F+ ESO,N) —+ E%)
(5.176)

and we assign the index “1” to the kﬁi wavevectors, since in the following ranges the
Eﬁ branch will admit more than two solutions. Therefore, we obtain 4 real solutions,
describing propagating modes, and 4 complex ones describing evanescent ones. Indeed
the electron k4 4 solutions possess an imaginary part for the energy constraint £ <
Ez — pn that, by hypothesis, Range 1 always satisfies. Similarly, the hole Eﬁ‘ branch
admits two evanescent solutions for F < Ez 4 uy, which is also true for all energies
within Range 1.

In fact, as previously discussed, this last branch only admits complex solutions for
E > 0, since it lies entirely below the Fermi level. In particular, as will become
evident in the following ranges, this Hole branch will cease to contribute any solutions,
including evanescent ones.

However, since N is on the left-hand side of the interface, only solutions with a negative
imaginary part can be retained, since describing evanescent waves decaying for x —
—00. Asaresult kS s k:%_ modes represents the only permitted solutions here, whereas
k§ 4, kg modes bring to a divergent contribution and must be discarded.

For the propagating modes the group velocity is defined as

10F
BE)= "= 1
v(E) = 3o o) (5.177)
and reads
h D,

Vf(B) = - LK a(B) gp—tp and D= \/4Bso. (ux + E + Bso) +

(5.178)
h,1 _h o Dy, _ 2
Ul},i(E) = m* ku7i(E) m and Dh = \/4ESO7N (MN —F + ESOJ\T) + EZ

(5.179)

The general expression of the wavefunction in the N side of the junction for this energy
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range is
ik (BE)z ik (E)z
et h,1 b hphl
@N(m) = U, i( i’+) + a,’ (I)l} k 77) +

2rhvf | (E) b 27rhvﬁ;1 (E) *
k¢ (B)x ik (B)z
e v, h1 € b h(1.hl 5.180

O e DGk ) + b e (k7)) + | (5180)
) ) 3 h}l U«,"‘

2rhvi _(E) 2rhoy (E)

ke (BE)x ikl (BE)x

where vy is defined as

(5.181)

m*

N \/Q(ESO,N + pN)
VN =

and represent a formal definition of velocity, introduced to correctly normalize the
evanescent mode in ®, similarly to the propaganting ones.

E2
e Range 2 : ,LLN+7Z§E<E2—IMN
4FEso,N

2
We observe that for energies £ > uny + 4;2# hole-{} branch stops contributing

solutions altogether, not even evanescent ones, whereas the solution of Eqs (5.171) for
the hole-|} branch always yields four solutions.

In particular, the real ones solutions for the |}-Hole branch were already computed
for the Range 1 energy interval, whereas the remaining two solutions represent always
complex quantity for energy E such that Ez > |uy — E|, which for our choice of the
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parameters traduces to E < uy + Ez. Therefore, we have

2

(awk)? + 2 = (Bf — &X(k))
2m*

kﬂ‘ + = :t’L\/ h2

(awh)? + 82 = (Bf — (k)

(\/4ESO,N (un + E+ Eson) + E% — (uv + E +2Es0 N) )

(5.182)

e 2m* 2
ki%:i: =4 F((MN +E+2Es50N) + \/4ESO,N (un + E+ Eson) -I-EZ)

(5.183)

(awk)? + 82 = (B + (k)

2m*
kﬁi = i\/hg ( (uy — E +2Es0,n) + \/4ESO,N (un — E + Eson) + E%)

. 2m*
Ry = iz\/hz (\/4ESO,N (uy — B+ Bson) + EZ — (un — B+ 2Eson) )
(5.184)

Note that the k™ i solutions are equal to k:ﬂ 4 ones, since the two equations for the Hole
branch in (5.17 1) once squared, represents the same unique equation. The difference
between the two ranges clearly lies in the specific energy regimes of validity for the 4
solutions.

From the four evanescent solutions, we must discard the ones indentified by k‘ﬁi, kTeT Iy
since characterized by a positive imaginary part and thus diverging for x — —oc.
Given the definition of velocity group in Eq.(5.178) for the propagating {}-modes, the
wavefunction ®y(x) in this regime reads

ik (B)a - eikﬁjl_(E)z —
On(2) = af y === (k] +) + ay_————=0(k;_) +
2rhvf | (E) - 27rfwﬁ’1 (E) b
ik§ _(B)a . ik} (B)
NN — Y R B —@U(khl) (5.185)
27Thviﬁ(E) bt 27Th’l)ﬁ:+( )
ik (B)x kh 2(B)z
e h,2 : h,2
S D% (K ky
‘- \V2thon ﬂ( ﬁ’f) + - \/271'th ( )

where vy is defined in (5.181).

Range3:‘EZ—uN§E<EZ+,uN‘

The value Ez — un represents the onset energy for propagating modes within the Eﬁ
branch, as determined by Eqgs.(5.171). This marks the energy threshold above which
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the solutions for the £ branch transition from evanescent to permanently propagating.
It follows that

(awh)? +82 = (Bf — (k)

2m*
k§a = :l:\/hg ( (uny + E+2Eso N) — \/4ESO,N (u+E+ Eson)+ bg) (5.186)

(anhk)? + 82 = (B - X (k)

2mx
kj+= ﬂc\/h2 ((uv + E+2Es0n) + V4Eso.n (n+E + Eson) + E2)|(5.187)

(k) + 82 = (B} + (k)

2m*
kﬁli = i\/hQ ( (un — E+2Eso.N) + \/4ESO,N (W —E+ Eson)+ E%)

. [2m*
kﬁi = iZ\/ 72 (\/4E507N (0 —E+ Eson) +E — (uv — E+ 2ESO,N))
(5.188)

The computation of velocity group vy (F) = %%—f for the two Electron-ff modes brings

to

h D,

S (BY= —k§  (F) ————
Uﬂ,i( ) ﬂ,i( )De—2Eso,N

— and D, = \/4ESO,N (u+ E + Eson) + E%

(5.189)

We observe that the quantity D. — 2Eso v is always positive, therefore assigning the
right sign to the velocities of the two electron modes. The wavefunctions in the N side
reads

kG (B)a - eikﬁ;{(E):c -
Oy (z) = ai’+—®i(l€ﬁ+) + a) —F——— @u(ku’_) +
\/2mhuf | (E) ’ 27rfwﬁ77(E) 7
. eik%7+(E)J: o (ke ) . eikﬁﬁ(E)x o (ke )
+ a5 | + L _
ot vt (E) g+ ~ Janhvg,_(B) ke,
- ’ ’ (5.190)
ik (E)x kS _(BE)=x
e b+ e
+bh’1—¢’h(kh ) + be_—cbe(ke _)
‘U’7+ ‘U’ ‘U7+ b ﬂ TT7
27Tf‘wﬁ:}r(E) 2rhog _(E)
k™2 (BE)x
h2 € b b2
) @ k )
T y,- J2rhoN (ky2)
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2

E
e Range 4: |Ez +uy < FE < Eson + Z +pN
4Eso,N

This particular energy range is unique within the SO-dominated regime (Ez < 2Ego, n).
Within this window, the hole-| sector supports four propagating modes. Indeed, all
four real roots generated by the corresponding biquadratic equation in (5.171) satisfy
the constraint for the Eﬁ branch. Furthermore, the electrons sector remain unchanged
compared to adjacent energy regimes and the corresponding biquadratic equations for
each of the two electron sectors continue to yield two real (propagating) solutions.
Thus, the wavevectors solutions read

(awh)? + 82 = (B — (k)

2mx
k4 = :l:\/hg ( (un + E+2Eso N) — \/4ESO,N (u+ E+ Eson) + bg) (5.191)

(awh)? +82 = (Bf — (k)

2mx
kj+ = :l:\/hg ( (un + E +2Eso,n) + \/4ESO,N (1 + E+ Eso,n) + E%) (5.192)

(ank)? + 82 = (B} + (k)

h, 2m*

ku’i =+ ?<(,UJN — E+2Eso.N) + \/4ESO,N (u—E+ Eson)+ E%)
h,2 2m*

kyy == T ( (un — E+2EsoN) — \/4ESO,N (w—E+ Eson) + E%)

(5.193)

The group velocity for the propagating kﬁi modes is

Dy,

h,2 ho o ho
F)=—Fk/ " (F) ——————
vyx(B) = m* vt )2ESO,N_Dh

and Dh = \/4ESO,N (,LL —F+ ESO,N) + E%
(5.194)

From Eq.(5.194) we note that the quantity 2Eso y — Dy, is always positive in the
present regime. Consequently, unlike “traditional holes”, for which the wavevector (k)
and the velocity group (vy) have opposite sign, the two kﬁi( ) solutions yield to waves
which propagates to the right for & = kll +( ) > 0 and to the left for k = k‘ 2(E) <0.
The emergence of this unconventional behaviour is observed only in the SO dominated
regime (E7 < 2Eso, n. Indeed as already discussed previosly, the Eh(k‘) band exhibits
a “double-well” (or inverted Mexican hat) structure and it is characterized by a local
minimum at £ = 0 and two global maxima at k& = +k;,,. Then, the wavefunction
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Oy (x) in this regime reads

¢4+ (E) 5+ (B)
Oy () = af + s ‘I’u ki) + af e o (DTT ki) +
VT v (E V2 (B
ik (B)z ik (B) e
h1 € b~ h hl e bt
+ay_ ——=9y (k) + al (I’li k +
v QWhvﬁi(E) - U \/ 2mho ﬁi v
ike (E)=z 6 kS (E)z
. 27rh% T ,/27rhvﬂ .
ik (B)z k"% (B)
e bt h,1 h2 €t hoh
+ o)t o (kL) + b2 ol (k)2 )
4, orh ﬁ:i(E) 4, 4, 2whvﬁi(E) 4,
E2
« Range 5: |F > FEson + Z_ 4oy
4Eso,N

Finally, in this last energy range the entire set of hole solutions exhibits an imagi-

nary part, thereby leading to possible evanescent modes.

Furthermore, the situation for electron sector remains unchanged compared to adjacent
energy regimes. Each of the two electron branches (ETET and Eﬁ) is associated with two
real solutions originating from the electron biquadratic equation in Eq.(5.171), sup-
porting, therefore, propagating modes The solution of Eq.(5.171) for the three branches

yields the following wavevectors

(ah)? + 8 = (B~ (k)

\/4ESO,N (u+ E+ Eson) + b%)

2mx*
K = ﬂ:\/h2<(ﬂN +E+2EsoN) —

(awh)® + 82 = (Bf — (k)

e 2mx
Kt = jE\/ h?

( (un + E+2Eso.N) + \/4ESO,N (u+E+ Eson)+ E%)

(5.195)

(5.196)

(un — E+2Es0,N) — i\/4Eso,N (E —pun — Eson) — E%)
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To determine which solutions causes diverging modes for + — —oo , we rewrite the
Hole wavevectors as

KL =+vVZ (5.198)
KA =+VZr (5.199)

where

VZ = wZ;A +¢\/Z‘2_ A (5.200)

where |Z| = A2+ B?

@:\/’Z;A—i\/z‘z_/l (5.201)

and we have defined 4 and B as

2m*
A= 2 (un — E+2Es0 N) (5.202)
2m*
B= F\/4ESO,N (E— p— Bson) — B%) (5.203)
Consequently, we conclude that the solutions k:@ 4 kﬁz must be discarded, since di-
verging for x+ — —oo, whereas the solutions k:h ! k‘h 2 must be retained since represent

exponentially decaying evanescent modes. Therefore the wavefunction ®y(z) for this
final regime read

kG (B)x ks (B)w
Oy(@) = af e @Y (K] 1) + af B (k) +
2rho , (E) 2mhog | (E)
eikiﬁ(E)x eik%ﬁ(E)x
+ b =0 (k] _) + b ——=0f (k) + | (5.204)
2rho§ _(E) 2rhog _(E)
k™ (B)z kh 2
i€ b B bl Ut
) e @ k ) @ k
T, V21huy i iﬁ,—) + CU+ 2oy u( 1;+)

Fig.5.17 shows the excitations spectrum in N region and highlights the various energy
ranges which have been previously discussed.
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5.3 — Effects of a perpendicular magnetic field

The case of Rashba-dominated regime: excitations spectrum in N region
E
A

2

Z

E=puy+ Eson +

4Eso.N
E = EZ + Un /
E=F7-uy
B2
E = MUN + z
4Eso,N
? . ® & oo ® S
ke kh,‘l kh,2 e e kh,2 kh,‘l ke > k
U,- - - - t+10 4 U+ U+

— h h
Ey —Ey By Ey

Figure 5.17: Excitations spectrum in the N region for the Rashba-dominated regime. The hor-
izontal lines mark the various energy regimes which have been discussed analitically. Specifically,
in the energy interval £z + uy < E < Ego,n + % + un the eight allowed propagating
solutions are highlighted and associated with their corresponding wavevectors.

5.3.2 Solution in the S region

We discuss here the solutions in the S region in the presence of a magnetic field lying along
the z-axis [see Eq.(5.160)] and of a SOC pointing along the z-direction [see Eq.(5.158)].
Let us start by writing here the BAG Hamiltonian (3.6) in k-space for such a choice of
the SOC and magnetic field, namely

_ fgao —kago, —bgo, Ape® oy
Hpac (k) = ( Age %oy —&%00 + kago, — byoy, (5.205)

Although the direct diagonalization of this matrix is not algebraically trivial, its eigen-
values can be derived by squaring the Hamiltonian Hpgg. This approach exploits the
intrinsic particle-hole symmetry satisfied by Hpgqg, which arises from the redundancy
of the Nambu spinor in the BdG formalism. Specifically, if ®(k) is an eigenvector of
Hpgc with eigenvalue +F, then its particle-hole partner ®'(k) = C®(k) (where C is the
charge-conjugation operator defined in Eq.(4.68)) will be an eigenvector with eigenvalue
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The case of a single N/S interface in the nanowire

—F [see Sec. (4.67)]. Applying the operator Hpgq twice to these eigenvectors, we find
Hpac (k) [Hpac (k)(F)| = Hpaa(k)(+ E@(k)) = B*®(k) (5.206)

Hpa (k) |Hpao (K)® (k)| = Hpac (k) (= BO'(k)) = (—B) (= B¥'(k)) = E*®'(k)

This implies that the electron-hole pair is characterized by the same squared eigenvalue.
Consequently, the squared matrix H?B 4 becomes block-diagonal and exhibits two pairs
of degenerate eigenvalues. Denoting these squared eigenvalues as (£2)(k), we have:

(€)1 (k) = € + aBk? + 2 + A% £ 2,/€2(a2k2 + 12) + 12A] (5.207)

Thus, the four eigenvalues of the original Hamiltonian Hpys reads

¢S(k) = \/5,3 +a2k? 4+ b2 + A%+ 2\/.5,3(a§k:2 +b2) + b2A32) (5.208)

LK) = 62+ 02 +12 — A3 £ 2,022 + 12) + 12AY

It is worth noting that, while the eigenvalues admit a compact analytical form, the
analytical derivation of the eigenvectors is algebraically cumbersome. Nevertheless, it
can be achieved by writing a code in Wolfram Mathematica.

Exploiting the general structure of the eigenfunctions in real space defined in Eq.(5.8), a
generic eigenvector of Hpge can be decomposed as

ut (k)
u(k) uy (k)
O(k) = = 5.209
(k) ( v(k) ) o, (k) (5.209)
(k)
Therefore, the generic eigenvectors for Hpgze Hamiltonian read
uy 1(k) UL
e U k e ,U*
(k) = | ) (k) = C (k) = | O
ULT( ) ul,\L(k)
vr,4(k) k)
(5.210)
ug 4 (k) ~V2,1(k)
e U k; & v*
k) = | 24 (k) = Cw(k) = | 2O
v2,1(k) 2,1 (k)
vz (k) ~Uat(r)

where the u-components and the v-component characterize, respectively, the electron part
and the hole part of the eigenvector.
The physical interpretation of the spinor components is given by their squared moduli,
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5.3 — Effects of a perpendicular magnetic field

representing the probability weight of the quasiparticle. To characterize whether an
excitation is electron-like or hole-like, we define the charge character Q(k) as

Q(k) = (lug (k) + fuy (B)) = (lor(R) + vy (R)?) (5.211)

Using this quantity, we can classify the nature of the states
Q(k) >0 = Electron-like state (5.212)

Q(k) <0 = Hole-like state
Thus, the excitation spectrum can be labelled according to the dominant character of the

bands
Ef(k) = 9(Qi(k))ES (k)

E(k) = 0(— Qi(k))Es(k)
(5.213)
E5(k) = 9(Qa2(k))&E (k)

Ej(k) = (- Qa(k))sc (k)

where 9 denotes the Heaviside function.

Eigenfunctions at fixed energy E

To construct the spatial wavefunction at a fixed energy F, it is necessary to determine
the expression of wavevectors characterizing the different modes. This requires inverting
the dispersion relations derived above, which amounts to solving the following equations
for k

Ei(k)=E = \/5,3 + a2k? 4+ b2 + A%+ 2\/§g(a§k2 +b2) +02A3) =E (5.214)

Esy(k)y=E = \/5,3 + aZk? 4+ b2 + A% — 2\/5,3(@%/@2 +b2)+b2A3) =FE (5.215)

Once the solutions are found, the electron-like or hole-like nature of the wavevectors must
be assigned according to the sign of the charge character Q(k).

Unfortunately, the algebraic inversion of these relations is non-trivial, as it corresponds to
finding the roots of an eighth-degree polynomial in k (or, equivalently, a quartic equation
in k2?). The algebraic complexity of the spectrum in this region prevents us from pursuing
the fully analytical approach employed in Sections 5.2 and 5.3. Consequently, we must
proceed by using a numerical approach implemented via Wolfram Mathematica.
Despite the lack of closed-form analytical solutions for the wavevectors, a graphical analy-
sis of the dispersion relation allows us to extract crucial information regarding the allowed
propagating and evanescent modes.

Specifically, we will assume pug = 0, and, consistently with our analysis of the Nor-
mal region, we restrict our study to the Rashba-dominated regime, i.e. Ez < 2Eg0 g
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The case of a single N/S interface in the nanowire

(Ez = |bg|), within the trivial superconducting phase. Accordingly, the constraints im-
posed on the parameters are

ps =0, Ez <2FEs0,5 , Ey; <Ay (5.216)

Based on a graphical analysis, this parameter configuration reveals the following extrema
for the E5 band:

(i) A global minimum at & = 0 with energy F2(0) = Ez — Ag. This minimum cor-
responds to the excitation gap in the presence of a magnetic field, i.e., the lowest
possible energy for an excitation.

(ii) Two local minima located at k = £k, and energy Epgy,. Unfortunately, an ex-
act analytical expression for these points cannot be derived, as it would require
solving a higher-order polynomial equation in k. These points are highlighted in
Fig.5.18. It is important to emphasize that these minima do not coincide with the
“transition point” between electron-like and hole-like states within band 2. Indeed,
the mathematical conditions defining the band minimum (dEy/dk = 0) and the
charge character transition [Eq.(5.211)] are analytically distinct. However, these
two points are typically numerically proximal, rendering them virtually indistin-
guishable in a standard graphical representation.

(iii) Two local maxima located at +kpsq, and energy Epsq, (see Fig.5.18), for which
no closed-form expression exists. For a fixed Zeeman energy E; the value of this
maximum strongly depends on the SO energy Eso n.

The E4 band is characterized by a global minimum at & = 0 with energy F1(0) = Ez+A.
The condition Q1 (k) < 0, which identifies the hole-like states for the F; band, is generally
satisfied only within an extremely narrow range around the minimum, consequently, this
feature is not visually resolvable in the given plot representation.

As a result the four quantities E1(0), Enfin, Earaz, E2(0) represent the energy extrema
characterizing the number of propagating modes of the scattering process in the super-
conducting region.
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5.3 — Effects of a perpendicular magnetic field

Excitations spectrum in S region : E; < 2 Ego N, Ez < 4y

E
A

A0+EZ
EMax
Evin
AO_EZ
. ® L

_kMin _kMax +kMax +kMin

— h h
Ey B B B

Figure 5.18: The excitations spectrum in S region exhibits two well separated energy band
FE4, Es. In particular Es represents the lower bands and is characterized by a global minimum at
k = 0 and energy E2(0) = Ez — Ag, which represents the bulk gap of the spectrum. Furthermore,
this energy band shows two local minima at +kjs;, and energy Fas, and two local maxima at
+knrrar and energy Eprq.. In contrast, the upper band F; exhibits a global minimum at k£ = 0
and energy F1(0) = Ez + Ay. Each gray line is associated to one of the extrema of the spectrum.
We remark that, depending on the specific parameters of the system, the local maxima of the Fy
band may be larger than the minimum of the E; band.

Although it is not possible to gain an analytical derivation of the eigenfunctions, as for the
N region, we remark that the general expressions of the wavevefunctions ®(x) represents
a superposition of propagating and evanescent modes, namely

bj
V/0;

q

Ve

Pg(z) = . > &

D (kg ) Fai® T B (ke e~ Fa®
V 27Th a; U(li % / CZZ !

(5.217)

where the label ”a;” denotes incident propagating modes (left-moving), the label 7b;” de-
notes outgoing propagating modes (right-moving) and the label ”¢;” denotes evanescent
modes. In particular, the wavevectors associated to the latter modes shall be character-
ized by a positive imaginary part, in order to avoid divergence for x — +o00. Furthermore,
we have introduced a formal definition of velocity v, related to the evanescent modes to

149



The case of a single N/S interface in the nanowire

correctly normalize them , whereas the velocity group for the propagating modes is

_10E

vy(E) = =2

(5.218)

5.3.3 Andreev Reflection in the case of a magnetic field perpendicular
to the SO vector

In this section we shall investigate the Andreev Reflection phenomenon for two specific
sets of parameters in the Rashba-dominated regime (Ez < 2Ego < Ag). Specifically, we
shall analyze the cases of moderate (Ez; = Fso) and strong (Ez > Egp) Zeeman field,
adopting the two following sets of parameters:

moderate

Joeman field : L7 = 0480, Eson = Esos = 0480, ps=pn =0 (5219)

(5.220)

strong

Zeeman field : Ez =08A0, Eson =Esos=05Ap, pus=pnv=0 (5221

The case of moderate Zeeman field:
excitations spectra in the N and S regions

N | s

EA EA

\/ (i

(n

i

_Eﬂ Eu _E1 _E2

Figure 5.19: Comparison of the excitations spectra of the N and S regions in the case of moderate
Zeeman field. Line (I) and marks, the energy values F; = 0.4Aq while line (IT) marks the energy
value Fr; = 0.5A, above which the AR phenomenon is no longer allowed. Line (III) marks the
energy value of the bulk gap Ej;; = E2(0) = 0.6Aq. For this specific choice of the parameters
AR occurs entirely in bulk sub-gap regime.
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5.3 — Effects of a perpendicular magnetic field

The case of moderate Zeeman field

The excitations spectra in the N and S regions for this set of parameters are shown in
Fig.5.19. As illustrated in the analytical derivation of the solutions in the region N, the
threshold energy value after which the hole modes turn evanescent, and thus Andreev
Reflection no longer occurs, is

2

E
E;r = Eson + py + —2— (5.222)
4Es0o,N

which for this choice of the parameters yields E;; = 0.5Ag. This energy value is high-
lighted in Fig.5.19 by "line (II)”, while "line (I)” marks the energy values E; = 0.4A( at
which further propagating modes are available for transport. In Fig.5.20, we present the
electron and hole AR probabilities for three different values of the misalignment angle,
namely ®50 = {0, 5,7}

Although the AR probabilities undergo only some slight modifications when the ®go
varies, this dependence can be fully appreciated graphically . Furthermore, from 5.20 we
observe that, at fixed ®g0, the electron (RY,,) and the hole (R, ) AR probabilities
coincide exactly. In fact, although the application of a magnetic field breaks Time Re-
versal symmetry, for this specific choice of the parameters AR occurs completely at lower
energy with respect to the bulk sub-gap (Er; < Errr in Fig.5.19). Consequently, since
there are no propagating modes in the S region, AR represents a purely internal process
of the N region and the e — h process is perfectly symmetrical with respect to the h — e
one.

(a) (b)
The case of moderate Zeeman field The case of moderate Zeeman field
electron AR for different values of the &g, angle hole AR for different values of the &g angle
1F 1F
(1) (I () (I
s . s .
0 0.4 0.5 0 0.4 0.5
E/A() E/ 4y

_RQJ_)h:(D‘gO:O _Riv_)h:¢50=77/2 RN

e—>h:®50=n| |_R2/—)g:¢50=0 _R;;/ae:(DSO:n/z R;;I_“,:CDSO=r{

Figure 5.20: Electron (left panel) and hole (right panel) Andreev Reflection probabilities for
three different SO angle values, namely ®so = {0, 7, 7}. Line (I) and (II) marks the energies
E;r =0.4A0 and Er; = 0.5A. The AR phenomenon is limited to energy value below Epj, since
at higher energies hole modes become evanescent. In the energy interval 0.4, < E < 0.5A¢
the three curves collapse into a single one. We observe that the e — h and h — e processes are
perfectly coincident.
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The case of strong Zeeman field (Espo < Ez < 2E50)

We have plotted the excitations spectra in the N and S region for this set of parameters
in Fig.5.21. The three energy values of interest for the Andreev Reflection are

Er =0.2A Err =0.8A Errr = 0.82A (5.223)

and are marked by lines (I),(II),(III) in Fig.5.21 and Fig.5.22. In particular, E; = E;(0)
here represents the bulk gap energy in the S side of the junction, while Ejr; represents
the energy threshold above which hole modes become evanescent in the N region and
AR no longer occurs. We observe in Fig.5.22 that both electron and hole ARs show a
strong dependence on the misalignment ®gp angle. In particular, for &g = w, AR is
almost completely suppressed, while for ®go = 0, reaches almost the maximum value of
1, near E;. Furthermore, for energy values higher than E; (i.e. beyond the bulk sub-gap
energy), we observe that the hole and electron AR differ for the angle ®50 = 7.

The case of strong Zeeman field:
excitations spectra in the N and S regions

£ N s £

— Eq Ey — E1 — E

Figure 5.21: Excitations spectra of the N and S regions in the case of a strong Zeeman field.
Line (I) marks the energy of the bulk gap in the S region (E; = 0.2A¢), while line (III) marks
the threshold energy for the Andreev Reflection phenomenon (Err; = 0.824A¢). For this choice of
the parameters AR also occurs for energy values beyond the bulk gap.
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(a) (b)
The case of strong Zeeman field The case of strong Zeeman field

electron AR for different values of the &g, angle hole AR for different values of the &g, angle
1 E

(i
()

E/4 E/4

—Rﬁ’_},,:¢50=0 _Ri,v_,h:q)g()=77/2 *Ri}/_)hlq)g()=7T| |_R2/_,L,Z¢s()=0 _R;:/_N,ZCDS()=7T/2 _R;:/_,L,Z(DS():TF

Figure 5.22: Electron (left panel) and hole (right panel) Andreev Reflection probabilities for
three different SO angle values, namely ®s0 = {0, 5, 7}. Line (I),(II) and (III) mark, respectively
the energies F; = 0.2A, Erp = 0.8Ag, and Ejj; = 0.82A,. We observe in this case a strong
dependence on the ®go angle. Furthermore, while in the bulk sub-gap the electron and hole AR

are coincident, for energy beyond E;, we observe a difference between them ®g0.

In conclusion we demonstrated that applying a perpendicular magnetic field gives rise
to a dependence of the Andreev Reflection process on the spin orbit misalignment angle
®50. This result can be understood by considering that the field and the SOC fix two
different axes in spin space, and their competition results in a non-trivial spin-texture
along the wire.

Indeed, differently from the case without magnetic field, here rotating the SOC vector (i.e.
changing ®sp) cannot be reabsorbed by a simple basis transformation and the matching
conditions at the interface become genuinely angle-dependent. This explains why, in the
presence of a perpendicular magnetic field, the Andreev Reflection phenomenon develops
a clear dependence on ®gp.
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Chapter 6

Conclusions

In this MS Thesis I have investigated the Andreev Reflection process in nanowires char-
acterized by strong spin-orbit coupling and proximized by a superconductor. Andreev
Reflection represents the fundamental effect characterizing all quantum devices based on
nanowires and superconductors, which are currently on the spotlight of scientific research
in condensed matter, in view of their promising applications as Andreev spin qubits and
in the study of topological superconductivity and Majorana quasi-particles.

Specifically, I have investigated how the inhomogeneities of the Rashba spin-orbit cou-
pling emerging across the interface between a Normal (N) and a Superconducting (S)
nanowire portion affect the Andreev reflection. While most theoretical models have over-
looked these effects, such inhomogeneities are actually present in any typical setup, due
to the change in structural inversion asymmetry across the interface and to the presence
of gate voltages applied to the nanowire. The research work of this MS Thesis bridges
this gap of knowledge, providing a thorough analysis of the Andreev Reflection process in
the presence of inhomogeneities in both the direction and the magnitude of the spin-orbit
coupling, and taking also into account the presence of an applied magnetic field.

The first part of the Thesis includes some introductory material, where -to the benefit
of the reader- I have reviewed some fundamental concepts regarding superconductivity,
the Andreev Reflection phenomenon, and I have summarized the most relevant applica-
tions of nanowires with spin-orbit. Then, after providing a brief primer on the standard
Bardeen-Cooper-Schrieffer (BCS) model describing bulk low-temperature superconduc-
tors, I have generalized the BCS model to include the effects of the spin-orbit coupling
and the presence of a magnetic field. This enables one to describe a homogeneous single
channel semiconductor NW proximized by a superconducting pairing.

The second part of the Thesis is concerned with genuine research work. Specifically, in
Chapter 4, by adopting the Bogoliubov-de Gennes method, I have further extended the
model to include inhomogeneities in both the superconducting pairing and in the spin-
orbit coupling. Then, in Chapter 5 I have applied such model to the specific case of a
Normal-Superconducting (N/S) nanowire junction in order to investigate how spin-orbit
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inhomogeneities affect the phenomenon of Andreev Reflection. This chapter contains
most of the novel and original results of the MS Thesis, which were obtained by com-
bining analytical calculations and numerical analysis carried out by writing a Wolfram
Mathematica code. Specifically, I have considered two types of inhomogeneities. The
first one is an inhomogeneity in the direction of the spin-orbit coupling field, i.e. where
a misalignment angle ®go exists between the N side and the S side of the junction. The
second type of inhomogeneity is in the magnitude of the Rashba spin-orbit coupling char-
acterizing the N and the S side of the junction.

I started by analyzing their effects in the absence of an external magnetic field, consider-
ing two different regimes, where the spin-orbit energy is much larger or smaller than the
superconducting gap. In both cases I found that, while the misalignment angle ®go has
no effect on the Andreev Reflection phenomenon, the difference in the spin-orbit magni-
tude can significantly affect it.

Then, I turned to discuss how these effects are modified by the presence of a magnetic
field. In particular, I focused on the most interesting case where the magnetic field is per-
pendicular to the spin orbit vector, where an actual spin texture in the electronic states
emerges, and unconventional superconducting pairing is generated by its interplay with
superconductivity. Interestingly, in this case Andreev reflection exhibits a dependence
on the spin-orbit misalignment angle ®gp. Specifically, the investigation of two different
sets of system parameters reveals that such dependence can be more or less pronounced
depending on the relative ratio between spin-orbit energy and Zeeman energy. By elec-
trically tuning the direction of the spin-orbit coupling, one can either enhance or strongly
suppress the Andreev reflection phenomenon, which is the building block of any hybrid
quantum system involving NWs and superconductors.

In conclusion, this MS Thesis work provides a general theoretical framework to model
quantum transport in hybrid systems involving spin-orbit NWs and superconductors. The
results obtained for the case of a N/S junction demonstrate the feasibility of modulating
the phenomenon of Andreev Reflection by tuning either the magnitude or the direction
of the spin-orbit coupling, in the presence of a suitably applied magnetic field. The work
also provides interesting perspectives for future research. In particular, the established
framework and the obtained results are quite promising to address the case of a S-N-
S junctions, in view of potential applications for Andreev spin qubits and topological
superconductors.
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Appendix A

Details about the BdG
Hamiltonian of the
inhomogeneous nanowire

In this Appendix we provide the proof that Eq.(4.7) can be written in the BAG form (4.14),
with the Bogolubov de Gennes Hamiltonian given by Eq.(4.22). We start by rewriting
each of the five terms of the Hamiltonian Eq.(4.7), namely Eqgs.(4.2) to (4.6), in another
equivalent form. To this purpose, we shall make use of the following anticommutation
relations of the electron field operators

(0o (), W], (2)} = W ()], (') + WL, (2) 0, (2) = 62 = 2')0,0 (A1)

0
—_— T ! = T / T ! = — — /
5 {\IIJ(:U), Ul (x )} . Ul (a") + vl (2) p. 8x5(x )0p0 (A.2)

0?V,(x)  ?

@{qlg(z), vl (@)} = - ol () + 08, () G2 = 530(@ —2)iser (A3)
{Wh(@), wl,(@)} = Wl (2) W], (@) + W], (") W] (2) = 0 (A.4)
[dat@ge) = [ dogia) [ ar'ga)s o) (A.5)

where 0,0’ =1.

Let us then rewrite each of the five terms in Eq.(4.7) one by one.
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Kinetic term

Let us start by the kinetic term (4.2)

e et S ()

= / dz U (z fo o(z) =
o=l
[substitute P —iha@ and use Eq (A 5)]
o= t
[We now use Eq.(A. 3)]
2
= do dx’ | 7=0(x — ') — w‘ﬂ,(x') §(x —2') =
- Ox?
o=1,1
h? / 82\110 T /
_a;i <0p+2m”‘/ dx dx 52 Ul (2" o(x — ") (A.6)

where we have introduced the constant
h2
Cp= o /d:v dr's(x — ') == 6(x — 2') (A7)

The second term in Eq.(A.6) can be rewritten by repeatedly integrating by parts

0*V,
/da; dz’ W\IIT,(.Q:')(F(:U —1) =
h? O*v
2m* /da: 0z Vo ()

+oo
h? 0V, (z) t h? o, (z) OV ()
T 2m* Ox o (w) ~ o+ du ox or
=0
B2 oWl ( h2 P
N _2m*qlg() Ox /d Vol C0x2
- Qm*/dg;\p Ul (2) (A.8)

where we exploited the fact that the field (and its derivative) vanishes at large distance,
U,(z — £o0) =0.
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The kinetic term in Eq.(A.6) acquires the form

A

[now write og = (—ioy)(ioy)]

i iz
=2Cp — /da: (\IIT(x),\Ifi(x)) QLW(_in)(in) ( 12 )) _
I

Ui ()
p? ol(a)
— _ _ {
=20, / dz (\If (@), \IIT(x)) 57500 (—\I@ @) (A.9)
In conclusion, we have rewritten the kinetic term in Eq.(4.2) as
Hyin = 2C, — | do (T v Ly O A.10

Chemical potential term

- [ (w}o) 940wt (1) -

- /d:p\Iﬁ (@) Uy (z) =

o="1,)

:_Z//dxdx\lﬁ (@) Uy () b(z — ') =

P
using Eq.(A.1), we have

= — Z//dxdx,u, §(x —2')6(x — ') + Z//dmdmlp ()\Iﬂ(’)5(w—$'):

o="{ o=h{
- Z //dq:dac,u (x —2")o(x — ) Z/ dzU_(x) p(x) Ul (z) (A.11)
o="T,) o="T,)
By defining
C'#:/ dr dx' p(z) §(x — 2') 6(z — ') (A.12)

the chemical potential term acquires the form

159



Details about the BAG Hamiltonian of the inhomogeneous nanowire

o= =20+ X [ dat, (@) pla) Wh(a) =
o=T{

Ul (x
_ —2CM+/d1‘ (94(2). 9, (2) (@)oo (JE ;) _
(=

[now write og = (—ioy)(ioy)]

f x
= 20y + [ da(@) (¥1(@). 9, (@) (=icr (i) (%( )> -

‘I’¢($)
vl ()
= —20, + / dep(z) (U,(z), ~ ¥4 () 0 (_ \ﬁ (@) (A.13)
In conclusion, we have rewritten the chemical potential term (4.3) in the form
| (x)
H, = —2C, + /dxu(w) <\II¢(:J:), —\I/T(:r)> o0 (—‘Iﬁ(z)) (A.14)

Spin-orbit term

Let us now consider the spin-orbit term (4.4), which consists of three component terms

et ettt n] <(5)-

= Z Hsom (A.15)
m=x,y,z
where
1 .
Hsom=— 3 oo [dr W @{an@). P} n)p Vale)  (A10)
o0'=1{

and P — —ihZ in Eq.(4.4).
Since such term consists of three components, we analyze separately the cases of the o,
component and the cases of the a; , components.

¢ the z-component
For the z-component, one has
(02) gor = O 0o (A.17)
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and
Hso.. = — dz¥l (z){ oz (2), PlUs(x) =
50 Z& 2h/ }
-y w/dw wi( ){az(x),ax}\llo(:v):
o=T,4
io oVy(z) O
:U > 5 /d ol ){az(x) - —l—aur(ozz(x)\I/g(x)ﬂ _
io 0¥, () das(x)
:;& / dz [20- ()W) (0) =2 4+ W () 22w, ()] =
ov, 1 Oo,(x
:U Tiw/dm o (2) W] () 336( )+2\I/L(x) ax( )\I'U(x)} (A.18)

By applying Eq.(A.5) one can rewrite

Hso,. = (A.19)

_ Vo (z)
= Zw/ dacd:c az (z)W] (2") =2 o

o=1.1

N | —
Q
—~
N>
Q
8

Let us focus on each term individually.

1. The first term of (A.19) can be rewritten applying the relation (A.2)
Ve

+io // dz dz’ az(x)\llir(x/)aa(x)
x

— o [[ dvds’ a. (@) 0160~ 21 -

§(x —2') =

0¥, ()

Zmo) gt
or o

= oCW — ia/ dx dx’ az(x)éﬂgfx@‘lll(m’)é(x —2') =
= oW — ia/dx az<m)8\115:6(x) Ol (z) (A.20)

where we have introduced the o-independent constant
D= ’L/ dx dz’ o, (2)6(x — 2")0,6(x — 2') (A.21)
Now, integrating by part the last integral in Eq.(A.20) it follows that
, 0V, ()
—io [ dra.(2) =220 (2) =
w/ x () D Hx)
+oo
0 (z(2) ¥ (x)
—i—ia/da: U, (x) ( 2 ) =

—0o0

= —ioas(z)V, ()Tl (2)

=0
= —H’a/d:v 304595:6) U, ()W (z) +ia/daz a,(z)V,(2)
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and the first term of Eq.(A.19) acquires the form

io / dz o’ az(x)qfi_(x’)a‘l’ggf"”)a(x o) = (A.23)
= oCW +ic / da 8“" )\IIU(:U)\I/L(:E)—G—Z'U / dmaz(x)ma(x)a‘%f)

2. Regarding the second term of Eq.(A.19) it can be rewritten as
//d do' Ul (x 80:;( D) g, (2)6(x — o) =
_ /d d'aaz 5z — ') S(x — o) +
- /d dz' U ( a‘f;( Jwt ()6 — o) =
_ “’/d U ( 8‘“2 )qﬁ( ) (A.24)

where we have introduced the o-independent constant

ce — % / de o’ 80;355‘:) 5z — ') 6(z — 2) (A.25)

Inserting Eqgs.(A.23) and (A.24) into Eq.(A.19), the z-component of the spin-orbit
term can be rewritten as

— (1) Z2\) T
Hso,- U;i [O’Ca +za/da: o \IIU(:L‘)\IJU(QC)—I—M/dmaz(m)\IJU( )——= 8:13 a2
+oCP /d U, ( 8az 9:(@) i (a:)} =
=M +cP) Y o+
o="{
——
=0
T
+ ) [w/dmaz U, 8‘1' w/d v 80‘2 )\Iﬁ( )] (A.26)
o="1,1

The contribution of the constant term vanishes. In pass, we note that the sum of the
two constants (A.21) and (A.25) would return

Co=0CW 4R =i / do da’ 6(z — o) (o (x), 0} 6(z — ) (A.27)

Moreover, by comparing the last two terms of Eq.(A.26) with Eq.(A.18), one finally
obtains that the z-component of the spin-orbit term can be rewritten as

Hsoo = 3 o [ dati(@) {au(a). Py, (@) =
o=1,4

= — — [ d2¥,(z){a.(z), PIUT (x A28
Y 5 ) el {o0). )00 (A.25)
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e the z,y-components
Let us recall here Eq.(A.16),

1 R
Mo =— Y o [ do q;g(x){ax,y(x),P} (Cag)yy Uor(2)  (A29)
o0/ =1,
where
(UI)J,U’ =1- 50,0’ (A30)
(Uy)o,a’ =i0 (50,0’ - 1) (A.31)

Substituting P —iha%, it follows that

1 .
Hs50,(zy) = — Z ﬁ/dx \I/:r,(ac){am’y(x),P} (Oy)gor Vo () =

=
- ZJ;_:N / dz ‘I’E(w){%y(w),;;} (Cay) g Vor () = (A.32)
_ ;U’J;i / do Ut (2) [%y(@@qf(,;(x) T x,y(aj)\llax(x))} (o) —
- ZM,Z::N / da 205, () W ( >6qj§;($) Wi ( )8ag’i<$)w01(m)} (Oay)gor =
:ZU’U;’L / i [,y () T )Ng;m) % | )aag’i(x)%/(m)} (G

Exploiting now that the non-zero o, ,-elements are off diagonal ones (see Eqs.(A.30)
and (A.31), by applying relations (A.1) and (A.2), one obtain

, OV ( 1 0agy(z
Hs0,(xy) = —1 Z /dx [am,y(m) 8x( )Wz(x)+2wgl(x)(a%UWL(m)} () por
U7U,ZT)~L

(A.33)
Intergrating by part the first integral of the last equation, it can be rewritten as

i [ oy ) e w2 =

+oo Qo (2)UT (2
+i/dac \IJU/(:U)6< ’y(é)i_qj”( ) _

= —iagy(2) Ve (x)Th(2)

ol (z)
ox

=0
= —i—i/dw W\I!U/(x)ﬁlz(x) —|—i/dac Qg y(2) Vo () (A.34)
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and inserting this last result in (A.33), it follows that

Hsoen ==1 3 / dx [y (@ )6‘1’8; )q/;(x)+;\pg/(x)8‘3‘gimqfi(x)} (00) oo =
t(z Oy (T
/dx iy (2) U (2 )Mggf H%«@W\PL@H
_ %\pa, (1;)‘%“3?;3()\1;3(:5)} (Ouy) s = (A.35)
T (x g oy (T
Z /d:n gy (2)Wo (x )(Ngx() + ;\Ilﬁl(x)a(?f’;()\ljl'(l’)} (02.9) 5o

Finally, by comparing Eq.(A.35) with Eq.(A.32) we can state that

)
1
HSO,(Q,:L/) == Z ﬁ/dm lllj;' {axﬁy } Ux,y G'O'/ ",U) =

o,0'=T,
oV (x) 1 0 a4y ()
_ i 1ot Y , _
- ¥ > [ dr oy @W @ 4 S0 @) T 0)] (00),
ovl(z) 1 Oagy () -+
i ¥ [dean @ @5 + 500 @) D @) (00), =
oo'=t{
_ /dx\If {aw( ), P} (00y)" Uh(2) (A.36)
2h o'
00'_T$
where we used the following property
(02y)o0 = (Oy)gro (A.37)
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In conclusion, recollecting the three components, the spin-orbit term gets rewritten as

Hoo=—gp & % [arv@fan@). P} (on);, V@) -

m=x,Y,z g,0'=1,|
1 . (@)
_ _th:zz;y’z/dx (xpﬂ;@,\l@(m)) {am(x),P}am (\I&(g;)) =

[now insert two identities oy on the left and on the right of o]

1 S U & 21€5)
— _%m:zm;y’z/dx (‘I’T(ﬂc’),\lu(x)) {Oém(m)aP}(—Wy)(wy)am(_Wy>(wy) (\I&(:c))
=5 L [ds (0@ 0) (=i {am(2), P} 103107 i) i) (qﬁm)

. Sl o (V@
= o mzzy/ i (W) (2), <0 (2) { (o). P }W"i’:% <—ﬁ<w>> -

Mz
_ +% m:zm:y / da (0, (2), ~ 4 () {am(x), ﬁ}gm (fpﬁ((;)) (A.38)
and again
e
Hso = +% /d$ (\I/J/(I')a —\I/T($)) {a(:p),ﬁ} o (_%ﬁf(i)) (A'39)

Zeeman term
The Zeeman term (4.5) consists of three components
He=— 3 % / de UL ()b (2) (0m)yr Uor () (A.40)
m=x,Y,z g,0'=1,|
Let us separately analyze the z-component and the x, y-components.

e the z-component
Inserting definition (A.17) and then applying relation (A.5) to the z-component of
Eq.(A.40), we have that

__ / o Ul (2)b,(2) 0850 Ui (z) =
T4

0,0’ =1,

=— Z / dz dz' U (2)D,(2) 0050 Uy (2)d(x — 2') =
Uvo-/:Twl/

- Y. / / da da Ut ()b () Uy (2)5(z — o) (A1)

o="T,
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Using relation (A.1), Eq.(A.41) gets rewritten as

= Y o [ da ¥y (@)hu(e) Vi) (A42)

and thus

the z,y-components
Let us start from Eq(A.40) for the x, y-components, i.e.

Ho o) = — / A U (2)by.y (@) (0ay), s Vo () (A.43)

As for the SO z,y-terms, the non-zero o, ,-elements are off diagonal ones, thus we
may directly apply relation (A.1), obtaning

M) =+ 2. [ o Uo(@lbey(@) (7ay)iry Vi) (A.44)
Uvo-/:Twl/

where again we use (04,y)o0’ = (Tay)ii,-
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Recollecting now the three components of the Zeeman term, it follows that

Ho=t 3 % [doU@hu(a) (on) Vhiix) =

m=x,Y,2 g,0’'=1,]
m)
=+ da (U4 (), Uy (2))bm(z) ok, | ] -
mz:p:yz/ T i ) (\IIi(x)

[now insert two identities oy on the left and on the right of o]

Nz
Tz

_+mzx:yz/d:r Vi(2), Uy (2)) (—ioy)bm(2) (ioy)orm, (—ioy)(ioy) iﬁxi) )

_ +mzx:yz/da: Uy (2), =W (2)) b () (ioy) o (—ioy) (—\1353)7) B

Mz
mzz:yz/da: Uy (@), =4 (2)) b () om (iﬁ(i))
In conclusion, the Zeeman term can be rewritten as
_/dm (U (z), —U+(2)) b(z) - o <_¢’£f(2)) (A.45)

Superconducting term
The superconducing term (4.6) can be rewritten as

Hso = /dfv \I’T( )\Iﬁ(:c) +A*(a:)\11¢(a;)\I/T(x)} =

/ dr[A Wl (@) + A% (@)U ()0, ()] (A.46)

Thus, Eqgs.(A.10), (A.14), (A.39), (A. 45) and (A.46) are equivalent expressions for the
five terms (4.2), (4.3), (4.4), (4.5) and (4.6), respectively, i.e.

H2 T
Hiin =20, — [ de (W,(2), ~0,(2)) 5 00 ( ‘I’\PT(()Q (A.47)
f X
M, = —20, + / dop(x) (U (@), =Wy (x)) 0 (_‘I’ﬁ( (:Z»)) (A.48)

f x
Hso = +21h/d:c (\I@(x), —\I/T(:C)) {a(a:),p} o (—%{(:ﬁ)) (A.49)

vl (2)
dx (¥ (x)) b(x) a’( v > (A.50)
/ v T —\Iﬂ(x)
Hep = — / d [ A(2) U] () UL (2) + A% ()4 (2) U, ()] (A.51)



Details about the BAG Hamiltonian of the inhomogeneous nanowire

We can therefore rewrite the full Hamitonian as
1
H = 3 (H+H) (A.52)

Now, for the first H appearing on the right hand side of Eq.(A.52) we adopt the sum of
the expressions (4.2), (4.3), (4.4), (4.5) and (4.6), whereas for the second H we exploit
the sum of the 5 equivalent expressions (A.47), (A.48), (A.49), (A.50) and (A.51). By
exploiting the definition (4.15) of the Nambu spinor, Eq.(A.52) acquires the form (4.14)
where Hpga(z) is given by Eq.(4.22).

End of proof
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