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ABSTRACT

We consider the proximity effect in superconducting heterostructures with intrinsic Rashba
SO-coupling in equilibrium. We first consider the one-dimensional S/F/S-Josephson junction
with SO-coupling investigated by Jacobsen and Linder [1], before connecting two such systems
with a nanowire forming an H-geometry. This allows us to simulate an effective odd-frequency
Josephson junction, just by the use of s-wave superconductors. The goal of this thesis is to
theoretically and numerically investigate how the proximity effect manifests in the density of
states in such a geometry. In particular, we explore how the giant triplet effect seen in the two
parallel S/F/S-Josephson junctions presents itself in the nanowire.

The analytical equations describing our systems are obtained from the quasiclassical theory
of superconductivity, with the spin-orbit field incorporated as an SU(2) gauge field. We
parameterize these equations in the so-called Riccati-parameterization, well suited for numerical
simulations. We present an analytical discussion of the weak proximity limit and a numerical
investigation of the full proximity regime for our systems. Our results show that the effective
Josephson junction behaves qualitatively different from the one-dimensional Josephson junction.
We show that this counter intuitive result is due to the relationships between the initial
symmetries at the midpoints of the parallel junctions, and that this characteristic behaviour is
therefore only marginally affected by an exchange field or spin-orbit coupling in the central
wire. Remarkably, our results also show that the zero-energy peak in the density of states now
can persist throughout the junction for several superconducting coherence lengths.



SAMMENDRAG

Vi undersgker proksimitetseffekten i superledende hybridsystemer med iboende Rashba spinn-
bane-kobling i likevekt. Motivert av Josephson-effekten i en 1-dimensional S/F/S-struktur med
spinn-bane-kobling, ferst undersegkt av av Jacobsen and Linder [1], kobler vi sammen to slike
systemer med en perpendikuleer nanotrdd. Systemet vart danner na en H-geometri. Vi kan
med dette simulere et effekitvt odd-frekvens hybrid system kun ved hjelp av koventionelle
superledere. I denne avhandlingen gransker vi teoretisk og numerisk tilstandstettheten for
et slikt system, med et spesielt fokus pa hvordan Josephson-effekten sett i de to parallele
S/F/S-systemene utspiller seg i den sentrale nanotraden.

Det tas utgangspunkt i kvasiklassisk teori for superledning, med spinn-bane-feltet inkludert
som et SU(2)-gaugefelt. For numeriske beregninger introduserer vi Riccati-parameteriseringen.
Vi presenterer en analytisk diskusjon av grensetilfellet hvor materialene i hybridsystemet
pavirker hverandre svakt, samt en numerisk gransking av det fulle regimet. Resulatene viser at
det effektive hybridsystemet ikke oppferer seg kvalitativt likt som den 1-dimensionale S/F/S-
strukturen med spinn-bane-kobling. Vi viser at dette kontraintuitive resultatet er en folge av
symmetrirelasjoner mellom de komponentene opprinnelig tilstede, og at denne karaktersitske
oppferselen kun marginalt blir pavirket av et utvekslingsfelt eller spin-bane-felt. Resultatene
viser ogsd at tilstandstettheten ved energi lik null kan vedvare gjennom den sentrale ledningen
for flere superledende koherenslengder.
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NOTATION AND UNITS

Throughout this thesis, we will denote scalars and complex numbers by the font face 2. We also
use the standard notation z = a +i- b, where z and b are scalars and i is the imaginary unit.
The complex conjugate of z is denoted by z*.

Furthermore, vectors in three-dimensional space will be denoted as v. The Cartesian unit
vector will be denoted as ey, e, and e;, without the conventional hat. With the short-hand
notation, the nabla operator therefore becomes V = drex + dye, + 0ze;.

We write the transpose of a matrix as AT and the Hermittian conjugate as Af. Next, we
denote the commutator by [A, B]- = AB — BA and the anti-commutator by [A,B]+ = AB + BA.
When dealing with 2 x 2 complex matrices in Nambu-space, we will use the notation A. For
similar matrices in spin space, we use the notation A. We use the standard Pauli matrices a9,
¢!, 02 and ¢ as the basis vector for spin space

10 0 1 0 —i 1 0
"O:(o 1)' ”1:(1 0)’ UZ:(i o>' "3:<o 1)' (¥

Thereby defining the Pauli vector as o = ole, + gzey + 0e,. The basis matrices in Nambu-space
are defined in the same manner as the Pauli matrices in spin space, though denoted by t’s
instead of ¢’s.

Furthermore, the following 4 x 4-matrices will also be convenient

000 1 00 0 —i 10 0 0
4 loo1o0 > oo =i o 5 o1 0 o
P=1o 100 P loi o ol 1o 0o -1 o0 (2)
100 0 i 00 0 00 0 -1

Finally, we denote the Heaviside step-function as 6(t), while J(¢) denotes the Kronecker
delta. The Kronecker product ® will also be useful. For instance 9 can be expressed by the
Kronecker product ¢ = 7 ® ¢¥. Additionally, if not specified otherwise, p always denotes the
momentum, m always denotes the mass of an electron and e always denotes the charge of an
electron.

In this thesis, we will also use the rationalized natural units convention, that is we normalize
the Planck’s constant 7, the Boltzamnn's constant k and the gravitational constant G to unity

h=k=4=c=1, (3)

where €y and j¢ denote the vacuum permittivity and permeability respectively. Furthermore,
since ¢ = 1/, /€plo, these constants can also be set to unity eg = pp = 1.
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INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

In 1911, Onnes and his staff discovered that mercury lost electrical resistivity below a critical
temperature T; just a few degrees over zero Kelvin [2, 3]. At the time, the fundamental theory
to describe this was not known, so little did he know that he had witnessed the birth of
superconductivity. In the years to come, many experiments were done trying to describe and
explore this exotic new phenomenon. One such experiment was conducted by Meissner in 1933
[4]. In this experiment, Meissner cooled down superconducting materials while applying an
external magnetic field. When the temperature was below the critical temperature, he discovered
that the magnetic field inside the sample was (nearly totally) cancelled. This exclusion of the
magnetic field inside a superconducting material below the critical temperature is referred to
as the Meissner effect and is the second property defining a superconductor. The Meissner
effect divides superconductors into two types, conventional low-temperature superconductors
and unconventional high-temperature superconductors. In this thesis, we will focus on the
conventional low-temperature superconductors *.

Resistance in conductors can originate from several sources, mainly electron-phonon scatter-
ing, electron-impurity scattering and electron-electron scattering. In the case of a conventional
superconductor at low temperature, the electron-phonon scattering contributes the most to
the resistance. As stated, one of the properties of superconductors are the loss of resistance
below a critical temperature, so how does this relate to electron-phonon scattering? The answer
lies within the theoretical description of conventional superconductors, namely the BCS-theory
[8], which we will now give a brief introduction to. Imagine a system consisting of positively
charged ions in a lattice structure below the critical temperature. If an electron now moves
through, it will attract the positively charged ion cores. However, since the mass of the ion cores
are much larger than the electron, the position of the ion cores will remain shifted for some time
after the electron has moved away. Hence, the presence of an electron causes a slight shift in
the local charge distribution, as sketched in figure 1. If now a second electron comes by, it will
experience a positive charge as a result of this shift in the local charge distribution. Therefore,
the second electron, sketched as the leftmost electron in figure 1, now experiences an attractive
Coulomb force. Since this shift of the local charge distribution is caused by another electron, we
say that the two electrons now have an attractive interaction, forming what we call a Cooper-pair.
Consisting of two electrons, this Cooper-pair effectively has an integer value of spin. Therefore,
the Cooper-pair behaves like bosons?, making it possible to get Bose-Einstein-condensation.
In other words, what actually happens is that electrons below this critical temperature start
to pair up in Cooper-pairs, and since Cooper-pairs behave like bosons, the Pauli exclusion
principle does not prevent several Cooper-pairs to be in the ground state. One can also show
that the formation of Cooper-pairs actually protects the electrons from scattering, due to the

Typically conventional superconductors have low critical temperatures. In recent years though, one has managed to
drastically increase the critical temperature for conventional superconductors, at the cost of very high pressures [5, 6, 7].
Cooper-pairs are not actually bosons, but since the commutation-relations to leading order are bosonic, Cooper-pairs
qualitatively behave as bosons.
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creation of an energy gap in the energy band structure. Hence, below a critical temperature,
this electron-phonon scattering just vanishes. This was indeed the phenomenon Onnes first

discovered back in 1911.
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Figure 1: A illustration of the effective attractive interaction between electrons due to lattice distortions.
The rightmost electron travels through the lattice, leaving behind a distorted lattice. The leftmost electron
is then attracted by the distorted lattice.

However, according to the BCS-theory, the critical temperature may seem a bit mysterious.
What makes the system suddenly behave so drastically different at this critical temperature?
It turns out that this critical temperature has quite a simple physical interpretation. A crucial
point in the explanation above is that the second electron comes by when the local charge
distribution is still shifted. Hence, there is a maximum amount of time the second electron
can wait before coming, to still experience an attractive force. If it waits too long or the lattice
vibrates too fast, the positively charged ion will relax to the initial position, meaning that we no
longer have a shifted local charge distribution. At the same time, the second electron cannot
come too fast either, since the repulsive Coulomb force between the electrons then would win
over the attractive force from the shifted charge distribution. The loss of resistivity is therefore
a delicate balance between competing forces, and the critical temperature corresponds to the
highest temperature in which the outcome of this competition is an attractive force. If we are
above the critical temperature, the lattice vibration will destroy the attractive interaction.

We now move on to the second property of superconductors, the Meissner effect. Math-
ematically, the Meissner effect is described by the London equation, derived by H.London
and F.London [9]. The London equation is motivated by assuming that in a superconducting
material the current density is proportional to the vector field A of a local magnetic field, i.e.
j = CA where C is a constant. This assumption is quite different from what we will have in a
normal conductor, where the current density is described by Omh’s law, i.e. j = cE. What the
London brothers did was to show that a superconductor could be well described by choosing
C = —1/puoA?, where p is the vacuum permeability and A is a constant with dimension length
[9]. Combining this with the Maxwell equations we get the so-called London equation

V?B = B/Af. @

Suppose that we have a semi-infinite superconductor in the superconducting state. Solving
the London equation it is straightforward to show that the external magnetic field B decays
exponentially over the characteristic length scale Ay, as shown in figure 2a. This characteristic
length scale is called the London penetration depth and its value is typically in the range of
tens of nanometers [10, 11]. In other words, the magnetic field can only survive in a thin layer
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close to the surface, whereas it completely vanishes for most of the sample. This is exactly the
effect Meissner measured.

However, the exclusion of a magnetic field does cost energy, so it is reasonable to think that
at some point a strong magnetic field can destroy the superconductivity. This is indeed the case,
and the strongest magnetic field one can apply before breaking the superconductivity at zero
temperature is called the critical magnetic field Hy. At increasing temperatures, it is reasonable
to expect the value of Hy to decrease, since increasing the temperature makes the Cooper-pairs
easier to destroy. Following the work of the London brothers, Landau and Ginzburg showed
that this indeed holds [11, 12]. They found that the critical magnetic field H, is proportional to
Hy(1 — (T/Tc)?), where T, is the critical temperature as shown in figure 2b [11, 12]. The region
in which the temperature is below the critical temperature and the field is below the critical field
is referred to as the superconducting phase, while the region in which the superconductivity is
destroyed is referred to as the normal phase.

0.01 Normal phase

Superconducting
phase

Bo Superconductor

i - |

(a) (b)

Figure 2: Properties of type I superconductors. The magnetic field as a function of position is illustrated
in (a), while the temperature dependence of the critical magnetic field with Hy = 0.014 A/m and T =4 K
is plotted in (b).

At first sight, the Meissner effect may seem to violate Ampere’s law. After all, a moving
charge surely should give rise to a magnetic field, but in the superconductor we have no
magnetic field while still having a current. The explanation lies in the London penetration
depth. Recall that the London equation does not predict that the external magnetic field drops
to zero immediately after entering the superconductor, it rather falls exponentially. Of course,
the magnetic field will not survive long, but we still have a thin layer in which the magnetic
field is nonzero. If the current flows in this thin layer, Ampere’s law still holds and this is
indeed what happens. The superconducting current only flows in a thin layer close to the
surface, and hence the Meissner effect does not violate Ampere’s law.

We now move on to the field of spintronics. In short, spintronics is the utilization of the
spin of the electron in addition to its charge [13]. For example, if spin up is represented as 1
and spin down as o, we can use the qubits for a wide variety of applications, such as quantum
communication, computing and sensors as well as quantum dots [14]. Another example is
spin-transfer torque, in which a spin-polarized current is used to change the orientation of
the magnetization in a magnetic material [15]. However, we do not necessarily need to have
an electric current to transport spin. Magnetic insulators are good examples of this, where a
continuous change in the orientation of the electronic spin gives rise to a spin wave [16]. Thus,
the spin is transported as a wave rather than by moving electrons. Finally, topological insulators
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also have received a lot of research due to their interesting properties [17]. These materials
have a gap in the bulk band structure like ordinary insulators, yet the spin-orbit coupling
combined with time-reversal symmetry creates gapless surface or edge states, allowing for
ultra-low dissipation transport of charge and spin at the surface or edge.

The field of superconducting spintronics is the merging of superconductivity and spintronics
[18]. As the name implies, superconducting spintronics inherits both the properties of supercon-
ductivity and the properties of spintronics, leading to intriguing new phenomena. One of these
phenomena is the generation of triplet states. Imagine that we have a convectional superconduc-
tor in contact with a magnetic metal, let us say a ferromagnet. Near the interface, the properties
of the superconductor will leak into the ferromagnet and vice versa, known as the proximity
effect. In a conventional bulk superconductor the Cooper-pair prefers the zero center of mass
momentum singlet state (1| — |1). However, when the Cooper-pairs enter the ferromagnet,
the situation becomes different. As we soon will discuss in more detail, the energy bands for
spin-up and spin-down get shifted in the presence of an exchange field. This shifting of the
energy bands causes the momentum at the Fermi-energy to shift slightly, resulting in a Cooper-
pair with a nonzero center of mass momentum +Q. The singlet state therefore transforms
according to (1| — |1) — (1] ¢QR— |1 e7@R) = (1] — [1)cos(Q - R) +i(1| + |1)sin(Q"-R),
where R is the center-off-mass position [19]. In other words, the Cooper-pairs change from
being in a singlet state to a mixture of the singlet and triplet state (1] + |1), when entering
the ferromagnetic region. This effect is known as singlet-triplet mixing, and the resulting state
is often referred to as the FFLO-state. However, as the Cooper-pairs move further into the
ferromagnetic region, the exchange field h will try to flip spins pointing in the anti-parallel
direction while leaving the others unchanged. Therefore, the exchange field will cause a phase
difference between the electrons forming the Cooper-pair, eventually leaving the two electrons
out of coherence and destroying the Cooper-pair. The length scale at which such unequal-spin
states can survive is of order v/D/h where D is the diffusion constant and # is the magnitude of
the exchange field [20].

However, we know that the state (1] + |1) is not the only possible triplet state, we also
have two triplet states with equal spins (11 and ||). Unlike the singlet state, the triplet states
are not rotationally invariant. The triplet states transform into each other when rotating the
state in spin-space. Therefore, if we somehow could find a way of rotating the triplet state in
the FFLO-state into one of these states with parallel spins, the exchange field would no longer
lead to incoherence and hence we would expect the Cooper-pairs to survive longer. It is worth
mentioning that such an equal spin triplet state is not only interesting because of their longer
coherence length. They are also interesting from a fundamental point of view, as they can give
rise to interesting effects in a ferromagnetic material such as domain wall motion, spin-transfer
torques and magnetization switching [18].

Mainly, there are two ways of achieving such long-ranged Cooper-pairs in equilibrium.
The first way of achieving this is by having an inhomogeneity in the exchange field (magnetic
inhomogeneities). These magnetic inhomogeneities can originate from having a layered structure
with several ferromagnets, each with a noncolinear alignment of the magnetizations [21, 22, 23],
or from having a single ferromagnet with a local inhomogeneity in the magnetization [24, 25,
26, 27]. The second way of achieving such long-ranged Cooper-pairs is by having spin-orbit
coupling present, as shown by Bergeret and Tokatly [28]. What Bergeret and Tokatly showed
was that having a homogeneous exchange field but finite spin-orbit coupling (SO-coupling),
gives rise to the exact same transport equations as while having a Bloch-domain wall with an
inhomogeneous exchange field. This demonstrates that the singlet-triplet conversion caused by
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SO-coupling can mathematically be described by a Bloch-domain wall with an inhomogeneous
exchange field. Hence, SO-coupling is nothing but another way to mathematically describe a
particular type of magnetic inhomogeneities. We could either have a inhomogeneous exchange
field and zero SO-coupling in the ferromagnet, or we could have a homogeneous exchange
field and a finite SO-coupling (corresponding to a Bloch-domain wall with zero SO-coupling).
In both cases, the long-ranged triplet components are generated. As Bergeret and Tokatly
showed, these long-ranged triplet states can now survive for a much longer length scale of
order /D/27tT, where T is the temperature. Furthermore, it has been demonstrated that this
coherence length for the long-ranged triplet component is of the same order as in a normal
metal [24, 19]. Hence, SO-coupling provides a promising way to generate long-ranged triplet
components, and different ways to achieve this intrinsic SO-coupling have received a lot of
research recently[29, 30, 31, 32, 33].

However, in recent years it has also been shown that in an S/F/S-Josephson junction with
SO-coupling, the phase difference ¢ between the superconductors can be used to generate and
isolate these long-ranged triplet components [1]. Jacobsen and Linder found that having a phase
difference of ¢ = 7 resulted in a giant peak in the local density of states, the very fingerprint of
triplet states. They also showed that this giant triplet proximity effect can be predicted solely
based on symmetry arguments, making it independent of the specific parameters. Furthermore,
from these symmetry arguments, they could also argue that the observed peak in the density of
states was entirely due to the long-ranged triplet components. What Jacobsen and Linder found
is in stark contrast to the behaviour of an S/F/S-Josephson junction without SO-coupling and a
phase difference of 7, in which the proximity effect is suppressed. Hence, the S/F/S-Josephson
junction with SO-coupling offers a promising way to create, control and isolate (equal spin)
triplet Cooper-pairs. In this thesis, we will explore this phenomenon further by connecting two
such systems by a feorrmagnetic nanowire, as suggested by Ouassou [34]. By doing so, we
effectively create a Josephson junction with odd-frequency triplet states as the initial source of
the Cooper-pairs by just using s-wave superconducotors.

1.2 SCOPE AND STRUCTURE

Before we can begin discussing particular systems, we will need some basic theory and tools.
The goal of Chapter 2 - Chapter 4 is to establish the tools needed to describe and determine the
Cooper-pairs in superconducting systems. In Chapter 2 we will introduce some fundamental
concepts crucial to build up a physical intuition of what is going on in superconducting systems.
In short, in sections 2.1 and 2.2 we discuss how the SO-coupling and the presence of interfaces
affect the Cooper-pairs, respectively. We will also discuss the pairing symmetries for Cooper-
pairs in section 2.3. Having a basic understanding of how Cooper-pairs conceptually behaves,
we will in section 2.4 introduce the mathematical framework needed to describe Cooper-pairs,
namely the Green’s functions. Next, we will discuss the quasiclassical approximation, and
how this alters the Green’s functions in section 2.5. In Chapter 3, we extend our theoretical
understanding by including a brief discussion of the BCS-theory. In Chapter 4 we focus on
deriving the equations describing the Green functions in a general material. In the first part of
Chapter 4, section 4.1, we use our established mathematical framework to derive the Usadel
equation from the exact transport equation. Along with appropriate boundary conditions
discussed in section 4.2, the Usadel equation determines the Green’s functions in a general
material. In section 4.3 we have included a brief discussion of the bulk solution in the case of a
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conventional superconductor. In the second part of Chapter 4, section 4.4, we will introduce
a common parameterization for numerical purposes, namely the Riccati-parameterization.
Connecting everything we have learned so far, Chapter 5 focuses on expressing common
physical observables in the established mathematical framework. We first introduce the d-vector
formalism in section 5.1, before considering the density of states, current and the superconduitng
gap in sections 5.2, 5.3 and 5.4 respectively.

While Chapter 2 - Chapter 4 focus on establishing the fundamental theory and equations
determining the Green’s functions for a general heterostructure, Chapter 6 focuses on preparing
these equations for qualitative discussion of a specific type of system. The specific type of
system of our choice is a one-dimensional S/F/S-Josephson junction with SO-coupling, the basic
building block of the system we ultimately want to investigate. To prepare our equations for
qualitative discussion, we first linearize the Usadel equation in section 6.1, followed by invoking
the d-vector formalism in section 6.2 to easier distinguish the short-range and long-range triplet
components. Finally, in section 6.3 we will also insert the relevant SO-coupling and exchange
field. We have also included a short discussion of the dimensionless analogue of the equations
in section 6.4. The resulting equations will become crucial when discussing specific systems in
Chapter 7 and Chapter 8.

In Chapter 7, we reproduce the results for the one-dimensional S/F/S-Josephson junction
with SO-coupling, first presented by Jacobsen and Linder [1]. The goal of this chapter is to
develop a physical intuition of whats going on in the simpler system before dealing with our
more complicated H-geometry. Having developed an understanding of the basic building block,
we finally explore the H-geometry in Chapter 8, which is the main goal of this thesis. Before
presenting the results, we will briefly discuss the experimental set-up and numerical method in
section 8.1 and 8.2 respectively. Thereafter, we present the linearized equations in section 8.3
for a general exchange field. Finally, we discuss the results for the cases in which the central
nanowire is a normal metal and a ferromagnet without and with SO-coupling in section 8.4,
8.5 and 8.6 respectively. To conclude this thesis, we give a summary and outlook in Chapter
9. Additional calculations, as well as the matlab code used to simulate the one-dimensional
S/E/S-Josephson junction with SO-coupling, are included in Appendix A, B and C respectively.



FUNDAMENTAL CONCEPTS

The goal of this chapter is to introduce some fundamental concepts and theory, as well as to
establish the mathematical framework needed to describe superconductivity. With these tools
at hand, we will be better suited to deal with the equations revealing the precise behaviour of
superconducting systems.

2.1 SPIN-ORBIT COUPLING

Spin-orbit (SO) coupling refers to the phenomena in which the spin of each quasiparticle couples
to its momentum. In general, this is described by a linearized® single-particle Hamiltonian
[28, 35]

H=—-p- - A/m, (5)

where p is the momentum of the particle, m is the mass and A is the SO-field. The SO-field A
is a 2 x 2 SU(2) vector field. It is an object with both vector structure in real space, and has a
2 x 2 matrix structure in spin-space .

There are two types of SO-coupling in solids: symmetry dependent and symmetry indepen-
dent. Symmetry independent SO-coupling exists in all crystals as a result of SO-coupling in
atomic orbitals. This type of SO-coupling is therefore solely material-dependent. On the other
hand, symmetry dependent SO-coupling only exists in materials without inversion symmetry,
meaning standing at an arbitrary point in the material, the system will not look the same if
you invert your view. Mainly, there are two ways of breaking this inversion symmetry in a
material, either by surface-induced asymmetry (Rashba) [36, 37, 38] or bulk-induced asymmetry
(Dresselhaus) [39, 371

Let us start by discussing surface-induced asymmetry, commonly referred to as Rashba
SO-coupling. Imagine that a quasiparticle hits an interface and enters a new material with a
electric field E. As the electric and magnetic fields are related by a Lorentz-transformation
changing the reference frame, the quasiparticle moving in an electric field will in its own
reference frame experience a magnetic field. This effective magnetic field is proportional to
B.fr =~ E x p/mc?, and gives rise to a Zeeman-energy term Hgo = pupo - B, where yp is the
Bohr-magneton. Defining the Rashba-constant « and writing the electric field as E = Eey,, the
Hamiltonian describing Rashba SO-coupling becomes

Hp = —%(en Xp)-0o. (6)

Note that we here assume that SO-coupling is linear in momentum. This need not be the case, however, it is sufficient
to describe the basic physics.

The vector structure in real space and 2 x 2 matrix structure in spin-space can be more easily seen writing out the
definition A(r, t) = eA(r,t) + w(r, ). Here, w(r, t) is some 3 x 3 matrix that parameterizes the linearized interaction.
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Note that the normal-vector e, is the direction of the electric field, or generally speaking the
direction in which we have broken inversion symmetry. The broken inversion symmetry in
Rashba SO-coupling therefore is a direct result of the presence of the interface, and its specific
form depends on the geometry of the interface.

As a concrete example, let us consider a nanowire set-up, with the wire lying along the
z-direction surrounded by vacuum. By symmetry arguments the electric field in the nanowire
has to point radially outward in the xy-plane (or inwards, the sign does not matter in the
end). Therefore, when the quasiparticle hits the interface, what it sees is a electric field
E= %E(ex + e,) where E is the strength of the electric field. Consequently, the normal vector

e, in eq.6 will in this case be e, = (ex +e;)/ v/2. Furthermore, having a nanowire along the
z-direction, we can ignore momentum along the x- and y-direction. This can be justified by the
restrictions the surrounding vacuum puts on the Green’s functions. As will become clear later
on, both the Green'’s functions and its derivative must be zero at the boundary of the nanowire
(for details, see eq.79). Therefore, we can neglect p, and p,, giving momentum only in the
z-direction p = p,e;. Thus, inserting the derived form of e, in eq.6 results in a Hamiltonian

Hp = —m”\‘/i(ngl —p,0?). Using eq.5 and redefining a/v/2 — &, we find that the SO-field

describing Rashba SO-coupling Ay in a nanowire set-up is given by Ag = (0,0,a(c! — ¢?)).

We now focus on the other origin of broken inversion symmetry, namely bulk-induced
asymmetry. This type of SO-coupling is commonly referred to as Dresselhaus SO-coupling.
As the name implies, Dresselhaus SO-coupling originates from a non-centrosymmetric lattice
structure in the bulk of the material. In the original derivation the non-centrosymmetric lattice
structure breaks the twofold degeneracy in the Brillouin zone, giving rise to an SO-coupling
[39]. However, since Dresselhaus derived the SO-coupling from a two-dimensional electron gas
(2DEQG), the physical interpretation of Dresselhaus SO-coupling is not easily translated for the
case of thin-film and nanowire structures. However, experiments show that the 2DEG-model
describes well the underlying physics in materials like GaAs, a material commonly used in
semiconductors [40, 41, 42] . It is also worth noticing that the term "bulk” in bulk-induced
asymmetry may be misleading, especially when dealing with nanowire systems. Although the
Dresselhaus contribution to SO-coupling in most cases can be neglected for nanowire systems,
this need not always be the case [43]. This demonstrates the somewhat misleading term "bulk"
for thin-film and nanowire systems. The term "bulk" does not actually refer to having a bulk
region in our system, it refers to the material itself having Dresselhaus SO-coupling if we were
in a bulk region. The Dresselhaus SO-coupling is therefore solely material-dependent, and the
specific mathematical form depends on which crystal direction the quasiparticle propagates.
For example, for (oo1)-oriented zinc-blende thin-films (corresponding to the z-direction) Hp
becomes [39, 37]

Hp = B(c’p, — ¢'p,)- (7)

Now that we have an understanding of what SO-coupling is and where it comes from, it
remains to invoke the SO-coupling in our mathematical description of the system. It turns out
that (a linearized) SO-coupling is accounted for by simply replacing all derivatives with the
covariant derivative defined by [28, 35]

Voo ¥=V.—[4d ]  with A_<f)‘ _%). ®)
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Imagine that we have two materials, one s-wave superconducting material and one non-
superconducting material. If these two materials are kept apart, each of them is characterized
by their own properties. But what happens near the interface when these two materials are
brought together? As we have discussed earlier the Cooper-pairs will penetrate into the non-
superconducting material, affecting the characteristic properties of the non-superconducting
material in the vicinity of the interface. In other words, the characteristic properties of the
superconductor have leaked into the non-superconducting material in the vicinity of the
interface. This effect is known as the proximity effect. The leakage of the superconducting
properties can be either weak (referred to as the weak proximity effect), strong (referred to as
the strong proximity effect), or somewhere in between. For analytical calculations, it is useful
to evaluate physical properties in the weak proximity limit, as it allows us to more easily see
the qualitative behavior of our systems. That said, solving our system numerically, we need to
account for the full proximity regime. It is worth mentioning that this also goes the other way
around, the presence of the non-superconducting material will also affect the properties of the
superconducting material at the vicinity of the interface. This is often referred to as the inverse
proximity effect.

Let us discuss the proximity effect (and inverse) in more detail for the case when the
non-superconducting material is a normal metal, that is we will consider a N/S-bilayer. At
the interface, the proximity effect can be explained by Andreev reflection [44, 34, 45]. Let us
discuss this mechanism in more detail. Suppose we have an incoming electron with spin up
and momenta k hitting the N/S-interface from the right, with energy € < A. Having an energy
below the superconducting gap, the incoming electron itself cannot enter the superconductor,
since there are no states available there. Therefore, the electron either has to be reflected as an
electron or Andreev reflected as a hole. In the latter case, what actually happens is that the
incoming electron teams up with an electron with spin down, momenta —k and energy —e at
the interface3. The two electrons now form a Cooper-pair which can enter the superconductor.
At the same time, the missing electron at the interface leaves behind a hole travelling in the
opposite direction. Thus, the net effect of this process, as illustrated in figure 3a, is to transfer
two electrons with |e] < A from the normal metal into the superconductor, at the cost of
reflecting a hole back into the normal metal. So how does this manifests in the density of
states in the normal metal? Having the normal metal in contact with a superconductor we
effectively take out two sub-gap electrons from the normal metal, resulting in a minigap in the
density of states D(e) around €/Ag = 0 where Ay is the superconducting gap at absolute zero,
as illustrated in figure 4a. The term minigap refers to the fact that the gap occurs for energies
much smaller than the superconducting gap Ay.

3 From the condition of the momenta being —k it follows directly that the energy need to be -e.
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(©

Figure 3: Illustration of Andreev reflection of a hole (a) and electron (b). The supercurrent in a S/N/S
Josephson junction due to Andreev reflection of electrons and holes is also illustrated (c).

In the above, we discussed how an electron in a normal metal can be transmitted into a
superconductor as a Cooper-pair. However, the process also works the other way around.
Suppose we now instead have an incoming Cooper-pair from the right hitting the N /S-interface.
When the Cooper-pair hits the interface, one of the electrons can combine with a corresponding
hole at the interface, resulting in a reflected electron. The other electron can now be transmitted
to the normal metal, assuming that there are available states there. Hence, one Cooper-pair is
being destroyed due to the Andreev reflected electron, as illustrated in figure 3b. Having the
superconductor in contact with a normal metal, we effectively destroy one Cooper-pair at the
cost of creating an electron, now with energy € < A. In terms of the density of states in the
superconductor, we therefore get induced states within the gap characterizing the bulk of the
superconductor, as shown in figure 4b.

2 2
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(a) Normal metal (b) Superconductor

Figure 4: Density of states D(e) in a normal metal (a) and a superconductor (b) for a S/N-bilayer, when
taking into account both the effect S has on N and vice versa. Figures are taken from [46].
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2.3 PARING SYMMETRIES AND SPIN-STATE TRANSFORMATIONS

Now that we have seen how the proximity effect in a normal metal N and superconductor S
can be explained by Andreev reflection of holes and electrons respectively, we can immediately
explain how a supercurrent can appear in an S/N/S-Josephson junction. Let us say that we
have an electron with spin up traveling to the right in N as shown in figure 3c. When the
electron hits the interface to the right, a Cooper-pair is transmitted into S while a hole with
spin down is created in N. The hole, which travels to the left in N, will eventually hit the left
interface where it destroys one Cooper-pair in the left superconductor. Hence, we effectively
have transmitted one Cooper-pair from the left superconductor to the right superconductor via
Andreev-reflection.

For nonmagnetic interfaces and materials, the supercurrent going through the junction is
determined by the phase difference ¢ between the two superconductors* [47, 48]

I = Isin(¢). )

where 1. is the critical current reached at ¢ = +77/2.
Integrating over the phase difference, we obtain an expression for the free energy of the
system > [48]

E ~ I.(1 —cos(¢)). (10)

When there are no magnetic elements present, the current is always positive. Looking at the
expression for the free energy, we see that a positive current results in a ground state at ¢ = 0,
commonly referred to as O-junctions. However, having magnetic elements present we can get a
negative current, resulting in a ground state at ¢ = 7. These types of Josephson junctions
are commonly referred to as 7r-junctions [49]. In addition to the 0 and 77-junctions, it is also
possible to construct junctions where the ground state occurs for an arbrirary state ¢ € [0, 7],
the so-called ¢p-junctions [50].

2.3 PARING SYMMETRIES AND SPIN-STATE TRANSFORMATIONS

As discussed in the introduction, Cooper-pairs can be in a singlet or triplet state. The singlet
state is defined as the state with total spin angular momentum s = 0. The only state that
satisfies this is the state (1| — |1). On the other hand, triplet states are defined as states having
total spin angular momentum s = 1. Having s = 1, there are three different allowed quantum
numbers m = —1,0, 1. This gives rise to the triplet states (|]), (1] + |1) and (11) respectively. In
addition to the spin-symmetry property, Cooper-pairs also exhibits orbital and time symmetry
properties, with the requirement of an antisymmetric total wavefunction.

The combination of the different symmetries for singlet and triplet states are shown in
figure 5. In this figure, even symmetry is represented by purple, while odd symmetry is
represented by green. Starting with the singlet state, we immediately notice that the singlet
state is antisymmetric under the exchange of spins. Therefore the singlet state has a odd
spin symmetry. Moving on to the orbital symmetry, there are mainly three options: s-orbital,
d-orbital and p-orbital. Suppose that the singlet Cooper-pair has a s- or d-orbital. Since both
s- and d-orbitals are even, the time symmetry has to be even to fulfill the antisymmetry of

The expression was originally derived for a non-magnetic S/I/S-junction, where I is a insulator. Despite the more
complex underlying physics present in junctions with magnetic elements, like S/F/S, the relation still manage to
describe well the qualitative behaviour in these systems.

To not be confused with the electric field.
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the total wavefunction. Superconductors in which the Cooper-pairs have a singlet spin-state
and an s-orbital are called s-wave superconductors, or conventional low-T superconductors.
In the same manner, superconductors in which the Cooper-pairs have a singlet spin state and
a d-orbital are called d-wave superconductors, or unconventional high-T superconductors.
However, there is still one option for the orbital symmetry left, the singlet state can also have a
p-orbital. Due to the fact that a p-orbital has an odd symmetry, the time symmetry now has to
be odd. Moving on to the triplet states, we notice that the spin symmetry now becomes even.
Again, the orbital symmetry can either be even, which is the case for s- and d-orbitals, or odd
which is the case for p-orbitals. An even orbital symmetry results in an odd time symmetry,
while an odd orbital symmetry results in an even time symmetry.

Although it is possible to construct Cooper-pairs in all configurations shown in figure 5,
there are some configurations more common than others. In particular, Cooper-pairs with
a orbital symmetry of p-wave are far less common than Cooper-pairs with a s- or d-wave
orbital symmetry [51]. In addition, Cooper-pairs with a orbital symmetry of d-wave is less
common than the Cooper-pairs with a orbital symmetry of s-wave. The reason why, is that both
Cooper-pairs with a d- and p-wave symmetry are very sensitive to disorder compared to those
with a s-wave symmetry, as they easily get destroyed by impurity scattering [52, 53, 54, 55]. In
general, the effect of the scattering process is to modify the k-vector of the electron. When an
electron moves through a material with a lot of disorder, the k-vector of the electron also gets
more modified due to the larger number of scattering events compared to a material with less
disorder. Looking at the orbital symmetry for the d- and p-wave in figure 5, we immediately
see that the k-vector is more easily scattered out of these symmetries compared to the s-wave
orbital symmetry. The d- and p-wave symmetry is simply less robust in terms of scattering.
Hence, Cooper-pairs with a d- or p-wave symmetry will be more easily destroyed by disorder
compared to a Cooper-pair with s-wave symmetry.

spin Orbital Time

e | 14t [ R

Triplet T ¢ + ¢ T j@

Moo
Figure 5: A overview of the different symmetry combinations for singlet and triplet states. Odd symmetry
is represented by green, while the purple represents even symmetry.
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2.3 PARING SYMMETRIES AND SPIN-STATE TRANSFORMATIONS

In the above, we discussed the symmetry properties for both singlet and triplet spin
states. Suppose we now have a (singlet) s-wave superconductor in contact with, for example a
ferromagnetic material. In this case, we know that triplet states are generated in the ferromagnet
due to singlet-triplet mixing. Let us now take a closer look at how this happens. For a
ferromagnet with no exchange field, the energy dispersion relation for the spin-up electrons
and spin-down electrons are equal and parabolic. However, when the field is nonzero things
become different. Let us say that the h-field points up, then the Zeeman energy term causes
a shift that lowers the parabola for spin-up represented by red in figure 6. On the contrary,
the parabola gets lifted for spin-down represented by blue. Furthermore, from the BCS-theory
we know that a Cooper-pair (in the singlet state) consist of one electron with spin up 1 and
wave-number k and one electron with spin down | and wave-number —k. Therefore, only
positive k’s are relevant for spin-up, while only negative k’s are relevant for spin-down. Hence,
a Cooper-pair in a finite h-field is described by the energy dispersion relation shown in figure
6, where we have denoted the positive k’s as k; and the negative k’s as k. If we now
project this energy band onto the k-space, we clearly see that the Fermi-energy wavenumber
kr becomes shifted to new positions k; +Q/2 and k| — Q/2. As stated in the introduction
this finite center-of-mass momentum +Q causes the singlet state to transform according to
(1L = 11) — (1] eQR— |17 QR)y = (1| — |1)cos(Q-R) +i(1| + |1)sin(Q - R). In other words,

the presence of an exchange field h results in a singlet-triplet mixing.
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Figure 6: Illustration of how the presence of a finite exchange field h results in a finite center-of-mass
momenta Q

15



16

FUNDAMENTAL CONCEPTS

Now that we understand how the singlet-triplet mixing happens, let us consider how the
different states transforms under rotation in spin space. Suppose we want to express the basis
vectors quantized along the direction 6, ¢ in terms of the basis vectors quantized along the
z-axis, where 6, ¢ are the polar angle and azimuthal angle respectively. The transformation
relating these two bases reads [56]

T = cos(3)e™ 92 1. +sin(3)e? Lz, )
11

log = —sin(3)e7 92 1. +cos(2)9/ .

From eq.11 it follows that the singlet-state and triplet state quantized along a general
direction 6, ¢ becomes

(1) = Mo = (1L = 11)z, (12)
(1) + I)a,p = —sin(@)[e7(11)z — P (11)z] + cos(0) (1] + 1) (13)

Looking at eq.12 and eq.13 we clearly see that the singlet state is rotationally invariant in
spin-space while the triplet state is not. This is an essential result because it demonstrates how
the triplet state (1] + |1) can be transformed into 11 or ||. For example, if we were to relate
the basis vectors quantized along the y-axis to the z-axis, we notice that the y-axis corresponds
to 6 = 71/2, ¢ = 71/2. Inserting these angles into eq.13 we find (1| + | 1)g—r/2,9=r2 = (1| + 1
)y = i(11 + 1)z

The above discussion clearly demonstrates how we can transform the short-ranged singlet
spin state into the long-ranged triplet spin state. Suppose we start with a s-wave superconductor,
meaning that our Cooper-pair is in a singlet spin state and has s-orbital symmetry. Being subject
to an exchange field, this Cooper-pair transforms into one singlet part and one triplet part
according to the singlet-triplet mixing. Although both sates are still being short-ranged due
to the unequal spins. Then, if we have a SO-field A present, the triplet part can be further
rotated in spin-space, giving long-ranged Cooper-pairs with an equal-spin-state. If the SO-field
has a nonzero component along the propagation direction of the system, the criterion for
generating such long-ranged triplet components is a nonzero commutator [A, h- o]_ [28, 35].
In contrast, if the component of the SO-field along the propagation direction of the system
is zero, a commutator [A, [A h- o]—]- not parallel to the exchange field h - o generates such
long-ranged triplet components [28, 35].

2.4 GREEN’S FUNCTIONS

Green’s functions are powerful tools in the context of many-body systems. Not only do they
describe the transport properties of the electrons and holes in the system, common physical
quantities like current and density of states can also be expressed by the Green’s functions.
Having found the Green’s function of the system, we therefore have all information we need
for determining common physical quantities. There are several ways of defining the Green’s
functions, for example the Matsubara imaginary-time formalism [57], and the Keldysh real-time
formalism [58]. In this thesis we will use the latter.

In the Keldysh formalism we define a set of three Green’s functions describing the transport
of electrons and holes. These quantum field correlation functions are called the retarded,
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advanced and Keldysh Green'’s functions. The Green’s functions describe the correlation
between an electron with spin ¢ and position r; at a time #,, and another electron with spin ¢’
and position r, at a time ¢, [59]

GR (1t o 1) = —i[Fo(ts, 1), ¥, (12, £2)]0)0(H — 1), (14)
G?y’(ril t1; 12, tz) = i<[‘IJU(r1,t1,), 1113;, (r2/ tz)]+>9(tz —t4, )/ (15)
G (ty, b1, 1) = —i[Fo(te, 1), ¥ (1, £2)] ). (16)

Their anomalous counterparts, which are only present in superconducting systems, are defined
by

FEU/(r1,t1,'r2, ty) = —i{[Yo(rs, t1), Yor (12, t2) ]+ )0(t: — t2), (17)
F?U,(rl,tl;rz, ta) = i{[Yo(ry, tr), Yo (12, t2)] 4 )0(ta — t1), (18)
FI;U,(rl,tl;rZ, t) = —i{[¥o(re, t1), ¥or (2, 12)] ). (19)

First, let us focus on the set of Green’s functions defined in eq.14 - eq.16. From eq.14 we see
that the retarded Green’s function GR only becomes nonzero for f; > t,. The retarded Green’s
function therefore corresponds to the creation of an electron at (r»,t,), and then at a later time
the destruction of an electron at (ry, f;). Since the Fermi-sphere is filled at low temperatures, the
only empty state for the electron to be created at is outside the Fermi-sphere. Hence we have
a particle-like excitation. Furthermore, from eq.15 we see that the advanced Green’s function
GA only is nonzero for t, > t;. The advanced Green’s function therefore corresponds to the
destruction of an electron at (r,t;) and then at a later time the creation of an electron at (r,, t,).
Again, having filled the Fermi-sphere, the destroyed electron will be inside the Fermi-sphere,
creating a hole. Hence, we have a hole-like like excitation. In conclusion, the retarded Green’s
function describes electrons moving forward in time, while the advanced Green’s function
describes electrons moving backward in time, which is equivalent to holes moving forward in
time.

Finally, we notice from eq.16 that the Keldysh Green’s function GX is the only function
defined without a Heaviside step-function. In addition it is worth noticing that the Keldysh
Green’s function is the only one defined with the commutator, while the two others are
defined with the anti-commutator. Unlike the retarded and advanced components, the Keldysh
component contains information about the nonequilibrium properties of the system.

While the set of Green’s functions in eq.14 - eq.16 are present in all many-body systems, the
anomalous Green’s functions defined in eq.17 - eq.19 only exists in superconducting systems.
Not only do they exist, they are crucial for describing superconducting systems. Recall that the
underlying mechanism for superconductivity are two electrons being paired up in a Cooper-pair.
In terms of field operators, Cooper-pairs correspond to creating an electron at position r; and
time ¢;, while creating another electron at position r, and time ¢,. This is exactly the type of
correlations the anomalous Green’s functions in eq.17 - eq.19 describe.
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The definition of the Green’s functions and the corresponding anomalous counterparts
are all defined with a general ¢ and o’. If we now introduce the basis-vector ¥(r;,t;) =
(¥4 (rs, 1), ¥y (11, 1), ¥] (11, ), ¥] (11, £1))T, we can account for all combinations of the two
spins, resulting in the following matrices in spin-space

GR GR G GR GK. Gk

(G D) @D (T YD) w
Gy Gpy Gy Gl G Gy
FR. FR F&  FR FX. FK

R [ Ty S I U N IR - U B VT

- (F%T F%i) - \Fy - Ff}r Ff}i 1)

These matrices can be combined further to form the following three matrices in Nambu space

~R_ (GROER ~A_ (Gh PA K (GS B¢
G = <FR* GR*> ’ G = (FA* GA*) ’ G = (_FK* _GK*> . (22)
Finally, to fully describe the general system, we can form the full 8 x 8 matrix in Keldysh-
space
AR aK
- G G
G= A |- (23)

2.5 QUASICLASSICAL APPROXIMATION

From the definitions of the Green’s functions (eq.14 - eq.19) we see that these functions depend
on two spatial coordinates, r; and rp, and two time coordinates, ¢; and t,. Let us introduce a set
of new center of mass coordinates, R and T, and difference coordinates, r and t. This set of new
coordinates are related to our old coordinates (r1, t1) and (1, f2) by [59]

rr=R-r/2, rn=R+r/2, (24)

h=T-1/2, th=T+1/2. (25)

Expressing the Green’s function by these new coordinates C(R, T;r,t), we notice that there
are two ways this function can oscillate; either by variations in the difference coordinates r
and ¢, or by variations of the center-of-mass coordinates R and T. The first way of oscillation
originates from the two electrons forming the Cooper-pair. Since the electrons are confined close
to the Fermi-surface with |pp| = pp, these oscillations are over a length scale of Ag = 271/py.
The second way of oscillation originates from the material as the electrons move through.
For instance, having a normal metal, the length in which the Cooper-pairs can propagate is
determined by the temperature {1t = pp/mT regardless of which spin state the Cooper-pairs
have. If we instead have a ferromagnet though, the triplet Cooper-pairs with an equal-spin state
who are defined as long-ranged, still have a coherence length determined by the temperature.
Yet the triplet Cooper-pairs with an unequal spin-state, the short-ranged states, now have a
shorter coherence length {r = pp/mh due to the effect of the exchange field. By the same
mechanism, Cooper-pairs in the singlet spin state will also have a coherence length ¢r in a
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ferromagnet, as this state also has unequal spins. Finally, for a superconducting material, the
superconducting gap determines the coherence lenght ¢y = pp/mA. In our systems these are all
typically much longer than Ar. As we are interested in variations at a longer length scale, we
therefore Fourier-transform G(R, T;r, t) with respect to r and f, giving

G(R,T;p,€) = feiete_ip'rC(R, T;r, t)drdt. (26)

Next, we use the quasiclassical approximation. Since all conducting electrons lie close to the
Fermi-surface, we restrict the magnitude of p to be the value at the Fermi-surface py. However,
we still have to keep the dependence of the direction of the momentum. Introducing the variable
&p = p?/2m — , the quasiclassical approximation can be expressed as

GR,T;p,€) ~ —ind(&p) - &R, T; ep., €)- (27)

Here e, refers to the direction of the momentum at the Fermi-surface, and g(R, T; €p;, €) is
called the quasi-classical Green’s function.
Alternatively, one can find (R, T;ep_, €) by integrating over all values of ¢p

. i -
$(R,T; €p./ €) = p Jdgp -G(R, T;p,€). (28)

The rt-factor in the definitions above comes from the normalization condition.
In summary, the quasiclassical Green'’s function becomes

AR AK
s_ (& &
g - ( 0 gA) 7 (29)
with
R R A A K K
. g f 5 g f 5 g f
gR = (_fR* —gR*> ’ gA = <_fA* —gA*> , gK = (fK* g1(>x< . (30)

Note that in the quasiclassical Green’s function it is the retarded and advanced components
rather than the Keldysh-component that have a minus sign in the second row.

2.5.1  Useful relations

As a simple task, we will now derive some useful relations between the components of the

Green’s function. Starting with the definition of GR, we use the dagger operator, i.e. the
conjugate transpose, and get the matrix

Rt GY G EY F

G (rll tl;rZI tz) = (31)

. ~R
In the above matrix, each element has the same argument as G T(rI, t1; 15, t2), even though
this is not written explicitly.
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Looking at the definition in eq.14, we notice that GX¥, can be written as

GYF (ry, 512, 1) = +i[ ¥y (ry, 1), WL (12, 2)]5)0(11 — 12)
= +i([¥] (11, 1), W1 (12, 22) | 0(1 — )
= GTAT (r2/ tZI Y, tl)/

Gl (ry, t1i 1 t2) =+ (10, 1), ¥} (12, £2)5)0(11 — 12)
= +i([¥] (11, 1), ¥y (12 2)] B(H — 1)
= GTAi (r2/ t2/ rl/ tl)/

GRF (ry, tr;1a, 1) = +i[ ¥y (ry, 1), ¥ (12, 2)]5)00(11 — 12)
— +i([¥](r, 1), ¥ (1, £2)]5)0(11 — £2)
= GlAT (r2/ t2l ¥, t])/

GRF (v, tr;1a, bg) = +i[¥y (r1, 1), ] (12, 12)]5)00(11 — £2)
= +i¥] (11, 1), ¥ (1, 2)] 1 )0(11 — )

= G?i (rZI tZ/ Iy, tl)
Similarly, using eq.17 we find the following elements for F(IT{:/

F?T(rl,tl}fzr ty) = —i{[Y1(re, t1), ¥y (12, t2)] 4 )0(H — t2)
= —F (12, by 11, 1),

FlfT (r1/ ;i Ts, l‘2) — _l<[‘Fl (1‘1, fl),‘YT(I‘zl t2)]+>9(t1 — t2)
= —F{| (2, ty;11, 1),

Y| (v, 1512, 1) = —i[¥p (v, 1), ¥y (£, £2)]1)0(H1 — £2)
= —F}(r2, t511, 1),

Y| (v, 1510, 1) = —i[¥ ) (1, t1), ¥y (r2, £2) ] 1)0(t1 — £2)
= _FlAl (rz/ tr; 14, tl)-

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)



2.5 QUASICLASSICAL APPROXIMATION

Inserting the above expressions, G* can be expressed by the advanced components as
follows
~R
G ey, 111, 1)
GTT(rZI t2/ Iy, tl) GTAl (rZr t2/ Iy, tl) (1'2, tZ/ Iy, tl) _FTl(rZI t2/ Iy, tl)
_ GlT(rZI t2/ ¥y, tl) GlAl (r2/ t2/ Yy, tl) (r t2/ Iy, tl) F‘Ll(rZI tZI Yy, tl)

(40)

*

FTT (r2/ t2/ Iy, tl) F?l r;, t2/ Iy, tl) G?T* (r t2/ Iy, tl) GTi (r2/ t2/ Iy, tl)
Ax (

(
_F?T* (1'2/ b; 1'1/t1) F 1! (1'2/ to; rlrtl) GH Iy, to; rutl) G?i* (1'2/ tz;rlltl)

Multiplying the above matrix by (7> ® ¢?) on both sides, we find a relation between the
retarded and advanced components

~A AR
G, bots 1) = (P @GN (1, 1110, ) (P @ 00). (41)

However, in most cases we are interested in the quasiclassical Green’s function. To see how
the relation in eq.41 transforms in the quasiclassical approximation, we can simply use the
definition in eq.26 and eq.28

g (R, T; ep., €) (42)
—Jd@’ J Zete_l‘p'rGA(R, T;r, t)drdt

- Jdgp Jelet PTG (1 +12)/2, (B + 1) /251 — 1y, b — ty)drdt
=% Jdép Jeiet TP PR (TO)GRT((r2 +11)/2, (b2 + 11)/2; 11 — 1o, — 1) (T° ® 0°)drdt
B J az, f eIt e HPT(3 @ OV GR (1 4 10)/2, (fa + 11)/2 11 — Ta b — 1) (T3 ®00)drdt]T
J dép f —iet o+ipT(3 @ ) OYGR(R, T; -1, —t)(r3®00)drdt]T
; f dép f etiet . o=ipT (3 @ o O)GR(R, T; +1, +1)(73 ®o*0)drdt]T

=~ (T @)Y (R, T;ep,, ) (P ® ). (43)

In the above calculation there are two steps worth noticing. In the third line we have used
that when inserting the relation in eq.41, we also have to interchange the roles of (ry,t1) and
(r2,t2). However, integrating over all r and ¢ in the sixth line, we can redefine r and f to
their negative counterparts. Therefore, the interchanging of (ry,t1) and (r,, ;) in eq.41, will in
the quasiclassical approximation preserve the roles of the relevant arguments. In short-hand
notation, the relation between the retarded and advanced components of quasiclassical Green’s
function may be written

gt = — (P )M (P ). (44)
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FUNDAMENTAL CONCEPTS

Thus far, we have seen how to relate the retarded and advanced Green’s functions. It
turns out that there also exists a relation relating the Keldysh component to the retarded and
advanced Green’s function in equilibrium [59, 60]. The relation in question is the following
gX = (gRh — hg?), where h is some distribution function that is not unique. Using the
definitions of the Green’s functions one can show, by similar calculation as above, that one
choice for the distribution function is h = tanh(pé;/2), where & is the quasiparticle energy
measured with respect to the Fermi-level[61]. The relation between the Keldysh, retarded and

advanced components in equilibrium therefore reads

g = (8% — 8")tanh(B&/2). (45)



BCS-THEORY

Conventional s-wave low-temperature superconductors are well described by the BCS-theory
developed by Bardeen, Cooper and Schrieffer [8]. Even though there are some major assump-
tions that limit the validity of the theory, the BCS-theory does a good job in describing the
underlying physics for conventional s-wave superconductors. In this chapter, we will present
the key-points of the theory.

3.1 THE ORIGIN OF THE ATTRACTIVE POTENTIAL

As stated in the introduction, the Cooper-pairs in a s-wave superconductor is the result of an
attractive interaction between the the two electrons due to the lattice vibrations. Let us now
investigate how this attractive interaction comes about. Our starting point is the Hamiltonian
describing a system in which we both have electron-electron interaction and electron-phonon
interactions. In reciprocal space this Hamiltonian is given by [11]

H = 2 (Ek - H)Clacko' + Z Veffcl+q/gclt/_qlg/ Ck’,a’ CkU" (46)
ko kK ,q0,0

Here ey is the excitation spectrum of a free electron gas and Veff = 2| gq}zwq/ (w? — wé) +

Veorump(q) is the effective potential. Note that due to the summations over k,k’,q V, ffis a

function of the phonon frequency w. Also C1T< - and ¢y, are the creation and destruction operators,

respectively.

Let us take a closer look at how V, ¢ depends on the phonon-frequency w. The effective
potential consists of two terms, the first term originates from the electron-phonon interaction,
while the second term originates from the electron-electron interaction. We start by discussing
the first term. Looking at the expression for Veff we notice that the first term does contain

a factor 2| gqlz. This factor just tells us something about the strength of the electron-phonon
interaction; nevertheless, it is always positive. Therefore, the first term will be proportional
to wq/(w? — wfi) where wq is some fixed frequency, as sketched in figure 7. We notice that as
|w| — wq a negative singularity appears. Furthermore, for frequencies higher than wq the
function is positive, while its negative for frequencies below wq. Moving on to the second term,

we know that this goes like q—2, thus the second term will always be positive.
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wq/ (W?—w})

—w, w Wy

Figure 7: A qualitative sketch of the first term in V, Ff-

The sign of V, ¢ depends on the balance of the two terms. Let us know investigate when, if
possible, V, 7 becomes negative. Since the second term always is positive, the only chance of
getting a negative V, 7 is for the first term to be negative and beat the second term in magnitude.
Due to the negative singularities of the first term as |w| — wg, the first term will always beat
the positive second term for these frequencies, resulting in a negative potential. Remarkably,
this holds no matter how weak the strength of the electron-phonon interaction is. In contrast if
w is very small the second term beats the first term resulting in a positive effective potential®.
Finally, for large frequencies above wq both terms are positive, so V, f surely is positive also in
this case. Hence there is a small frequency-window at w < wq where the effective potential
Vess is negative, i.e. attractive.

This clearly demonstrates the origin of the attractive potential in the BCS-theory being a
delicate balance between the electron-phonon interaction and the electron-electron interaction.
As we have just seen, for this outcome to be an attractive interaction, the frequency need to
be within a small frequency-window w < wq. However, when the frequency are within this
small window, the effective interaction is attractive no matter how weak the strength of the
electron-phonon interaction is. This justifies the physical interpretation of the BCS-theory
given in the introduction. Remember, we have two electrons moving in a lattice of positively
charged ions. As the first electron moves though the lattice, it creates a shift in the local charge
distribution. For the second electron to experience an attractive interaction, it cannot come
too fast nor wait too long. If it waits too long or the lattice vibrates too fast, the positively
charged ion will relax to the initial position, meaning that we no longer have a shifted local
charge distribution. At the same time, the second electron cannot come to fast either, since the
repulsive Coulomb force between the electrons then would win over the attractive force from the
shifted charge distribution. The BCS-theory is therefore limited to describing low-temperature
superconductors. For high temperatures, i.e. high phonon frequency, the effective interaction is
no longer attractive, and the BCS-theory is no longer valid.

! The magnitude of the electron-phonon interaction typically is much smaller than the electron-electron interaction



3.2 BCS-HAMILTONIAN

3.2 BCS-HAMILTONIAN

The first assumption made in the BCS-theory is that the electrons only interact with each other

within a thin shell around the Fermi-sphere. Thus, €y, €/, €ktq and €/ q must all lie inside a

thin shell around the Fermi-surface. Let us now see how this assumption affects k’. In figure
8 we have sketched the Fermi-sphere, denoting the thin shell around as stipulated lines. The
green vector denotes k, the red vector denotes k' and the blue vector denotes q. From this
sketch we see that €,/_ qn general lies outside the shell even though ey, €, and €y 4 lies within
the shell. However, if we where to choose k' = —k also € _q lies within the shell. This choice

of k’ also maximize the scattering phase space for attractive interactions. We therefore choose
k' = —k in what follows.

Figure 8: [llustration of the kinematics governing the wave-vectors k and k’ in the BCS-Hamiltonian. The
black line represents the Fermi-sphere, while the stipulated red line represents the thin shell around the
Fermi-sphere where electrons interact.

The second assumption made in the BCS-theory is that ¢/ = —¢. This assumption is justified
by the fact that if we where to only have an interaction between two electrons, the spins have to
be opposite to obtain an antisymmetric wavefunction. Having interactions between all electrons
within a thin shell around the Fermi-sphere, as in our case, the antisymmetry of the many-body
wavefunction becomes more complicated. However, it turns out that the choice of ¢/ = —¢
works well.

Finally redefining variables k — k’ and k + q — k, we end up with the standard BCS-
Hamiltonian

H = Z(ek — y)cltackg + Z ka’clt,Tctk,lC—k’,le’T‘ (47)
k,o kK

Note that in the above equation we have used the fact that the effective potential Veff is

spin independent and redefined V, ff = Vige/2- If kand Kk’ lies within a thin shell around the
Fermi-sphere V- is attractive, otherwise V- is zero.

3.3 MEAN-FIELD APPROXIMATION

The BCS-Hamiltonian in eq.47 cannot be treated exactly. It is therefore useful to approximate
the Hamiltonian. For this purpose we will use the mean-field approximation which now will

be introduced. We start by rewriting c_y | ¢y and CLTCL(/ | in terms of the average value
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c_y,ckp = {C—k | Ckt) + (c—x, cxr — {c—x k1))

Ebk-i-(Sbk, (48)
A
CppC kl—(Cch ki>—|—(cch i <cch kl>)

=b| +db], (49)

where we have defined the statistical averages

by = {c_k, k1) (50)
b1T< = <C1T<,TCT_1<,¢>- (51)

Next, we insert these expressions for c_y |ciy and C1T< TCT—k ! into the BCS-Hamiltonian in

eq.47, and impose the mean-field approximation by ignoring terms of order O(5b?)

H= Z W)l oro + 2 ka’ck TCT k€KL K/t
kK
_Z wel ckg+Zka/b +b]) (by + dby)
kXK
~ Z(ek — el ko + Y. Vige (bl by +bldby + oblby)
k,o kXK
- — )l Vigo (blby + bl e_i jewr + bl el —2blbye
Z(ek V)CkngUJF Z kk’( Pk + by | Cky + KC 1€k | k ) (52)
ko kK

We now proceed by defining the following quantities

Ay = — Z Viae'bie, (53)

AL =- 2 Viaebl- (54)

Applying the above definitions, the Hamiltonian reads

H= 2 ckgckg Z(Akcltﬁcik,l + Altc—k,iCkT) + Z AkblT(. (55)
k k

Comparing the above Hamiltonian with the standard BCS-Hamiltonian in eq.47, we notice
that using mean-field approximation we have managed to transform the Hamiltonian from a
many-body problem to a one-particle problem. Admittedly, at the cost of neglecting higher-
order terms in dby, making the BCS-theory incapable of capturing the effects of higher-order
terms. This is the second assumption that limits the validity of the BCS-theory.



3.4 THE GAP EQUATION

3.4 THE GAP EQUATION

In the previous section we managed to reduce the many-body Hamiltonian into a one-particle
Hamiltonian. Nevertheless, looking at eq.55 we notice that the Hamiltonian is not diagnolized.
To diagnoalize the Hamiltonian we introduce some new fermionic operators

M) — [ e Tk k. u, = cos(6y), vy = sin(6 6
<7k> (vk uk) (cm)’ \ = cos(6), vy, — sin(6y) (56)

Seeking a diagnolized Hamiltonian we want to express the Hamiltonian in terms of coeffi-
cients on the form 'ylt'yk and ’71&71« In contrast, coefficients that are a mixture of #y and 7y, like
nlt'yk, must vanish. We start by focusing on the coefficients that do have to vanish. Inserting our

new fermionic operators into eq.55, and demanding that coefficients on the form 171171( have to
vanish, we obtain the following two equations

—2(ex — p)urvx = Uphy — UﬁAL (57)

—2(ex — p)uyvy = uiAl - viAk. (58)

Adding the above equations and using the relation Ay + Al = 2Re(Ay) = 24y, we obtain the
following equation

—4(ey — p)uyoy = 2(uf — v%)Ay. (59)

Redefining the quasi-particle energy with respect to the Fermi level & = € — 1, as well as
utilizing the mathematical form of uy and vy, the above equation transforms according to

72@‘1(1/[1(2)1( = (Z/Ii — Ui)Ak
—&sin(26) = Aycos((26y)
A

tan(26,) = — z
k

(60)

Choosing Ay to be positive and using the identity sin?(26}) + cos?(26y) = 1, one can show
that eq.60 results in the following expression for cos(26y)

1

c0s(26,) = \/1+(?k/€k)2 - o (61)
EE
We now move on to the coefficients that do not vanish, namely ’Yl’Yk and ;711171(. Again,

inserting our new fermionic operators into eq.55, the coefficients of 'yl'yk and 1711771( respectively

yields the following

(ex — 1) (0} — ud) + o By + AD), (62)

(ex — 1) (12 — o) — woR (Dy + A). (63)
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Using eq.60 and eq.61 the coefficients for 'le('yk and 771T(17k simplifies to /&2 + Ai and

—4/€k% + A respectively.
We are now finally able to write down the diagnolized Hamiltonian in the mean field
approximation

H=>(ec—pn)+ Ab]] + > Ec(im—mim)  Ex=1/a2+ A% (64)
k K

Looking at the diagonalized Hamiltonian above, we notice that it consists of two parts, one
representing the ground-state energy and one representing the excitation spectrum for our
new fermionic operators ¥y and 7. In other words, our new fermionic operators vy and 7y
represents nothing but long-lived excitations.

By invoking the mean-field approximation and introducing some new operators, we have
managed to diagnolize the BCS-Hamiltonian. However, we still need to find an equation
determining Ay. We do so by using the definition of Ay in eq.53 along with the definition of by
in eq.50

A == Viebi
=

= = Vel 10101
=

== Z ka’<(0k”7;£' - ”k"Ylt')(”k’Wk’ + o))
=

= Y Vigetevi (Grlme> + lned)
-

——ZV Upv ( L — 1 )
© kK e PE +1  ePEv 41

= =) Vigrugvetanh(BE/2). (65)
=

Using eq.60 and eq.61 we can relate 1y and vy to Ay and €}

1
A== Vi 5sin(20)tanh(BEy /2)
=

1 A/
> Vige 5 %tamh([ﬂEk/ /2)
K A/1+ (Akr/ekr)z

Ay
= > Vi fk/tanh(ﬁ]:"k/ /2). (66)
K k

Where we in the second line have utilized the particle-hole symmetry by choosing the + sign of
cos(26y) in eq.61.

The above equation is referred to as the BCS-gap equation. The physical interpretation of
Ay is that it is a gap in the excitation spectrum. To see this let us plot the excitation spectrum
for the new fermionic operators 7, and 7y given by +Ei. We start by setting A, = 0, then



3.4 THE GAP EQUATION

Eyx = |&| and —Ex = —|&|. Remembering that &, represent the excitation spectrum for a
free electron gas, we expect the standard parabolic dispersion relation. However, since we are
only interested in k’s around the Fermi-wavevector, we can linearize the dispersion relation
around kr, thus giving a linear dispersion relation for large k’s. Taking the absolute value we
obtain the dispersion relation for Ey and —Ey represented by the blue and green stipulated
lines respectively in figure 9. If we now include a finite gap Ay # 0 on the Fermi-surface the
dispersion relations now reads +Ey = +4 /éi + Ai. Thus, the dispersion relation for Ey is raised
with respect to the k-axis, represented by the blue line in figure 9. Similarly, the dispersion
relation for —Ey get lowered with respect to the k-axis, represented by the green line in figure
9. Hence, the presence of a finite Ay results in a gap of 2Ay in the excitation spectrum. As
there are no energy eigenvalues inside this gap, the gap protects electrons from scattering, thus
giving zero resistance.

Figure 9: Illustration of the physical meaning of the superconducting gap Ay. As the gap goes from a zero
value, shown by stipulated lines, to a nonzero value, shown by full lines, a gap of 2Ay opens up in the
excitation spectrum.
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USADEL

The goal of this chapter is to derive the equations determining the Green’s function in a general
material. In the first part of this chapter, we focus on deriving these equations. We will start
by deriving the Usadel equation for a general material from the exact transport equation.
Moreover, since we are interested in describing systems in equilibrium, the Usadel equation
simplifies. Next, a discussion of appropriate boundary conditions follows. In the second part
of this chapter we introduce a useful parameterization for numeric simulations, the so-called
Riccati-parameterization. Riccati-parameterizing the Usadel equation, along with appropriate
boundary conditions, provides us with the tools needed for numerical simulations.

4.1 USADEL EQUATION

Suppose we have a material in which electromagnetic fields, superconducting properties,
ferromagnetic properties, SO-coupling, spin-flip scattering and impurity scattering all can be
present. The exact transport equation for such a material is [62, 61]

%{VRG—i[A,]'_} — e @ —A+h-6— Vigs- & —ep— Vi, GI°

1 v “e i ) e (67)
+ @{[VRJZ(,Gh +[A VRG] ) - %[A ,G]°.

Here e is the bullet-product’, s = s(R, T) is the spin field of the magnetic impurities and ¢ is
the scalar electromagnetic background field. Moreover, the matrices A, A and ¢ are defined as

0 0 0 A

. 0 0 -A 0 A 0 (o 0

B=1 0 ar 0 of A‘(o —A*)’ ‘7_(0 0*)' (68)
—A* 0 0 0

As a first step to simplify the above equation, we use the quasiclassical approximation. That
is, in our type of systems, the length L typically is much longer than the wavelength Ar of the
electrons forming the Cooper-pair. Hence, to leading order the transport equation is given by
the terms of lowest order in the smallness parameter 7 = Ap/L. Furthermore, we notice that
Vi = (VR —id) ~1/Land p ~ py ~ 1/Af.

Looking at eq.67 we see that the left-hand side goes like 1/mArL. Hence, in terms of the
smallness parameter 7, the left-hand side goes like 77/mA2. Furthermore, the last three terms on
the right-hand side all go like 1/mL?, or equivalently as 772/mAZ2. The three last terms in eq.67
can therefore be discarded when evaluating to leading order in 7.

AeB = exp{}(02% — 6?&?)}exp{%(VﬁVE — V?V%)}A(R, p.€, T)B(R,p, ¢, T); where V4 means differention with
respect to R only affecting function A etc. [62]
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Next, we expand the gradient in the definition of the bullet product in terms of #. Looking
at the definition of the bullet product, we realize that only the energy and time derivatives
remain, leaving us with what we define as the ring-product o 2. Thus, keeping only the zero’th
order reduces the bullet product to a ring product. Moreover, since A is time-independent, we
can replace the left hand side with the covariant derivative V, where we have dropped the
subscript R. Finally, letting p/m — vr and G — §, we arrive at an equation referred to as the
Eilenberger equation

vi- Vg =iler?®c" —A+h-6— Vs 0 —ep— Vipy, 8]°. (69)

4.1.1  Diffusive limit

We now take into account impurity scattering in the material. Due to the relatively high
concentration of nonmagnetic impurities in the diffusive limit, and hence a high frequency
of random scattering events, the Green'’s function becomes nearly isotropic. We can therefore
approximate the Green’s function to a first-order expansion in spherical harmonics [59]

g(R,T; epF,e) ~ g (R, T;e)+ ep; gp(R, T;e€). (70)

Here g is the isotropic (in momentum space) s-wave component of the Green’s function,
while go denote the non-isotropic p-wave component. To take into account the direction of
momentum, the p-wave component is multiplied by e .

Furthermore, evaluating in the diffusive limit, we can express the impurity potential and
spin-flip potential by introducing the momentum relaxation time 1y and the spin relaxation
time 75 [59]

i . . i .
Vimp & —5-(8), vsfs-a:—g(r3®g°><g>w3®g°>. (71)

Defining vg = 1/279 and vs = 1/27; and using that (§) = (§,) + (ep, - gp> = g, the potentials
simplify to

Vimp = —ivog,, Vsps 0 = —ivg(T° ®g0)gs(1'3 ®d). (72)

If we now insert eq.72 into eq.69, rewrite vp = vpep_ and finally average over the Fermi-
surface, we get the following equation3

1 = . A o y . 10

3P Vg, =i @0’ — A+ h o+ iv (T @) (T @) — e, & ]2 (73)
The equation above depends both on g, and §,. To decompose the equation, we need an

expression that relates the two components. The normalization condition o g = 1 provides

such a relation [62, 59]

~

g, = —T00rg 0 V. (74)

2 AoB=exp{} (0208 — 0R)}A(R,p, e, T)B(R,p,¢,T)
3 Notice that the impurity scattering term vanishes since g, §,]° = 0.
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4.1 USADEL EQUATION

Defining the diffusion coefficient D = %UIZ;TO and inserting 74 into 73, we arrive at the

well-known Usadel equation

iDV - (8,0Vg,) = [e0®c’ —A+h-0+ivs(C @3 (T @) —ep, &]°.  (75)

In the same manner as the exact transport equation, the Usadel equation describes the
transport of electrons and holes in a general system. However, having used the quasiclassical
approximation and the diffusive limit, we have managed to significantly simplify the exact
transport equation. Not only have we managed to reduce the bullet-product to a ring-product,
we have also managed to decouple the s- and p-wave components of the Green’s function.
Having determined the s-wave component of the Green’s function using eq.75, we can always
find the p-component by using the relation in eq.74. For further details and discussion of
the derivations of the Eilenberger and Usadel equations, we refer to [59, 62, 61]. It is also
worth noticing that the only place the SO-field enters in the Usadel equation is in the covariant
derivative, instead of separate commutator terms as in the exact transport equation.

4.1.2  Equilibrium, dimensionality and ideal materials

The Usadel equation as it stands in eq.75 holds for a time-dependent g_. However, if the system
is in equilibrium, the Green’s function g, will become time independent. In this limit the Usadel
equation simplifies further. First, we notice that eg is just a scalar, so it clearly commutes with
.. Therefore the term e¢ in the commutator vanishes. Furthermore, since the Green’s function
g, is time-independent, the ring-product reduces to just normal matrix multiplication. This
follows directly from the definition of the ring product. Finally, we know that the components
of g, are not all independent, and in equilibrium are related by eq.44 and eq.45. We therefore
do not have to solve the Usadel equation for all three components, if we know for instance gX
we also know gﬁ and g§ In summary, the Usadel equation in equilibrium becomes

iDV - (gE . ?g?) = [eT?®c® —A+h-o+ivg(T® ®g0)gs('r3 ®g°),g§]_. (76)

The equation above is a three-dimensional equation. However, the systems we are going
to evaluate in the end are one-dimensional, since one-dimensional systems can be solved
directly numerically4. The underlying physics in one-dimensional systems is also easier to
grasp, making such systems well suited for qualitative discussion. Mainly, there are two ways
to achieve such one-dimensional systems, either by having thin films or nanowires. In both
cases, spatial confinement makes the system one-dimensional. In the following, we will discuss
these two ways in the case of propagation direction along z, assuming the SO-coupling to be of
Rashba-type.

The first way of constructing such a system is by having a finite extent in the z-direction,
while the system is so large along the x and y-direction that it can be treated as translation
invariant in the xy-plane. Geometrically, this type of set-up corresponds to a thin film with the
layering direction in z. Since the system is translation invariant in the xy-plane, the broken-
inversion symmetry vector e, in eq.6 is pointing in z-direction. Inserting e, = e, in eq.6 we

For a discussion of how one could solve three dimensional systems numerically we refer to the finite element method
developed by Amundsen [63]
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end up with the Hamiltonian H = —ﬁ(—py -¢! +p, -¢?). Looking at this Hamiltonian we
notice that it only contains P, and p,.. Remembering the general definition of SO-coupling in
eq.5, the SO-field A therefore can only contain a x and y-component. Furthermore, since the
system is so large along the x and y-directions, the Green'’s function only changes along the
z-direction, making the system one dimensional. Hence, constructing our system in such way
that the system is invariant in xy-plane, causes the component A, = 0.

The other way to achieve a one-dimensional system with propagation direction along z,
is by making it infinitesimal along the x and y-directions. Geometrically, this type of set-up
corresponds to a nanowire along the z-direction, surrounded by vacuum at the radial boundaries.
In this case, the broken inversion symmetry vector e, in eq.6 becomes e, = (ey + e,)/v2.
Inserting this into eq.6, we obtain the Hamiltonian H = — 5% (p, - ¢! — p, - ¢ + (Py = Pyx) ).
Comparing with the general definition in eq.5, we now get a SO-field A with components along
all directions. Though utilizing that both the Green’s function and its derivative must be zero at
the radial boundaries >, we can neglect p, and p,, giving a one dimensional system along the
z-direction. Notably, constructing our system in this way we have allowed for a nonzero A,, in
contrast to the first method. This leads to a different criteria for generating long-ranged triplet
components compared to the thin film case where A, is zero.

In the above discussion, we have assumed the SO-coupling to be of Rashba-type. Even
though the mathematical details in the derivation would differ if we instead had assumed
the SO-coupling to be of Dresselhaus-type, the bottom line is still the same. To construct a
one-dimensional system along the k-direction (k being x, y or z), we could either make the
system finite in the k-direction and translation invariant in the other two directions, leading to
A = 0. Alternatively, we could construct the system in such a way that we still have a finite
extent in the k-direction, while the other two directions become infinitesimal, leading to a finite
Ay. Either way, the gradient in eq.76 simplifies to the partial derivative in the k-direction. In
this thesis we will construct our system in the second way, i.e. a nanowire set-up, allowing for
a finite A,.

For simplicity, we also assume an ideal system; i.e. no spin-flip scattering. In the following,
we will also drop the subscript s, as well as the superscript R, since we only solve for the
isotropic s-wave component of the retarded Green’s function. Therefore, whenever we refer to
¢ in the rest of the thesis we implicitly mean the isotropic s-wave component of the retarded
Green’s function. In conclusion, the one-dimensional Usadel equation in equilibrium reads

iDOW(§0E) = e’ ®c’ —A+h-5,8]. (77)

4.2 KUPRIYANOV—LUKICHEV BOUNDARY CONDITIONS

In the previous section we found an equation describing the Green’s function in a general
material in equilibrium. Although, to be able to solve the equation for a specific heterostructure,
we have to impose some appropriate boundary conditions. For this purpose, we will use the
Kupriyanov-Lukichev boundary conditions [64].

Suppose that we have a heterostructure along the k-direction (k = x, y or z), with a material
interface at k = 0. For simplicity, we assume the interfaces to be not spin-active. Our system can
therefore be described by spin-independent boundary conditions. The material to the left of the
interface is referred to as the region with n = 1, while the material to the right is referred to as

5 The latter follows from the boundary-condition at vacuum-regions, for details see eq.79
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the region with n = 2. Moreover, the material to the left of the interface has a length L;, while
the material to the right of the interface has a length L,. For such an interface, we can use the
standard spin-independent Kupriyanov-Lukichev boundary conditions [64]. At the material
interface, the boundary condition reads

. 5 1 1 . 1 A
8n0k&y = Em[glfgz]— = QQn[gl,gz]_. (78)

Here §, refers to the Green’s function in region n with length L,. Furthermore, we have
introduced the ratio ¢, = Rp/R;, where R, is the bulk resistance of the material in region n
and Rp is the barrier resistance of the interface. Finally, the notation can be further simplified
by defining the interface parameter Q) = 1/L;,Cy.

At vacuum interfaces, it is reasonable to assume the barrier resistance to become in-
finitely large, causing the interface parameter (), to drop to zero. At these interfaces, the
Kupriyanov-Lukichev boundary condition therefore simplifies to

k81 T 0, & Lo 0. (79)

4.3 BULK SOLUTION

The Usadel equation in eq.77, along with the Kupriyanov-Lukichev boundary conditions, do
hold for a general system in equilibrium in which electromagnetic fields, superconducting
properties, ferromagnetic properties and SO-coupling all can be present. However, there is one
case worth highlighting, namely the bulk superconductor with a phase ¢, and magnitude A.
Without going into detail, one can show that the retarded Green’s function in this particular
case reads [29, 61]
o0 ig2eiPn
bulk = (S , i;z%—igbn S_l::l, ;o ) , (80)

where s = sinh(®) and ¢ = cosh(®), with ® = atanh(A/e).

4.4 RICCATI-PARAMETERIZATION

Thus far we have expressed the Green’s functions g by the normal component g and the
anomalous part f. However, this way of expressing § gives an infinite range of variation in §.
This infinite range of variation is a big disadvantage in terms of numerical simulations. It would
therefore be beneficial to parameterize the Green’s function in such a way that we generate
a infinite range of variation in g, from a finite range of variation in some unknown quantity.
Seeking such a parameterization there are two conditions that must be fulfilled, namely the
symmetry and normalization of the Green’s function §. One parameterization that fulfills these
requirements is the so-called Riccati-parameterization [29, 65]

(81)
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Here we have introduced the 2 x 2 matrices 7 and 9, as well as the matrices N = [1 — ﬂ]_l

and N = [1 — 4]~!. Also the tilde conjugate is defined as taking the complex conjugate and
letting € — —e. Before we proceed we notice that the definition of N can be rewritten according
to 1+ Nv%¥ = N. Similarly, for N we find 1+ N#¥v = N. In addition, we also have the identities
N7y = 9N and N9 = 4N [29]. These relations will turn out useful later on.

* From the definition in eq.81 we immediately notice the numerical advantage of this parame-
terizatoin. When 4 — 0 then § — 1, and when 4 — 1 then § — co. Hence a finite variation in ¥
results in a infinite variation in g, exactly what we aimed for. B

As stated, there are certain properties any parameterization of the Green’s function has to
fulfill. Let us now verify that the Riccati-parameterization indeed fulfills the required properties.
Starting with the symmetry property, we recall that in the quasiclassical approximation we
have expressed the Green’s function by the Fourier transform with respect to r and ¢ according
to eq.26. Hence, when evaluating quantities such as f(R, +€)*, the energy dependence simply
changes according to € — —e when performing the complex conjugate. However, this is nothing
but the definition of the tilde conjugate. The quasiclassical retarded Green’s function therefore
reads

—{(R,—e)* —g(R,—e)*

g f
= (_f _g) . (82)

If we now insert the Riccati-parameterization in eq.81, we get the following expression for
the retarded Green’s function g

: (g(R,—H—:) f(R,+e)>

s (NT+99) 2Ny
57\ 2Ny —N(1+79)

N0 (1+9F 2y
(0 N)( 2 1+47) "3

Comparing the Riccati-parameterized retarded Green’s function above with the general
retarded Green’s function in eq.82, we see that the Riccati-parameterization indeed fulfills the
required symmetry.

It now remains to verify that the Riccati-parameterization fulfills the normalization condition
g¢ = 1. Using the general § in eq.82, the normalization condition yields the following equations

gg—ffi=1, (84)
gf—15=0, (85)
—fg+gf=0, (86)
—ff+gg =1 (87)

Inserting the Riccati-parameterization, it is straightforward to see that the above equations
are fulfilled. Hence, the Riccati-parameterization indeed fulfills the the normalization condition

gg =1.
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4.4.1 Parameterized Usadel equation

Having established a suitable parameterization for the Green’s function, namely the Riccati-
parameterization, we now focus on rewriting the Usadel equation in eq.77 in terms of this
parameterization. Since the equation is a differential equation, we need the derivatives of N
and N. By the definition of N we get

1 .
- a _,ﬂ)z@k((l =77)
1 N 1
= N[7(y) + (9y)YIN. (88)
Similarly, for N we find
N = N[(c7)7 + (@) IN. (89)

Let us start by parameterizing the left-hand side of the Usadel equation. Using the definition
of the covariant derivative in eq.8 we have

80§ = 80k & —i8[Ar, 8], (90)
k(88 -)—[A g4 gl-1-
= 0c(80k8) — i[Ar, §0k8l - — 0k (A — 88 Ax)
—[A §A8]- + 4 g8 Al (91)

The last equation can be further simplified by utilizing the fact that the components of A
are constant, i.e. i(?k./z(k =0, as well as the normalization condition & = 1. Hence, we have the
following

Oe(88) = 0k(80k8) — i[Aw, 80kl - — ik (8Ag) — [A, §A8] . (92)

The above equation shows all the terms we need to evaluate for the left-hand side of the
Usadel equation. We now begin to evaluate each of these terms. However, to avoid getting lost
in mathematical manipulation, we will state only the final result and not all intermediate steps.
Furthermore, since not all components of § are independent, we only need to parameterize
the (1,1) and (1,2) components in each term. The equations coming from the (2,1) and (2,2)
components can be found simply by taking the tilde conjugate of the equations we find using
the (1,1) and (1,2) components.

Starting with J,g we find

g = N[y (7) + (1) 7IN, 93)
N7 (0,7)N7y + 2N (0, p) [FyN + 1]. (94)
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After matrix multiplication with § this yields the following components for gox§
g0 = N[(G1)7 ~ 1ADIN, (95)
N (96)

Finally, taking the derivative of g0xg we get the first term in eq.92, with the following compo-
nents

% (gakg) M = —2N7[(629) + 2(3 7Ny (A7) IN, (97)
e (80k8) 1) = 2N[(27) + 2(37) IN(7)IN
— 2NY[(%9) + 2(7)N7 (67) ]7N. (98)

We now proceed to the second term [ Ay, §x¢]—. By similar calculations, we find

(A, 8068) Y = 24N[(67)7 — 137N

CON[(@)F — 10D INA( — 1N, (99)
(A, 58] %7 = 2N(1 — 49)AN[(67) — 1(a7)7IN
+ 2N[(0ky) — 7 (D) INAE (1 — 4 9)K. (100)

)’7]& (101)

7(0ky)IN. (102)
Finally, we calculate the last term [A, gAg]_, whose components are

(A, gAg) ™ — 4AN[A + 7. A* 5N — 2[A% N] -

—4AN[A + YA FINA, (103)
(A, 548)%% = 4AN[Ay + 1 A*IN + 4N[ A7 + 7.A*NA*
—4ANYA* - 2AANy — 2Ny A" A*. (104)

Having found all terms belonging to the left-hand side of eq.77, we now focus on the
right-hand side. We notice that it contains the 4 x 4-matrices e7> ® ¢?, A and h - &. On the other
hand, the Riccati-paramterization expresses g as a 2 x 2-matrix. Therefore, we need to express
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these 4 x 4-matrices as 2 x 2-matrices. Since ¢V is just the identity matrix, the matrix et ®d’
simply reduces to e7° in the 2 x 2-matrix version. Moreover, from the definition of A and h - &
we notice that these 4 x 4-matrices can be expressed as the following 2 x 2-matrices

A 0 Aig? . h-o 0
A_<A*i(72 o)' h'”_<0 h~0'*>' (105)

Altogether, rewriting the Usadel equation in terms of 2 x 2-matrices we get the following

I 0 Aig? h-o 0 N
lDak(gakg) = [€T3 - (A*iaz 07 ) + < 0 h0'*> /g]—' (106)

If we now insert the Riccati-parameterization, the terms on the right-hand side reads

X 0 4N

[T 8] = (M 07> : (107)

0  Aic%\ .

A¥ig2 0 )'®
B —2(Aig®Ny + NyA*io?) —Aig®N(1 + 97) — N(1 + y§)Aic? (108)

~\A*%i2N(1 + 1) + N(1 + §7)A*ic? 2(A*ig?Ny + NyAic?) 7 1o

h-o 0 N 0 2h-oNy —2N~vh - o* (109)
0 h-o*)’8 T \2Njh-o—2h-o*Ny 0 ' 19

We have now parameterized both the left-hand side and the right-hand side of eq.77, giving
a fully parameterized Usadel equation in eq.106. That is, we have managed to rewrite the
Usadel equation into a 2 x 2-matrix equation, whose (1,1) and (1,2)-components describe the
system. The equations are still quite complicated to solve though. After all, the (1,1) and
(1,2)-components of the parameterized Usadel equation give rise to two coupled second-order
differential equations, both including 8,%1 and 8,%1. Luckily we can isolate 8,%1 by considering

the following trick. Multiplying the equation for J(g5&) ") with N~!yN from the right, we
get an equation for 0,31 which is present in both components (see eq.97 and eq.98). If we now
insert our newfound equation for 674 into J (§g)(?), all terms involving 6?4 and d;§ will
cancel, giving an equation only including (?,%1. Executing the described procedure, we arrive at
the equation

iD2N[(757) +2(3k7) TN(27)]

= iD{4N[(0)N(TAy + Af) + (A + 1 AEYN(0y) ]

+2N[AAy — 7 A* A*] (110)
+ AN(AYy A" IN(FAY + A*) |

+2Ni(yA*c?y — Ag) + 4Nye + 2h - oNy — 2Nvh - o*.
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The above equation can be simplified further by multiplying by —iN~!/2 from the left®

D[(677) +2(6k7)IN(67)]

= 2iD[(Aky)N(TARY + A7) + (Ax + Y AL DN(0 )]

+ D[AAy — 7 A" A”] (111)
+2D(Ay + Y A*)N(7AY + A¥)

+ (1A*g21 — Ac?) — 2iye —ih- (oy — yo™).

We have now finally arrived at an equation for the 2 x 2-matrix 7. The equation for 7 is
found by simply taking the tilde conjugate of the above equation.

4.4.2  Parameterized Kupriyanov-Lukichev boundary conditions

In the previous section, we expressed the Usadel equation in terms of v and ¥ for a region n. It
now remains to Riccati-parameterize the Kupriyanov-Lukichev boundary conditions. Let us
first focus on the boundary condition at the material interface, as defined in eq.78. Using the
definition of the covariant derivative in eq.8, with only components along the k-direction, the
Kupriyanov-Lukichev boundary condition reads

808y = 5 (81, &) + 8, [ A, 8] (112)

Looking at the above equation, we first notice that the left-hand side has already been
calculated in eq.95 and eq.96. Thus, only the right-hand side remains to be considered.

Utilizing the definition of the Riccati-parameterization in eq.81 with the appropriate sub-
scripts, the first term g, §,]— yields

. aan 1 ) )
(81,82 = S On[4N,(1- 7,7, )N, —4N, (1 - 7,7))N,, (113)

A~ (1 1 - - . -
[gll 82](—1 2 = EQ” [4M1(1 - IIIz)Izmz - 4M2(1 - 1211 )11M1] (114)

Similarly, for g, [ A, &,]— we find

8, [Au 8,00 = AN, [A + 7, A7 IN, — 2N, (1 -7, 7 )JAN,
- ZMnAk(l - ll’lii’l )Mnr (115)
8,4 8,1" = 2N, (1 + 9,7 )41, N, + 2N, 7 AF(1+7,7,)N,. (116)

Altogether, the Kupriyanov-Lukichev boundary condition in eq.112 gives rise to the follow-
ing equations for the (1,1) and (1,2)-components

® h-¢ is a scalar, so we are allowed to interchange the order of h-c and N
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N[Oy, = 7, (%7,) N, = [N, (1= 7, 7,)N, =N, (1 - 7,7))|N,
+2iN,, [Ay + 7, AF 7, IN,
—iN,(1-7,7,)AN,
—iN, A1 =7, 9, )N, (117)
N, [(%r,) =, (07,7, 1N, = Qu [N, (1 -7 7,)7, N, =N, (1 - 7,7 )7, N, |
+iN,(1+7,7,) A7, N,
+iN,y A (1 +jn1n)ﬁn. (118)

3

Looking at the two equations above, we notice that we can isolate dy, by doing a similar
procedure as earlier when discussing the Usadel equation. If we multiply the first equation with
N, 1’7,1&;1 from the right, thereafter subtract the resulting equation from the second equation,
we have managed to isolate dyy . Performing the described procedure, the equation for dyy,

reads
N, (0,) = QN (1 =7 7, )N, (v, = 7,)
+ 0N, (1= 7,7 )N, (7, = 7,) (119)
+ lMﬂlnA;: + anAkzn
The equation above holds for a general region 7, in which n = 1 refers to the left region
while n = 2 refers to the right region. If we now insert for n = 1 we notice that the second
term in eq.119 vanishes, enabling us to divide with N;! from the left. Similarly, inserting for

n = 2 the first term in eq.119 vanishes, enabling us to divide with N 1 from the left. Thus, the
equations for n = 1 and n = 2 simplify to

oy, =l =77 )N, (v, —7,) + iLA;f +idey,, (120)
oY, = (1 -7,7 )N, (v

2

2

=) Hir A+ A (121)

Now that we have Riccati-parameterized the boundary condition at the material interface, it
is straight-forward to parameterize the vacuum interfaces. Recalling the expression for 0;g,
found in eq.93 and eq.94, and doing the same mathematical procedure as above, the boundary
conditions at the vacuum interfaces in eq.79 simply becomes

Ok, LT iLA,’: +idyy kY, L= iLA,’: +idyy,. (122)

As before, the equations for 7 and 7 are found by taking the tilde conjugate of eq,120,
eq.121 and eq.122.

4.4.3 The bulk solution in the Riccati-parameterization

Having expressed the Usadel equation, as well as the appropriate boundary conditions in terms
of the Riccati-parameterization, it is useful to relate the well-known bulk solution in eq.80 to
this parameterization. Looking at the general definition of the Riccati-parameterization in eq.83,
we notice the elements of the retarded Green’s function are products of ¢ and %, making it
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hard to read-out expressions for v and ¥ by direct comparison. Fortunately, we notice that we
can express 7 and 4 in terms of the matrix elements of eq.83, e.g. 7 = 2Nv/(1 + N(1 + 7%)).
Comparing these matrix elements with the bulk solution in eq.80, we find the following
expressions for y and ¥ in a bulk superconductor

y=s- io?e'® /(1 +c- ), J=-s" io2e™ 0 /(1 +c- d0). (123)

Here ¢, is the phase of the superconductor in region n and 1 is the 2 x 2 identity matrix.
Moreover, recall that s = sinh(®), ¢ = cosh(®) and ® = atanh(A/e), as defined previously.

4.4.4 Summary

We started out this chapter by wanting to find the equations that describe spin and charge
transport in general heterostructures. Seeking such equations led to the well-known Usadel
equation in the diffusive limit, accompanied by the Kupriyanov-Lukichev boundary conditions.
Expressing the Green’s function § in terms of the Riccati-parameterization, we were able to
rewrite the equations in a more suitable manner for numerical simulations. Before we proceed,
let us summarize the main results of what we have found so far.

Accompanied by the Kupriyanov-Lukichev boundary conditions, the Green’s function 1y,
in region 7 is determined by the equation

D[(y,) +2(3k,)7, Nou(67, )]

= 2iD[ (07, )N, (7, Ay, + AD) + (A + 7,487, )N, (97,

+D[AAy, — 7, A" A%] (124)
+2D(Ay, +7, AN, (7,47, +A¥)

+ (7, A%y, — Ag®) —2iy e —ih- (oy, —7 %)

At material interfaces these boundary conditions read

Oy, = Ul -77,)Nao(y, —7,) +iv, Af +idiy,, (125)
Y, = Qa(l= 1,7 N, (1, = 7,) + i Af +idy,. (126)

2

Here n = 1 denotes the region to the left of the interface and n = 2 denotes the region to the
right.

In the special case of having a vacuum-region adjacent to a material, the boundary conditions
simplify according to

kY, T iy Af +idy, &, Lo iy Af +idy,, (127)

where L; and L, denote the position of the vacuum interface.
As emphasized earlier, by taking the tilde conjugate of the relevant boundary conditions,
we obtain the boundary condition for 7 .
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In the previous chapters, we have developed a solid understanding of the underlying physics
governing superconducting systems. We have introduced the fundamental concepts, as well as
established the mathematical framework needed to describe Cooper-pairs. We also derived the
equations determining the Green’s function in a general system. In this chapter, we will connect
what we have learned so far by expressing common physical quantities in terms of the Green’s
function. We start by introducing the d-vector formalism, which will be useful when discussing
physical quantities. Then, we will express the current, density of states and superconducting
gap, respectively, in terms of the Green’s function.

5.1 D-VECTOR FORMALISM

Thus far, we have expressed the Green’s function by its normal component g and anomalous
component f. To better see the interplay between the singlet and triplet components, we
introduce the d-vector formalism [66]

f=(fs+d-o)ic% (128)

Here f; is the singlet component, which is a scalar quantity, i.e. rotationally invariant, and
d = (dy, dy, d;) is the triplet component, which is a Cartesian vector.

Alternatively, we can also express the matrix 7 in terms of the d-vector formalism, giving

fidy—dy datf
2Ny = ( d:—f, idy + dx> ' (129)

Before we proceed, let us get some intuition about the triplet component. If we have an
exchange field h pointing in the e}, direction, we know that the triplet component can be either
a long-ranged triplet component (LRTC) or a short-range triplet component (SRTC), depending
on how the spins of the Cooper-pair are oriented with respect to the direction of the exchange
field h. Having spins parallel to the direction of the exchange field the Cooper-pair is defined
as an LRTC, whereas spins perpendicular to the exchange field produce an SRTC. Naively,
one might think that the LRTC is the one with d|/h and the SRTC is the one with d L h.
However, looking at the definition of fR in eq.128, we notice that d is multiplied by ¢2. In a
two-dimensional plane, this matrix represents nothing than a 6 = 7r/2-rotation. Thus, if we
start out with a triplet component d||h, the triplet component becomes rotated by an angle
= 11/2 and consequently ends up being perpendicular to h. Therefore, the SRTC is defined as
d) = d - ey, while the LRTC is defined as d; = [d x ey|.
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5.2 DENSITY OF STATES

The local density of states for particles with spin ¢ and energy € at position z is defined by the
following [67]

Ny (€,z) = NoRe{g,,(€,2)}. (130)

Here N is the local density of states per spin at the Fermi level when the material is in its
normal state’.

The definition as it stands is spin-dependent. In materials where the exchange field is not
too strong, it is sufficient to describe the system by a spin-independent local density of states
N = (N} +N,)/2. For convenience, we will focus on the normalized local density of states
D = N/Njy. Therefore, the equation for the normalized spin-independent local density of states
becomes

D(e, z) = %ReTr{g(e,z)}. (131)

Expressing the Green’s function by the Ricatti-parameterization, the density of states be-
comes

D(e, z) = %ReTr{M(l +77)}- (132)

Although the density of states defined above is a local quantity, we will often refer to it as
D(e) without specifying the position. In such a case, the position is taken to be in the middle of
the material of interest.

5.2.1 Density of states in the weak proximity limit

Before we proceed, let us consider how the weak proximity effect affects the density of states
in a non-superconducting material. Remembering that the bulk of a non-superconducting
material is characterized by g =1 and f; = 0, we can write the retarded Green’s function of
the non-superconducting material in the weak proximity limit as a correction to the bulk case

g§=8,+t+§,. (133)
where §, = diag(1, —1) is the solution for the bulk of a non-superconducting material,  is the
first order correction and g, is the second order correction.

Using the normalization condition § = 1, we get the following equation

(8of +180) + (Bo8n + 8280) + F + (8oF +18,) + 83 = 0. (134)

Neglecting terms higher than second order, the two last terms drop out. Also, demanding
the first and second-order terms to separately fulfill the equation, we are left with two equations

(go? + fgo) =0, (135)
(8082 + 8280) + ) (136)

Although Nj in general depends on the energy ¢, it is fair to treat Ny as a constant value measured at the Fermi level
when using the quasiclassical approximation.
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Recalling that §, is diagonal, we see from the first-order equation that f must be antidiagonal.
From the general structure of the retarded Green’s function in eq.30 we can write

- (% o) (137)
Or, equivalently, using the tilde conjugate
f= (_Of é) . (138)
Calculating # and inserting this into the second-order equation yields
0= <(1) _01> & +8& ((1) _01) + (_Off _Off) . (139)

The only way for the above equation to hold is by having §, diagonal. Again, using the
general structure of the retarded Green'’s function we have

0
g = <§ _g> . (140)

Solving for g in the second-order equation, we then find g = %E . Going back to the total
retarded Green’s function, we have now found N

N 1 0 0 g

=0 %)+ (% 0+ %)
1 0 0 f ff o0

o )G o) (5 ) 4

We are now finally ready to express the linearized density of states. Recalling the general
definition of the density of states in eq.131, we simply get

o

1 1.
D(e, z) = EReTr{l + Eﬁ}' (142)
The above expression for the linearized density of states is written in terms of the anomalous

Green’s function f. Equivalently, we can also express the density of states in the d-vector
formalism, where the expression for zero energy becomes?

1 1
D(e =0) =1+ 5|d* - S| (143)

2 Choosing to evaluate the density of states at zero energy, the tilde conjugate simply becomes the complex conjugate.
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The expression above shows an important feature of the density of states. From the linearized
expression, we clearly see that having triplet components d present results in an enhancement
of the density of states, while the singlet part fs reduces the density of states. In the case
of a normal metal, where both the singlet and triplet parts are zero, the density of states is
featureless with a constant value of 1. On the other hand, if we have an s-wave superconductor,
the singlet part has a finite value while the triplet parts are zero, resulting in a gap in the
density of states at € = 0. We can therefore determine if the system is dominated by singlet or
triplet parts by measuring the density of states. A peak around € = 0 corresponds to a system
dominated by the triplet component, while a gap corresponds to a system dominated by the
singlet component.

5.3 CURRENT

We now move on to discuss the current in terms of the Green’s functions. The dimensionless
transport equation for the system can be written as

i02(§0-8) — [H,§]- = 0. (144)
Using the relation [§, H| - = i0;§, and multiplying both sides with the constant electrical
conductivity o, we get the following equation

i0,(080:8) + 101§ = 0. (145)

If we now define the current density matrix as j = pv = 0§0.§ [27, 68], meaning that p = ¢,
the above equation can be written as

Oz + 0o = 0. (146)

This is nothing but the continuity equation in one dimension, telling that our definition of the
current density matrix indeed conserves the current matrix as it should.

Let us now take a closer look at our definition of the current density matrix. Remembering
the matrix structure of the Green’s function g in eq.29, it is reasonable to expect the current
density matrix j to have the same matrix structure. Hence, we do have

]@R iK
j= A (147)
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However, as the equation stands, it is a matrix equation. To get expressions for e.g. charge-
and spincurrent density, we have to rewrite the current density matrix into expressions for the
scalar current densities.

Let us first look at the charge current density. As a general expression for the charge current
density should be able to account for both the equilibrium and nonequilibrium-cases, we have
to use the Keldysh component. Furthermore, the upper diagonal element of the Keldysh
component represents electrons with a charge —e, while the lower diagonal element represents
holes with a charge +e. To account for this sign difference in the charge, we therefore multiply
the Keldysh component by 3, and then take the trace. Moreover, we are interested in all
energies, so we integrate over the quasiparticle energy €. To normalize the expression, we
divide by a factor of 2 - 2¢2. The first factor comes from the trace, while the second factor
appears as a result of the integration over quasiparticle energies with charge 2¢?. Finally, to
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obtain the charge current density we multiply by a factor of e. Doing the above steps, the charge
current density reads

o1 38
e = 15 fdeTr{p31K}- (148)

e

Moving on to the spin current density [30, 27], we follow a similar procedure as outlined
for the charge current density. The only difference is that we now have to extract the spin

. . 2K . . 2K . .. .

information from j . We do so by multiplying j by the a matrix containing the Pauli vector
. N . 32K . .

along unit vector ey, 0n = diag(en - 0, en - ¢*). Therefore p3] in the charge current density

modifies to p° fran in the case of spin current density. Besides, due to the two possible values
for spin, we divide the normalization factor by an extra factor of 2. Finally, being interested
in the spin current density we do not multiply with a factor of e at the end. The resulting
expression for spin-current density polarized along unit vector e, becomes

. 1 3. K
Jsn = g2 fdeTr{pe’ffnJ }- (149)

In the above, we have expressed the current density by the Green’s function. To obtain an
expression for the current itself, we only need to multiply j by the cross-sectional area A. In
that case, the electrical conductivity transforms into A = (0 AL)/L = GL where L is the length
of the system and G is the conductance. Hence, the definition of the current matrix in terms of
the Green’s function becomes

I=GLgdg. (150)

Since the current I has the same matrix structure as j, the charge and spin currents in eq.148
and eq.149 simply modifies to

_ 1 ~37K
I, = 1 JdeTr{p I}, (151)

1 3. K
Ign = 32 JdeTr{pScrnI ). (152)

As we have seen earlier, the triplet state has one long-ranged component (LRTC) and one
short-ranged component (SRTC). Therefore, it is useful to decompose the spincurrent Is ;, above
into a spincurrent for each of these components. Recalling that the LRTC is defined as having
spins parallel to the exchange field, we extract the LRTC from eq.152 by choosing a unit vector
en parallel to exchange field h. Whereas for the SRTC, whose spins are perpendicular to the
exchange field, we choose a unit vector e, perpendicular to the exchange field h3. The singlet
spin current will always be zero due to the fact that this state has a spin quantum number equal
to zero.

Before we proceed, let us take a closer look at the magnitude of the spincurrent to get a
better understanding of the origin of the two polarization components. The spin-expectation
vector of a triplet Cooper-pair is defined as (S) = id x d, where d = dyrrc + dsgrrc is the (total)
triplet component in the d-vector formalism and d = d(—e€)*[27, 30]. Writing out the spin
expectation vector of the total proximity-induced superconducting state, we obtain

3 Note that this is just the general definitions of the LRTC and SRTC.
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{(S)tot = i(drrrC + dsrrc) * (dLrTC + dSRTC)
= (S)rrTC + (S)srrC + i(dLrTC % dsrrC + dLRTC X dSRTC)- (153)

From the above, we see that the spin expectation vector of the total proximity-induced
superconducting state (S)iot splits into three parts: two terms entirely due to the LRTC and
SRTC, (S)rrrc and (S)srrc respectively, and one interference term between the LRTC and
STRC (S)int = i(drrrc % dsgrc + dirrc * dsgrc). To unravel the physical meaning of the
different terms, let us choose a pure Rashba SO-coupling and an exchange field in the yz-plane
h = hye, + h.e;. This choice produces

dirre = (81, —82hz/h, §2hy/h),  dsrrc = (0, dsrrchy, dsrrchz)/h. (154)
where g1, g2 and dsrrc are complex scalars that describe the LRTC and SRTC respectively. Also
note that when dggrc||/h then dirrc - h = 0 as expected?.

We first focus on the two terms entirely due to the SRTC and LRTC. Inserting the specific
form of the triplet components, we obtain

(S)srrc = idsrrc % dsgrrc

= i(dsgrc - dsrrchyh: — dsgrc - dsrrchzhy) /h*

=0, (155)
(S)Lrrc = idrrTC X diRTC

=—i(§2- 81— 'gl)(hyey + hzez)/h. (156)

From the above, we notice that the term entirely due to the SRTC vanishes, while the term
entirely due to the LRTC is nonzero and points along h. In other words, the spin-expectation
vector of the LRTC points along h as expected.

Let us now take a closer look at the interference term. Suppose the interference term can
written as (S)int = {S)ex + {S)mix, Where the exchange term (S)cx and mixing term {S)mix
jet to be determined. Inserting the specific expressions for the two triplet components, the
interference term now reads

(S)int = i(drrTC % dsgrc + dirre * dsgrc)
= —i(dsrrcg2 — dsrrc$2)ex — i(dsrrcgr — dsrrcr) (eyhz — ezhy)/h
= (SDex + (SDmix- (157)

From the above, we immediately notice that the exchange term (S).x is independent of the
direction of the exchange field h, whereas the polarization direction of the mixing term changes
as the direction of h changes. Although both terms are perpendicular to the exchange field h.

Going back to the spincurrent in eq.152, we can now discuss the two polarization components.
The only spin-expectation value parallel with h is the term originating entirely from the LRTC,
ie. (S)Lrrc. In other words, (S)rrrc is the only term that contributes to the parallel component
of the critical spincurrent Ig,H. If we instead now focus on the perpendicular component of

4 This is nothing but the definition of the LRTC and SRTC in the d-vector formalism.
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the critical spincurrent Ig |» we know that there are two spin-expectation values pointing
perpendicular to h, namely (S)ex and {S)mix. Consequently, the magnitude of the perpendicular
component of the critical spincurrent Ig | can be decomposed as

1S )| = A/ (S 00)2 + (IS i) (158)

C
S,ex

of the critical spin-current Igll’ were presented in [30], which we show in figure 10. From

The two contributions I¢ ., and Ig,mixl as well as the magnitude of the parallel component

the figure we notice that while the mixing term qualitatively has the same behaviour as the
parallel component, i.e. a sinusoidal form vanishing at ¢ = 0 and ¢ = 7, the exchange term is
finite even at ¢ = 0 where no net charge flows. Hence, the exchange term can be interpreted
as a superconductivity-induced torque acting on the magnetization, which is present even in
the absence of any charge current. On the other hand, the mixing term represents the spin
polarization that originates from interference between the LRTC and SRTC carried by the charge
current, while the parallel component originates from pure LRTC carried by the charge current.
The mixing term and parallel component therefore has qualitatively the same behaviour as the
charge current, i.e. sinusoidal behaviour, which we clearly see in figure 10.

wa“‘ x 107 x 1073
7 [ b 2 Lrlés
0.16
6 1.6 0.20
5 0.24
|]s.\|| 4 |IS.m|x‘ 1.2 0.32
215, 215 0.40
0 3 008 0.60
2 0.80
1 0.4 1.00
1.20
0 0

Figure 10: The different polarization components of the normalized critical current for a S/N/F/N/S-
Josephson junction plotted as a function of the phase difference ¢ between the superconductors. The
length of the ferromagnet is denoted L, while a superconducting coherence length of {g = 25 nm is used.
Note that in our notation we have reserved ¢ to the azimuthal angle, using ¢ instead to denote the phase
difference. Moreover, I, in the figure is just a normalization constant comparable to the prefactor in
eq.150. Figure is taken from [30].

5.4 THE GAP-EQUATION

We finally complete this section by expressing the superconducting gap by the Green’s function.
Our starting point is the general definition [61]

A(rr) = MY (1r, 1) ¥4 (11, 1)) (159)

Looking at the definition of the anomalous Keldysh Green’s function F§U,(r1, f1;11,£) in

eq.19 and using the fermionic anticommutation relation, we notice that we can express the
expectation value above in two different ways
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FIfT (re, b1y, t1) = —i([¥ (10, £1), ¥y (10, 1)] )

= —i{(¥, (rlrtl)‘PT(rI/tl) =¥ (r, 1) ¥ (1, 1))

= =2i((Y (r, t1)¥1(re, 1)), (160)
FY) (r1, b0, h) = —i([¥q (00, 01), ¥ (10, )] )

= —i{(F (v, 1) ¥ (10, 1) = ¥ (r0, 1) ¥4 (11, 1))

= F2i((Y (re, t1) ¥ (1, 1)) (161)

Hence, the superconducting gap can be expressed as

A
Ary) = —ig (Flﬁ (re,t1;11, 1) — FIfT (rl,tl;rl,tl)). (162)

Looking at the above equation, we notice that the first term is nothing but the (1,4)-element
of the 4 x 4-matrix GK, while the second term corresponds to the (2,3)-element. These elements
can be extracted from G< by doing the following

N

1, .1 ..o 34K
Fﬁ(rl,tl;l‘l,tl) — FIfT(rutl}rlrtl) = Tr{z(pl — zpz)p3G }, (163)

giving the following expression for the superconducting gap

A 1,, . 0n A3 aK
Ary) = —14T1r{2(p1 — zpz)p3G } (164)

The above expression can be further rewritten by taking the quasiclassical approximation as
defined in eq.26 and eq.28, along with a general rewriting of the momentum integral>

PN

A 1., BUNR
Alry) = 14:Tr{2(pl - zpz)p3GK(r1,t1;r1,t1)}

— _'& 1 i A 1 : +ir-pf —iet ~K .
= 14Tr{2(p —ip?)p° oL }EI(I) dpe dee "'G (R, T;p,€)

t—0
d
—iZTr{;( 2 AaNof J‘ €pr 7T : KR, T;e,,, e )} (165)

Finally, we can approximate the Green'’s function to first order in spherical harmonics as
shown in eq.70.The integration over the direction of the momentum at the Fermi-surface §de,,
therefore vanishes, resulting in the so-called gap equation

A(R) = —éNOATr{ i0? A3jde (R, T,e) } (166)

5§ (szP3) — Np Sdgp&%, where N is the density of states at the Fermi-energy.



LINEARIZED EQUATIONS

In Chapter 4 we set up the machinery for describing general heterostructures. However, looking
at eq.124 we notice that it is still a nonlinear equation in terms of y and Jy . To gain some
physical insight into what to expect, we will in this chapter linearize the Usadel equation
and insert the relevant parameters for a particular system. The system of our choice will
be an S/F/S-Josephson junction, where we are interested in describing the Green’s function
in the ferromagnetic region. To avoid being overwhelmed by equations, we will choose our
system to lie in the z-direction. For this specific system we will insert the relevant form of
SO-coupling, invoke the d-vector formalism, and finally discuss our choice of the exchange
field h. The qualitative discussion of a corresponding S/F/S-Josephson junction laying in the
x or y-direction will indeed be qualitatively similar, with only minor differences in terms of
subscripts.

6.1 USADEL EQUATION IN THE WEAK PROXIMITY LIMIT

Mathematically, the equations for y and ¥ are linearized by imposing the weak proximity limit.
Recall that the weak proximity limit means that we assume the properties of the superconductor
to have a small (but finite) impact on the ferromagnet close to the interface. Therefore, the
weak proximity limit is defined as g ~ 1 and |f| << 1 in the ferromagnet. In terms of the
Riccati-parameterization, this reads N

N, ~1 7y <<l (167)

Inserting the definition above into eq.124, as well as only keeping first-order terms of
kY, and v , we obtain the following linearized Usadel equation for propagation along the
z-direction

D((?%ln) = ZiD[(azln)A; + A, (azln)]
+ DIAAY, +7, A" A" + 247 A*] (168)
—2iy e—ih-(oy, —7,0%).

Here, we have chosen a general exchange field h = hyey + hye, + h;e;. Moreover, as emphasized
earlier, the linearized equation for 7, can be found from the equation above by taking the tilde
conjugate.
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6.2 USADEL EQUATION WITH D-VECTOR FORMALISM

As a first step to more clearly see the interplay between the singlet and triplet components, we
now invoke the d-vector formalism in the linearized Usadel equation as written in eq.168. In
the weak proximity limit, the d-vector formalism in eq.129 reads

1 /id, —d d, +f
7—2(1] . S)- (169)

d: —fs idy +dy

Furthermore, as we derived in section 2.1, a nanowire setup along the z-direction results in
a Rashba SO-coupling Az = (0,0,a(¢! — ¢?)). Choosing our material in such a way that we can
neglect the Dresselhaus contribution, the SO-field is purely of Rashba type. In addition, it is
worth noticing that our particular choice of SO-field fulfills

10

mum&:mgl

>=@£=ﬁﬁ, (170)

which simplifies the two first terms in the second row in eq.168.

Altogether, inserting the d-vector formalism and the specific form of SO-coupling into
eq.168, we end up with a 2 x 2-matrix equation that has a structure similar to the definition
of the d-vector in eq. 169. Isolating the different components is simply a matter of adding or
subtracting the desired matrix elements. Doing so results in the following equations

% D2d, = 2iDadzd; +2iDa?(dy + dy) + edy + hyfs, (171)
é D2d, = 2iDadzd. + 2iDa?(dy +dy) + ed, + hyfs, (172)
é D2d, = —2iDadx(dy +dy) + 4iDa’d; + eds + haf,, (173)

éDagfs =efs+h-d. (174)

63 CHOICE OF EXCHANGE FIELD

Inserting the d-vector formalism, we were able to more clearly see the interplay between
the different components of the d-vector. However, we still cannot easily see the interplay
between the SRTC d|| and LRTC d; . For this purpose, we will now discuss and specify the
exchange-field h.

Having a finite component A,, we recall that the criterion for generating LRTC is a nonzero
commutator [A h - o]—. Calculating the commutator, it is straightforward to show that both
an exchange field in e.g. the xy and yz-plane produce a nonzero commutator (with some
exceptions for the former case). Let us choose an exchange field in the yz-plane as sketched in
figure 11.
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Figure 11: Illustration of how the long-ranged and short-ranged triplet components in the d-vector
formalism relates to an exchange field h in the yz-plane. The SRTC lies parallel to h, while the two LRTC
d, ; (blue) and d, , (pink) lies perpendicular to h.

Having an exchange field in the yz-plane, we can write h = h(sin(0)e, + cos(0)e;) = hey,
as illustrated in figure 11. Thus, the SRTC d;| becomes d|| = d - e, = dysin(6) + d.cos(6). To
find the LRTC d; we can use a geometric approach. From the definition of d; = |d x e| we
know that this component must be perpendicular to ep,. Instead of calculating the cross-product
directly, we can find the unit vector perpendicular to ey, let us call this ey, |, and then find
d, by taking the dot product with ey, ;. From figure 11 we see that there are two options for
ey, |, the vector has to lie either in the yz-plane or entirely along the x-axis. In the following,
we will refer to the perpendicular component generated from e}, | lying in the yz-plane as
d, ; = d;, while the other case is referred to as simply d | , = dy. Looking at figure 11 we see
that d| = —d;sin(f) + dycos(6), while d = dy. We stress that both d | and d, are defined as
LRTC. Finally, we notice that we can rewrite dy and d; in terms of d|| and d, . In summary, the
equations we have to disposal are as follows

d)| = dysin(6) + dzcos(6), (175)
d; = —d.sin(f) + dycos(0), (176)
dy = djsin(6) + d  cos(), (177)
d; = d)jcos(6) —d_sin(6). (178)

Inserting the above set of equations into eq.171 - eq.174, we find the following equations for
the system

éD&fdx = 2iDad.d|cos() — 2iDad.d | sin(6)
+2iDa*djsin(6) + 2iDa’d | cos(6) (179)
+ [e + 2iDa?]dy,
%'DagdH = —2iDad,d | — 2iDad,dycos(0)
+ 2iDa’d,sin(f) — iDa?d | sin(26) (180)
+ [e +2iDa?(1 + cos®(0))]d| + hfs,
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%D&fd | = 2iDadzdysin(6) + 2iDad-d,,
+ 2iDad cos(8) — iDa’d)sin(26) (181)
+ [e 4+ 2iDa?(1 + sin?(9))]d |,

%D&ffs = efg + hd,. (182)

Looking at the above set of equations, we clearly see the effect of having a ferromagnet with
SO-coupling in contact with a superconductor. When the Cooper-pairs enter the ferromagnet,
these are all in a singlet state. Hence, the only nonzero component is f;. However, according
to eq.182, having an exchange field present in the ferromagnet generates an SRTC. When the
SRTC is generated, the presence of SO-coupling can then generate LRTC according to eq.180.

It is also worth emphasizing that even though a nonzero commutator is the criterion for
generating LRTC, this quantity alone does not tell the whole story. The reason is that the
commutator does not tell us anything about which choice of h generates the triplet components
that are most easily seen in experiments. To illustrate this, suppose that we have two different
h fields, both giving a nonzero commutator. However, when inserting these particular choices
into the linearized equations, we find that in one of the cases the ratio between the imaginary
part of the quasiparticle energies at zero-energy, Im{e  (0)}/Im{e||(0)}, goes to zero while in
the other case it diverges. Hence, in the former case we have Im{e, (0)} « Im{e)|(0)}, while
in the latter case we have Im{e (0)} » Im{e||(0)}. As a large imaginary energy part tends
to destabilize and destroy Cooper-pairs, this can be seen directly from eq.26, Cooper-pairs
with a large imaginary part are also harder to see experimentally. Therefore, when the ratio
Im{e, (0)}/Im{e)(0)} — O the LRTC is more energetically favorable than the SRTC. In contrast,
if the ratio Im{e (0)}/Im{e||(0)} — o, it is SRTC that is the most energetically favourable. This
will of course drastically affect for which choice of h we will most easily measure the triplet
component. After all, it does not really help to generate a triplet component if this state is also
so energetically unfavorable and unstable that it becomes hard to measure.

Although, the ratio Im{e, (0)}/Im{e||(0)} in general will affect for which orientations of the
exchange field we expect to most easily see the LRTC, we notice from eq.179 - eq.182 that for a
exchange field in the yz-plane the ratio reads Im{e ; (0)}/Im{e|(0)} = (1 + sin?(0))/(1 + cos?(8)).
This varies only between a minimum value 1/2 and a maximum value 2. Thus, in our particular
case, we do not expect the stability between the LRTC and SRTC to matter. Although we notify
that this ratio may become important in other cases.

64 DIMENSIONLESS EQUATIONS

Finally, for numerical simulations, it is useful to find a dimensionless analogue of eq.179 -
eq.182. We do so simply by introducing the Thouless energy et = D/L? and the dimensionless
position z’ = z/L. Using these definitions, it is straight forward to rewrite eq.179 - eq.182 into a
dimensionless form. For qualitative discussions, making the equations dimensionless do not
matter, the physics remains the same. However, doing numerical simulations it is convenient to
make the equations dimensionless to simply reduce the number of parameters. In the numerical
simulations presented in this thesis, we therefore use the dimensionless equations rather than
the dimensionfull equations as stated in the previous section.



THE BASIC BUILDING BLOCK: S/F/S-JOSEPHSON JUNCTION

In previous chapters, we have presented the underlying theory and derived the equations
describing general heterostructures. We have also linearized the equations for a system with
Rashba SO-coupling and exchange field in the yz-plane, to better understand the underlying
physics. However, the systems in mind are still rather general. We have not said anything about
the specific strength of the Rashba SO-coupling, the specific orientation of the exchange field or
the geometry of the set-up. In this chapter, we will discuss the S/F/S-Josephson junction with
SO-coupling and phase difference ¢ investigated by Jacobsen and Linder [1], the very building
block for the more complicated H-geometry.

7.1 EXPERIMENTAL SET-UP

The physical system of interest is shown in figure 12. The trilayer consists of two s-wave
superconductors, with phases ¢; and ¢r. Thus, the phase difference reads ¢ = ¢ — ¢r. The
two superconductors have the same magnitude A. Furthermore, we scale all energies and
exchange fields to A. The two superconductors are then connected by a ferromagnetic nanowire
of length L along the z-axis. We choose the left interface to be at a position z = 0, which
means that the ferromagnetic nanowire goes from z = 0 to z = L. We assume a pure Rashba
SO-coupling A = Ag = (0, O,a(gl — gz)) in the ferromagnetic wire, as derived in section 2.1.
Finally, we have chosen an exchange field in the yz-plane h = h(sin(0)e, + cos(0)e;) = hey,
with 6 governing the proportion of in- and out-of-plane components of the field.

Figure 12: A sketch of the experimental set-up. Two superconductors S with phase ¢ and ¢r are
connected by a ferromagnetic nanowire F. The ferromagnet has a length L, an exchange field h and a
SO-field A.
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7.2 NUMERICAL METHOD

In this section, we will summarize the most important key-points from the numerical method
used to solve our system. For more details see the main-file attached in Appendix C.

The numerical method goes as follows. For the first energy, we calculate the bulk solution
in the two superconductors according to eq.123, which enters the boundary conditions. Next,
we set the initial guess for our solution. Whether the bulk solution in the superconductors
or the normal metal solution (i.e. ¢ = 4 = 0) is most suitable depends on the parameters for
which we solve. If we expect the density of states to resemble the behavior seen in a normal
metal, we use the normal metal solution v = 4 = 0 as an initial guess. If instead we expect the
solution in the superconductor to be a better fit for the density of states, the bulk solution in the
superconductor tends to be the most numerically stable’. In our case, choosing v = ¥ = 0 as
our initial guess in the ferromagnet tends to be the most numerically stable. We emphasize
that this initial guess is used only for the first energy which we solve for. Next, we solve the
differential equation eq.124, with the Kupriyanov-Lukichev boundary conditions in eq.125
and eq.126, by using the bvp6c-matlab solver implemented by Hale and Moore [69]. As stated
at the end of the previous chapter, for numerical convenience, we will use the dimensionless
analogue of these equations. Having found the solution of v and  for a given energy, we
use this solution as an initial guess for the next energy. By doing so, we improve numerical
efficiency and stability. The above procedure is repeated until all energies are iterated through.
If we also iterate through different choices of phases, we update the initial guess for all energies
and positions with the current solution before moving on to the next phase.

There are some remarks about the numerical method described above worth highlighting.
When we iterate through the energies, it is beneficial to start with the highest energy. Starting
with the highest energy, our first initial guess (which is the normal metal solution in our case)
will be a better guess for the correct solution. Thus, starting with the highest energy improves
the numerical efficiency and stability. As the density of states rapidly falls off for energies
much larger than the superconducting gap, it is sufficient to set the highest energy to 1.3A. For
numerical convergence, it is also beneficial to add a small imaginary part to the energy, which
models the inelastic scattering. For simplicity, we will choose the Fermi-level u = 0, in which
the density of states becomes symmetric with respect to energy. Therefore, it is sufficient to only
solve for positive energies. With these choices around 200 — 300 energy points are sufficient for
the bvp6c-matlab solver.

Finally, we emphasize that we assume a bulk solution in the superconducting region, thus
not solving the system fully self-consistently. This is a valid assumption as long as we choose
the interface parameter between the superconductor and the ferromagnet to be small. For small
values of the interface parameter, i.e. small transparency across the interface, the effect of the
ferromagnet on the superconductor is minimal, thus we can assume a constant solution in the
superconductor equal to the solution of the bulk.

Although we should be able to solve our equations numerically regardless of our initial guess, choosing an initial guess
not too far away from the correct solution will improve the numerical efficiency and stability. If we choose a really bad
initial guess, the numerical solver may not converge to a solution.
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7.3 RESULTS

In figure 13a we have plotted the density of states for a field along the y-axis, h = 10Ae,, and
a pure Rashba spin-orbit coupling of strength « = 0.4/L, where L = 15 nm is the length of
the ferromagnet. In the same figure, we have also shown the results for an S/N/S and S/F/S
junction without SO-coupling. From this figure we clearly see that the density of states is
strongly enhanced at a phase difference ¢ = ¢ — $r = 71, giving what the authors call the
giant proximity effect. As we know from section 5.2.1 the density of states in the limit of weak
proximity can be used to determine if we have singlet or triplet states present. Triplet states
result in a peak in the density of states whereas the singlet state produces a gap. Therefore,
the peak in the density of states at ¢ = 7 tells us that the system is dominated by triplet
components. Moreover, as we will see, the peak is entirely due to the triplet states, here the
LRTC.

SNS SFS without SO coupling
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Figure 13: Reproduction of result first presented in [1]. Figure (a) shows the density of states D(e) for a
5/F/S-Josephson junction with phase difference ¢. In the ferromagnet an exchange filed h = 10Ae,, is
chosen and the strength of the SO-coupling is @ = 0.4. The density of states is evaluated in the middle of
the junction. Furthermore, the standard S/N/S and S/F/S junctions without SO-coupling are included.
In (b) we have shown the spatial dependence of the density of states for the special case of ¢ = 7.

This result was presented by Jacobsen and Linder [1], and is in stark contrast to the
presupposed behavior for any S/F/S-Josephson junction with a phase difference of ¢ = 7. To
understand why let us calculate the Green'’s function in the S/F/S-Josephson junction. For
now, the ferromagnet is assumed to be without SO-coupling. Thus, the relevant components
of the Green’s function present are the singlet component and SRTC. Assuming the two
superconductors to be s-wave superconductors, the singlet state has an s-wave symmetry.
Moving on to induced triplet states, we will assume that also these have an s-wave symmetry.
This assumption is justified by the fact that in the diffusive limit we approximate the Green
function to first-order expansion in spherical harmonics; see eq.70. Looking at the linearized
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eq.180 and eq.182 we notice that if we define the quantity f+ = d|, = £;, eq.180 and eq.182
can be combined to form one single equation. Similarly, the linearized Kupriyanov-Lukichev
boundary conditions, as derived in eq.221/eq.225 and eq.223/eq.227 in Appendix A, reduces to

one equation for each of the two interfaces. Thus, the quantity f+ is determined by
i
2
CLosfe| = Tfacse™,  GLofe| = Efpcse, (184)

zZ= z=

D%ty +erfr =0, (183)

where €4 = e + h and fcg = s - ic?

¢“ according to the bulk solution in eq.80.
Solving the above set of equations and defining k+ = 4/2ie+/D, one finds that f1 in the

middle of the ferromagnet reads >

fy = CLIcJJ:fsEES(ICJFL)COS(kiL/z) ('R 4 ¢'PL). (185)
Looking at the above solution, we notice that if ¢ = 0, f+ becomes nonzero. Hence, in this
case f+ is symmetric with respect to the middle of the ferromagnet. Since f+ is just a linear
combination of dH and f;, these components must also be symmetric. If we now instead were
to choose ¢ = 7 things become different. In this case, f+ becomes zero. Thus, for a phase
difference ¢ = 7, f+ becomes antisymmetric with respect to the middle of the ferromagnet,
meaning that also d|| and f; are antisymmetric. In other words, for a phase difference ¢ = 7
one has expected the SRTC component to vanish in the middle of the ferromagnet, as well
as the singlet, leading to a featureless density of states. As these symmetry properties of the
singlet and SRTC components hold both in the case of a ferromagnet without SO-coupling, as
well as in the case of just a normal metal (when the SRTC is just zero always), one might think
that these symmetry properties also should hold for the long-ranged triplet component when
including SO-coupling. Thus, up till now, one has expected both the triplet components to be
antisymmetric with respect to the middle of the junction for any S/F/S-Josephson junction with
phase difference ¢ = 71, as sketched in figure 14.

S F (SOC) S
T —

Het(SRTC) A | S~

44,4+ (LRTC)

YT soc

M (SRIG) A4 . >—_ _
44,4+ (LRTC) /n/o’SOC b=

;

Figure 14: Symmetries properties for the different components in an S/F/S-Josephson junction with
SO-coupling(SOC). Pink denotes the singlet component £, green denotes SRTC dH and blue denotes
the LRTC d . The blue stipulated line shows the presupposed symmetry of the LRTC d; based on the
behavior without SO-coupling, while the blue line shows the actual symmetry property with SO-coupling.

2 A full calculation is given in the Appendix B.



7.3 RESULTS

In figure 13a we see that the presupposed behavior indeed fits well with the S/N/S-
Josephson junction and S/F/S-Josephson junction without SO-coupling. At ¢ = 7 the density
of states is a constant equal to 1. However, when SO-coupling is included, things become
different. Instead of a featureless density of states, we get a giant proximity effect at ¢ = 7r. This
surprising result can be understood by looking at the linearized equations derived in section
6.3. Having a field entirely along the (positive) y-axis corresponds to an angle of 6 = 77/2 in
eq.175 - eq.176 and eq.179 - eq.182. This produces the following short-ranged and long-ranged
triplet components

SRTC: dll in ey
LRTC: d, in e, h = he,, (186)
dy in ey

determined by the linearized equations

%D&fdx = —2iDad.d | +2iDa’d + [e +2iDa’]dy, (187)
%D&Zdn = —2iDad,d, +2iDa’dy + [e + 2iDa*]d)| + hfs, (188)
%D&Zd 1 = 2iDad,dy + 2iDad.d| + [e + 4iDa*]d |, (189)
%D&ffs = efs + hd). (190)

Knowing that fs, and hence d2f;, is a symmetric function for phase difference ¢ = 0 we
see from the last equation that also d|| must be symmetric for ¢ = 0. In the case of a phase
difference of ¢ = 7, then both f; and d|| becomes antisymmetric. We now focus on the equation
for 6§d||. Letting z — —z, the left-hand side is still antisymmetric, meaning that all terms on
the right-hand side must be antisymmetric. We already know that the two last terms on the
right-hand side are antisymmetric, so these two terms fulfill the requirement of antisymmetry
as they should. Looking at the first term —2iDx¢d,d; on the right-hand side we notice that this
term contains a first-order partial derivative with respect to z. Therefore, when z — —z, d |
must be symmetric for this term to be antisymmetric. Furthermore, the second term on the
right-hand side ,2iDa?d,, contains no partial derivatives, resulting in dy being antisymmetric
to fulfill the symmetry requirement. In other words, we have shown based on the linearized
equations that the perpendicular triplet component d; is symmetric with respect to the middle
of the junction for a phase difference of ¢ = 7. This is the opposite of what we found by
direct inspection of the solution of the Green’s function in eq.185, in the case of no SO-coupling.
Looking at figure 13a, we see that a symmetric triplet component d fits well with the numerical
results. Having a triplet component d| present in the middle of the junction will result in a
peak in the density of states, which is exactly what we see in the figure. Furthermore, since
the singlet component vanishes in the middle of the junction, this peak is entirely due to the
long-ranged triplet component LRTC.

In the argumentation above, we have used a specific choice of SO-coupling and exchange
field. One can therefore question the general validity of the giant proximity effect in an S/F/S-
Josephson junction with SO-coupling. However, the key requirement in the argumentation
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above is that we have a first-order derivative coupled to the exchange field in the corresponding
direction. Looking at the general Riccati-parameterized Usadel eq.124 this is exactly what
we have. The giant proximity effect is therefore not dependent on the specific choice of the
SO-coupling or exchange field. As long as we have a component along the direction of the
partial derivative, the argument above holds.

Another important question is how the giant proximity effect depends on the distance from
the interfaces. After all, the density of states plotted in figure 13a is evaluated in the middle of
the ferromagnet. Plotting the spatial dependence of the density of states for a phase difference
of ¢ = 7, see figure 13b, we see that the giant proximity effect is independent of the distance
from the interfaces. The peak originating from the LRTC persists throughout the system and
barely changes. In other words, the spin-triplet polarized state generated by the SO-coupling
persists throughout the junction. If we increase the length of the ferromagnet, we expect the
magnitude to decrease, yet remain constant throughout the ferromagnet. Checking for different
lengths we indeed find that the latter holds (plots not included). Furthermore, when plotting
the zero-energy density of states as a function of the length of the ferromagnet L in figure 15,
we clearly see that the magnitude decreases rapidly, becoming featureless with a value of 1 at
55 nm. As the LRTC has a coherence length comparable to the coherence length of the singlet
state in a normal metal, which typically is in the range 60 - 100 nm [70], the displayed behavior
is indeed as expected.

15 25 3 a5 55
L (nm)
Figure 15: The zero-energy density of states D(0) as a function of the length of the ferromagnet L. The

ferromagnet has an exchange field h = 10Ae, and the strength of the SO-coupling is « = 0.4. Moreover,
the phase difference between the superconductors is ¢ = 7

To summarize, what Jacobsen and Linder showed was that having SO-coupling present in
an S/F/S-Josephson junction with a phase difference ¢, in fact generates a pure spin triplet
state3 which can persist throughout the ferromagnet. This pure spin triplet state manifests as a
giant peak in the density of states, giving what the authors call the giant proximity effect. This
giant proximity effect is in stark contrast to what one finds when SO-coupling is not present.
Being solely based on symmetry arguments, this effect is independent of the specific system
parameters. The S/F/S-Josephson junction with SO-coupling investigated by Jacobsen and
Linder indeed offers a promising way to generate, control and isolate LRTC.

Having assumed the induced triplet states to have an s-wave symmetry, they have to be odd in frequency to fulfill the
antisymmetry of the total wavefunction according to figure 5



S/F/SIN A H-GEOMETRY

Now that we have a basic understanding of how the one-dimensional S/F/S-Josephson junction
with SO-coupling behaves, we will explore the new H-geometry suggested by Ouassou [34],
where two such junctions are connected by a perpendicular nanowire, thereby creating an
effective odd-frequency Josephson junction. We first discuss the experimental set-up of the
system we want to simulate, as well as a brief discussion of the numerical method used. We
also present the linearized equations, before discussing our results. The results are presented
for the case in which the nanowire is a normal metal and a ferromagnet without and with
SO-coupling.

8.1 EXPERIMENTAL SET-UP

The geometrical set-up for the H-

geometry is shown in figure 16. The s S
two parallel S/F/S-Josephson junctions
are assumed to lie along the z-axis, with
an exchange field h = 10Ae, and length
L = 15 nm. Furthermore, a Rashba SO-
coupling strength & = 0.4/L is chosen.
Hence, the two parallel S/F/S-Josephson
junctions are nothing but what we ex-
plored in the previous chapter, with the
same SO-field and exchange field. Fur-
thermore, we denote the phase difference
of the S/F/S-Josephson junction to the left
by ¢1 = P21 — P11, while ¢ = P2o — P12
denotes the phase difference of the S/F/S-
Josephson junction to the right. All su-
perconductors are assumed to have the
same magnitude A, and we use a super- Figure 16: A sketch of our experimental set-up for the
conducting coherence length of & = 30. H-geometry. The two parallel S/F/S-Josephson junctions
Therefore, the Thouless energy when solv- explored previously are connected by a perpendicular

ing in the two par allel systems becomes nanowire of length L’. In general, we allow for nonzero
5 2 . fields h’ and A’ in the central nanowire.
er = D/L* = (¢/L)* = 4. For the inter-

faces with the superconductors we have
chosen an interface parameter ¢, = Rp/R;, = 3.

To complete the H-geometry, the two parallel S/F/S-Josephson junctions are connected
by a nanowire of length L’ lying in the y-direction. We will consider both a normal and a
ferromagnetic wire. When the nanowire is ferromagnetic, we choose a SO-field A along
the y-direction. Having a broken inversion symmetry vector e, = (ex + e;)/v/2, the SO-
field reads A’ = (0,a/(—c! + ¢?),0). We have chosen a SO-coupling strength a’ = 0.4/L’.
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Moreover, we allow for a general exchange field h' = hyey + e, + h.e; = h'sin(6')cos(¢’)ex +
W'sin(6')sin(¢’)e, + h'cos(#’)e;, where 6" denotes the polar angle and ¢’ denotes the azimuthal
angle. Furthermore, the strength of the exchange field is denoted I’. As for the two parallel
S/F/S-Josephson junctions, we will use & = 30 in the Thouless energy er = D/L”? = (&/L')?
when solving for the central nanowire. We will also assume the interfaces with the parallel
S/F/S-Josephson junctions to have an interface parameter ¢, = Rg/R, = 3.

8.2 NUMERICAL METHOD

In this section, we summarize the non-trivial key-points of the numerical method used to
simulate the system. Assuming the central nanowire to have a minimal effect on the two
parallel S/F/S-Josephson junctions, we can solve the two parallel S/F/S-Josephson junctions
independently. That is, to solve the two parallel S/F/S-Josephson junctions, we use the same
method as outlined in the previous chapter. As in the previous chapter, we assume the
superconductors to have the bulk solution encountered earlier in eq.123, with in general four
different phases. Then we solve in the central nanowire with the respective fields, still with
the same method as in the two parallel S/F/S-Josephson junctions, but now using the Green’s
function in the middle of the two parallel S/F/S-Josephson junctions as input in the new
Kupriyanov-Lukichev boundary conditions for the central nanowire. For simplicity, we connect
the central nanowire in the middle of the two parallel S/F/S-Josephson junctions. Since we
only solve in one direction each time, we can still use the one-dimensional Usadel equation,
even though the geometry is two-dimensional. Finally, in the central nanowire we again scale
the energy and exchange fields to the superconducting gap A.

83 ANALYTICAL FOUNDATION

Before we present the results, we will in this section present the linearized equations for the
case of an exchange field h’ in xy- and xz-plane separately. The linearized equations in the
yz-plane become qualitatively similar to what we find in the xy-case. The only difference is
that we need to interchange the role of z and y in the equations. Therefore, we will not list the
equations.

We start by considering a field in the xy-plane, i.e. h' = I’(cos(¢’)e, + sin(¢')e,), where the
SRTC’ dh and LRTC’ d’, are defined as

dh = dycos(¢’) + dysin(g"), (101)
d| = —disin(¢’) + dycos(¢"). ?

Along with the relevant form of the SO-field A’, an exchange field in the xy-plane produces
the following linearized equations

%D@;dé = 2iDa’,d|sin(¢") + 2iDa’ 3y’ cos(¢")
+ 2iDoc'2d1‘cos((p’) —2iDa’*d; sin(¢) (192)
+ e +2iDa’?d.,



83 ANALYTICAL FOUNDATION

%Daj (| = 2iDa’d,d, — 2iDa’dydsin(¢")
+2iDa’*d.cos(¢') + iDa’*d’, sin(2¢’ (193)
z % 1 4
+ [e 4+ 2iDa’*(1 + sin?(¢"))] "| + Wt

5D = —2iDa’'d,d cos(g') — 2iDa’ 0y
—2iDa"*d.sin(¢’) + isz’ZdT‘sin(Z(p’) (194)
+ [ + 2iDa’*(1 + cos?(¢"))]d’,,

i
EDagf; = efg + H'd]). (195)

On the other hand, having an exchange field in the xz-plane, i.e. h’ = I/ (sin(0')ey +
cos(0’)e;), the SRTC’ "‘ and LRTC’ d/| reads

dil = d/sin(0’) + d.cos(8’),

d/ _ d/ : / / / (196)
| = —d,sin(0') + dycos(').

Upon insertion, the linearized equations for an exchange field in the xz-plane becomes

%D@%=4me@h@mw@+gmm»
—2iDa’0,d’, (cos () + sin(6')) (197)
+ [e +4iDa'*]d],

! pa2a)

5 Doyd) = 2iDa’ 9y dy (cos(6') + sin(6"))

+2iDa’2d’| cos(26') (198)
+ [e +2iDa’?(1 + sin(26))]d|| + W',

%D&; ' = 2iDa’d,d; (cos(6") —sin(8"))

+ 21'Dtx’2d"‘cos(29’) (199)
+ [e +2iDa’?(1 - sin(20/))]d,,

i
EDajf; = ef + 1'd]). (200)
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8.4 NORMAL METAL

We start by analyzing the simplest case, namely the case where all fields in the central nanowire
are zero, hence having a normal metal here.

8.4.1 Results

Having a normal metal in the central nanowire, we expect the density of states to qualitatively
reflect the giant triplet effect seen in the two parallel S/F/S-Josephson junctions, for lengths
within the coherence length of singlet states in a normal metal. After all, having a normal
metal, we have no SO-fields or exchange fields that can redefine or affect the Cooper-pairs.
The magnitude may differ due to the assumption of weak proximity. Nevertheless, the density
of states should reflect the qualitative behavior of the giant triplet effect. Plotting the density
of states for a normal metal of length L’ = 15 nm, we see from figure 17a that the density of
states indeed reflects the giant triplet effect encountered in the two-parallel S/F/S-Josephson
junctions. Remarkably, we also see that the magnitude of the peak in the density of states
remains quite similar to what we find in the giant triplet effect. At first glance, this seems
odd. After all, we assume weak proximity and therefore do not expect all triplet components
to penetrate into the normal metal. However, the normal metal gets a contribution both from
the S/F/S-Josephson junction to the left and a similar contribution (in the case of equal phase
difference) from the S/F/S-Josephson junction to the right. Hence, even though the interfaces
with the normal metal effectively lowers the amount of long-ranged triplet components we
expect to see in the normal metal, the fact that we have two contributions raises the amount
again. Therefore, it is reasonable to expect the peak in the density of states in the normal metal
to be of the same magnitude as in the two parallel S/F/S-Josephson junctions.

Plotting the spatial dependency of the density of states for ¢, = ¢, = 7, as shown in the top
right corner of figure 17a, we see that the peak at zero energy also remains constant throughout
the normal metal. This fits well with what we expect. Knowing that the LRTC d; in the giant
triplet effect is constant throughout the parallel S/F/S-junctions, there is no reason to expect
the situation to become otherwise in the normal metal.

For other choices of ¢; and ¢., we might get a mixture of different components present, yet
when these enter the normal metal, there are no fields present that can destroy the Cooper-
pairs. Hence, we expect the components to be constant throughout the normal metal for other
choices of ¢; and ¢, as well. For instance, plotting the spatial dependency of the components
normalized to d’, for ¢; = ¢, = 77/2 in figure 17b we indeed see that the components remains
constant, in stark contrast to what one finds in the two parallel S/F/S-Josephson junctions.
Furthermore, even when choosing ¢, = ¢, = 71/2, the d, component dominates. This clearly
shows that by having a normal metal in the central nanowire, we effectively have created a
"vessel" where the Cooper-pairs can propagate unaffected when the normal metal has a length
within the coherence length of singlet states.
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Figure 17: Figure (a) show the density of states D(e) evaluated in the middle of the central nanowire
N’ with length L’ = 15 nm, for a phase difference ¢; and ¢, in the S/F/S-Josephson junction to the left
and right respectively. In addition, the spatial dependency for the density of states for the special case
¢1 = ¢, = 7 is shown in the top right corner. Figure (b) shows the ratios of the different components of
the d-vector at ¢; = ¢, = 71/2.

In the above discussion, we stressed that the length of the normal metal must be within the
coherence length of singlet states in a normal metal. Even though there are no fields in the
normal metal that can affect the Cooper-pairs, they surely cannot survive forever. Increasing the
length, one would therefore expect the peak at zero energy in the density of states to decrease
in magnitude, similar to what we saw in the one-dimensional S/F/S-Josephson junction in
figure 15. In figure 18 we have plotted the the zero-energy density of states as a function of
the length L’ of the normal metal, while having ¢, = ¢, = 7. Remarkably, we now find that

the zero-energy density of states remains of the same magnitude for lengths up to L’ = 60 nm.
Furthermore, even at L’ = 240 nm, the zero-energy density of states has not become featureless.

Hence, by just connecting two parallel one-dimensional S/F/S-Josephson junctions, thereby
creating an effective odd-frequency Josephson junction, the zero-energy peak in the density of

states now can persist throughout the junction for several superconducting coherence lengths.

In other words, the d’, component can now survive for lengths far above the expected coherence
length. This unexpected behavior has also been observed in other long Josephson junctions
with odd-frequency triplet correlations [71, 72, 73].
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Figure 18: The zero-energy density of states D(0) as a function of the length L’ of the central nanowire N'.
Here phase differences are set to ¢; = ¢, = 71, and the density of states is again evaluated in the middle
of the nanowire.

It is worth mentioning that in figure 17a we only considered equal phase differences ¢; = ¢,
in the two parallel S/F/S-Josephson junctions. One might question if the displayed behavior
also should hold for unequal phase differences ¢; # ¢, . Realizing that we indeed have the
displayed behavior for each of the two parallel S/F/S-Josephson junctions, we surely would
expect the same qualitative behavior in the normal metal if we choose unequal phase differences.
The magnitude will differ because we do not get equal contributions from the two parallel
S/F/S-Josephson junctions, yet the magnitude should be somewhere between the minimized
value at ¢; = ¢, = 0 and the maximized value at ¢, = ¢, = 7r. Furthermore, we will again
expect the same length dependency of the zero-energy density of states regardless of the
phase differences, as encountered in figure 18. Checking for a selection of unequal phase
differences we indeed see that this holds (plots not included). Finally, in the case of unequal
phase differences, the spatial dependency will not remain constant throughout the normal
metal, because we have two different inputs on each side. Even so, we see the same qualitative
behavior as discussed above (plots not included).

85 FERROMAGNET WITHOUT SO-COUPLING

We now proceed by including an exchange field h’ in the central nanowire according to figure
16, in which the central nanowire becomes a ferromagnet without SO-coupling. Including an
exchange field in the central nanowire, the short-ranged and long-ranged triplet components
here may be defined differently from those in the two parallel S/F/S-Josephson junctions.
This may lead to different behavior than in the normal metal case. However, not including
SO-coupling in the central ferromagnet, we would expect no generation of a LRTC’ d’ from a
potential SRTC’ d/‘ (or vice versa). In the following, we will discuss the limiting cases of an
exchange field entirely along the x- y- and z-axes.
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8.5.1 Symmetries

In the previous chapter, we saw that the different components of the d-vector in a one-
dimensional S/F/S-Josephson junction with SO-coupling and phase difference ¢, had specific
symmetry properties for the two special cases ¢ = 0 and ¢ = 7. Now that we have two parallel
S/F/S-Josephson junctions with phase differences ¢; and ¢, respectively, the components of
the d-vector in the central ferromagnet will get a contribution from the left-hand side and
right-hand side. In other words, for the special cases where ¢, , = 0 and ¢, , = 7, the initial
symmetries of the components of the d-vector in the central ferromagnet are known. However,
when entering the central ferromagnet, the definition of the SRTC” and LRTC” in terms of the
d-vector may change. It is therefore useful to relate the definitions of the new SRTC” and LRTC’
in the central ferromagnet to the known symmetries at ¢, , = 0 and ¢, , = 77 in the two parallel
S/F/S-Josephson junctions.

First let us consider the case in which the exchange field points along the x-axis, i.e. " = h’e,.
This would correspond to setting ¢’ = 0 in eq.191, and produces the following short-range and
long-ranged triplet components

SRTC”: 1‘ in ey
LRTC”: d, in e, h' =he,. (201)
d. in e.

Remembering that in the parallel S/F/S-Josephson junctions the SRTC and LRTC are defined by
eq.186, we immediately notice that the LRTC d in the two parallel S/F/S-Josephson junctions
becomes the LRTC’ d, in the central ferromagnet. Nevertheless, the d, component is still a
long-ranged triplet component because it is perpendicular the exchange field. Thus, the initial
symmetries for a phase difference of ¢, , = 0 and ¢, , = 7 reads

h' =h'e, ¢ =0 Pr1p=T0

1| symmetric antisymmetric
d} symmetric antisymmetric
d, antisymmetric symmetric
£l symmetric antisymmetric

Table 1: Symmetry properties for the initial d-vector components when having an exchange field along the
x-direction. In the case of equal phase differences, the two parallel S/F/S-Josephson junctions contribute
with equal symmetry properties. For unequal phase differences, the symmetry properties will be a
combination of the two, yet we can still say something about which components are present in the middle
of the central ferromagnet.

We now move on to the case in which the exchange field points in the y-direction, h’ = h'e,.
This would correspond to setting ¢’ = 77/2 in eq.191, and produces the following short-ranged
and long-ranged triplet components

SRTC": | in ey
LRTC”: d, in ey h' =he,. (202)

i .
d; in e;
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From the above, we immediately notice that in this particular case the SRTC” and LRTC’ in the
central ferromagnet are defined the same way as in our two parallel S/F/S-Josephson junctions,
if we just interchange the role of d’| and d. As both these components are LRTC’, and just a
matter of how we choose to isolate the two, this interchanging does not matter for the physics
governing the system. Moreover, the initial symmetries when having an exchange field along
the y-direction now become

h’=h’ey ¢ =0 Prp=T

d1| symmetric antisymmetric
d} symmetric antisymmetric
d. antisymmetric symmetric

fl symmetric antisymmetric

Table 2: Symmetry properties for the initial d-vector components when having an exchange field along
the y-direction.

Finally, we consider the case where the exchange field points in the z-direction, h’ = Khe,. This
would correspond to setting 6’ = 0 in eq.196, and produces the following short-ranged and
long-ranged triplet components

SRTC”: 1 | in e,
LRTC”: d,  in ex h' =he,. (203)
d’y in ey

Looking at the above definitions, we notice that the LRTC d in the parallel S/F/S-Josephson
junctions become the SRTC’ dh in the central ferromagnet. Furthermore, the d;, component

becomes the d’| in the central ferromagnet, yet this is still defined as an LRTC’. Thus, we have
the following initial symmetries

h' =h’e, ¢, =0 Prp=T70
dfl antisymmetric symmetric

g symmetric antisymmetric
d{j symmetric antisymmetric
£l symmetric antisymmetric

Table 3: Symmetry properties for the initial d-vector components when having an exchange field along
the y-direction.

Looking at the table above, we notice that the SRTC” does not have the same symmetry property
as the singlet component for both ¢, , = 0 and ¢, , = 7. This is in stark contrast to what we
saw when having an exchange field in the x- and y-direction’, where the SRTC” has the same
symmetry property as the singlet component for both phase differences. Therefore, we may
expect qualitatively different behavior when the field points along the z-direction.

and any standard one-dimensional S/F/S-Josephson junction for that matter
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8.5.2 Results

Exchange field along the x- and y-direction

Let us first consider the case in which ¢; = ¢, = 7t. From table 1 and table 2, we see that the
only nonzero component present is d.. Therefore, we expect a peak in the density of states to
appear, similar to the one seen in the normal metal case. As in the normal metal case, we do
expect the peak to be of the same magnitude as in the two parallel S/F/S-Josephson junctions,
due to two contributions. Decreasing the phase differences, yet choosing them equal to each
other, we would expect a smaller amount of the LRTC d to be generated in the two parallel
S/F/S-Josephson junctions, thus expecting the peak in the density of states to decrease. Plotting
the density of states, for instance, for a field along the x-direction in figure 19, we indeed see
such behavior. The density of states for a field along the y-direction behaves qualitatively similar
(plots not included).
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Figure 19: Density of states D(¢) evaluated in the middle of the central nanowire F/, for a phase difference
¢, and ¢, in the S/F/S-Josephson junction to the left and right respectively. The central nanowire F' has
an exchange field h’ = 2Ae, and a length L’ = 15 nm, and does not exhibits SO-coupling.

Looking at the figure above, it is worth noticing that our effective Josephson junction does
display qualitatively different behavior from the one-dimensional S/F/S-Josephson junction.
For instance, if we choose ¢; = ¢, = 7T we do not get the same density of states as if we choose
¢1 = ¢. = 0, due to the different initial symmetries. Although, the effective phase difference
¢’ = ¢1 — ¢. in both cases is 0. This is qualitatively different from the one-dimensional
S/F/S-Josephson junction.

From figure 19 it is also worth noticing that choosing ¢, = ¢, tends to maximize the density
of states. For instance, suppose ¢; = ¢, = 77/2. We can destroy this symmetric distribution by
moving 0.257 of the phase difference from ¢, to ¢, giving ¢, = 0.257 and ¢, = 0.757. Looking
at figure 19 we notice that the peak in the density of states decreases. We could also move
the hole phase difference, giving ¢; = 0 and ¢, = . Again, we see from the figure that the
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density of states decreases even more. Hence, if we try to induce an effective phase difference in
our system by choosing ¢; # ¢, (giving ¢’ = ¢, — ¢, # 0), the density of states is suppressed.
We again notice the qualitative different behavior from the one-dimensional S/F/S-Josephson
junction.

Let us now discuss how changing the length of the central ferromagnet affects the density
of states. For the special case ¢; = ¢, = 71, we know that the only component present is d;.
Thus increasing the length, we expect the zero-energy density of states to behave similarly to
the normal metal case. However, one might wonder if this would also hold for other choices
of ¢, and ¢,. Having an exchange field entering the Usadel equation may cause the ratios
between the different components of the d-vector to change. Thus, even though the density of
states itself displays a behavior qualitatively similar to the normal metal case when the phase
differences ¢; and ¢, are varied, the ratios between the different components may not. In
contrast to the normal metal case, a change in the relative magnitudes of the components of
the d-vector would be of importance when we have an exchange field present, due to different
coherence lengths. One could also argue that the ratios between the different components
should be different when having an exchange field in the x- and y-direction. Recall, when
solving the linearized equations for the different components in eq.171 - eq.174, the exchange
field enters the equations differently in the two cases.

However, we recall that even when choosing ¢, = ¢, = 77/2 in the normal metal case, the
singlet component is marginal. Since the exchange field only couples to the singlet component,
we will not expect the exchange field to be of large importance for the ratios of the different
components when comparing an exchange field along the x- and y-direction. Moreover, we
would also still expect the same behavior of the ratios as we saw in the normal metal case,
that is, a dominant d’, component, by the same reasoning. Plotting the spatial dependence
of the different components at zero-energy for ¢, = ¢, = /2, while having a field in the
x-direction, we see from figure 20a that the latter holds. As in the normal metal case, the
component d, still dominates. Thus, we would still expect the zero-energy density of states to
persist for several superconducting coherence lengths as in the normal metal case. Plotting the
zero-energy density of states as a function of the length L’ in figure 20b we indeed see that this
holds. Checking the spatial dependency of the different components while having a field in the
y-direction, the ratios become identical (plot not included) as expected. Hence, we indeed get
the same behavior of the zero-energy density of states as seen in figure 20b.
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Figure 20: The different components of the d-vector evaluated at zero-energy in the case of ¢; = ¢, = 77/2
for a ferromagnetic nanowire F' without SO-coupling (a). The ferromagnet has an exchange field h’ = 2Ae,
and a length L’ = 15. All components are normalized to d.. Figure (b) shows the corresponding zero-
energy density D(0) as a function of the length L’. In both cases, the quantities are evaluated in the middle
of F'.

Exchange field along the z-direction

Let us first consider the special case when ¢; = ¢, = 77. Due to the symmetries in table 3, the
only nonzero component initially present in the central ferromagnet is the SRTC’ d"|. When we
have an exchange field present, we know that a short-ranged triplet component can be generated
from a singlet component due to singlet-triplet mixing. This effect also works the other way
around, a singlet component can also be generated from a short-ranged triplet component
when having an exchange field present. As the Cooper-pairs enter the central ferromagnet the
exchange field starts to rotate these Cooper-pairs into singlet states. When the Cooper-pairs
move further through the central ferromagnet, this effect decreases the amount of Cooper-pairs
being SRTC” and increases the amount of Cooper-pairs being in the singlet state. Eventually,
all Cooper-pairs are rotated into the singlet state*. Hence, for small lengths, we would expect
the system to be dominated by the SRTC’, while for larger lengths the singlet component is
expected to dominate. Plotting the density of states for lengths between 5 nm and 60 nm in
figure 21, we clearly see this trend. For small lengths, we see a peak in the density of states,
while what resembles a minigap appears for larger lengths. The zero-energy suppression in the
density of states is still so marginal that it hardly can be called a minigap, yet for simplicity, we
will refer to such zero-energy suppression in the density of states as minigap. Hence, when we
have an exchange field in the z-direction, we can switch between a peak and a minigap in the
density of states just by increasing the length of the central ferromagnet. This is qualitatively

This singlet state could in theory be rotated back to SRTC’, yet in practice when the Cooper-pairs have propagated a
distance closer and closer to the coherence length the fewer Cooper-pairs we have to rotate. Therefore, the coherence
length eventually cancels out this oscillation between the two components
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different behavior from what we have seen for an exchange field along the x- and y-direction,
where the peak at zero-energy in the density of states can persist throughout the junction for
several superconducting coherence lengths.

We also emphasize the difference in the length scale in which the variation in the density
of states occurs. In stark contrast to the previous cases, having an exchange field along the
z-direction, the density of states becomes featureless at a length of 60 nm, that is, twice the
superconducting coherence length. This difference in the relevant length scale for the two cases
surely originates from which components are present. For an exchange field in the x- and
y-direction the peak originates from the LRTC’ d, yet having a field in the z-direction it is the
SRTC’ d|'| and singlet component that governs the qualitative behaviour. As we know, the LRTC’
surely has a larger coherence length than the SRTC’ and singlet component.
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Figure 21: Density of states D(¢€) at ¢; = ¢, = 7 evaluated in the middle of the central nanowire F' with a
length L’. The central nanowire F' has an exchange field h’ = 2Ae;, and does not exhibit SO-coupling.

Having seen that the density of states changes from having a peak at short lengths to a
minigap at longer lengths, let us now discuss how varying the phase differences ¢; and ¢,
affects the density of states for the lengths L’ = 5 nm and L’ = 15 nm, respectively. Starting with
a length of L’ = 5 nm, we know that the system is dominated by the SRTC’ "‘ atp;, = ¢, =71,
yet this is nothing but the d, component in the two parallel S/F/S-systems. Thus, by decreasing
the phase differences, we again expect this component to decrease, thereby expecting the same
behavior as seen in the x- and y-case. After all, at such short lengths, whether we have SRTC” or
LRTC’ present does not matter for the density of states. From figure 22a we indeed see such a
behavior. If we now increase the length to L’ = 15 nm, we know that the exchange field rotates
the SRTC” into singlet states. Although, when decreasing the phase differences, we know that
the amount of dil present initially also decreases. Having simply less dh to rotate, we expect to
see a reduction in the minigap. Looking at figure 22b we indeed see such a behavior.
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Figure 22: Density of states D(€) evaluated in the middle of the central nanowire F/, for a phase difference
¢: and ¢, in the S/F/S-Josephson junction to the left and right respectively. We have considered a
nanowire of length L’ = 5 nm (a) and L’ = 15 (b). Furthermore, the nanowire has an exchange field
h’ = 2Ae;, and does not exhibits SO-coupling.

Looking at the figures above, we again notice that the effective Josephson junction displays
qualitatively different behavior from the one-dimensional S/F/S-Josephson junction. That is,
choosing ¢; = ¢, = 0 does not result in the same density of states as ¢; = ¢, = 7, although the
effective phase difference ¢’ = ¢, — ¢, in both cases is zero. Furthermore, we again notice that
choosing ¢; # ¢,, thus inducing an effective phase difference ¢’, tends to suppress the density
of states.

We also notice that the minigap we see in figure 22b behaves qualitatively different from
the minigap seen in the one-dimensional S/N/S-Josephson junction (see figure 13a). While the
one-dimensional S/N/S-Josephson junction has a minigap appearing at ¢ = 0 and disappearing
at ¢ = 7, the minigap now appears at ¢, = ¢, = 7 and disappears at ¢; = ¢, = 0. This
may seem a bit odd at first glance. However, remember that in the one-dimensional S/N/S-
Josephson junction, the singlet component originates from the superconductors themselves. In
contrast, the singlet component present in our effective Josephson junction originates from the
dh component. Therefore, the singlet component present in our effective Josephson junction

has the same symmetry properties as dﬁ, which in the case of an exchange field along the
z-direction is opposite to those originating from the superconductors.
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8.6 FERROMAGNET WITH SO-COUPLING

In the above, we saw the effect of including an exchange field in the central nanowire. We now
proceed by finally including a SO-field, thus allowing for a generation of LRTC’ from an SRTC’
and vice versa. As we saw previously, the density of states behaves identically for an exchange
field in the x- and y-direction. Including a SO-field, we might get different behavior in these
two cases, due to having a misalignment/alignment between the h-field and SO-field.

8.6.1 Results

Exchange field along the x- and y-direction

Let us start by considering an exchange field in the x-direction, i.e. h’ = h'ey. As we saw earlier,
such a field produces the SRTC” and LRTC’ as written in eq.201, whose relative proportions are
determined by the equations

%Dagd; = 2iDa'3yd'| + 2iDa’*d], + [e + 2iDa?]d., (204)
%Daﬁdi | = 2D 0,d', +2iDa’d] + [¢ + 2iDa?|d]| + I'E,, (205)
S DA = ~2iDa’d,d; — 2D’ 0y + [e + 4iDa]d!,, (206)
%Dajf; = ef, + '], (207)

We start by discussing the case in which ¢; = ¢, = 7. For such a choice, we recall from
table 1 that the only component present initially is d,. Without SO-coupling, this component
cannot be rotated into other triplet states. However, if we now turn on SO-coupling, we see
from eq.206 that a symmetric d, generates an antisymmetric d’, . Furthermore, the component
d’ can also be rotated back to the SRTC’ ﬁ, which now must be symmetric according to eq.205.

Thus, turning on SO-coupling we go from only having the d, component present, to also having
the d’| and df components present. Yet, since the component d’; is antisymmetric, this surely
must vanish in the middle of the junction. Hence, the only component that we actually see in
the density of states is the SRTC’ "‘. At ¢, = ¢, = 7w we therefore expect to see a reduction in

the peak, simply because we "lose" some of the Cooper-pairs to the antisymmetric d, . Looking
at figure 23 we surely see such a reduction of the peak in the density of states at ¢; = ¢, = 7.

One might question if now having SO-coupling present in the system would result in
qualitatively different behavior for other choices of ¢, and ¢,. However, from our discussion
of the ferromagnet without SO-coupling, we remember that the system was dominated by the
LRTC’ d, for other choices as well. Hence, even when varying the phase differences we do
start with a d, component (and not an SRTC’), thus still expecting the peak to decrease when
turning on SO-coupling. Checking for other other choices of ¢, and ¢,, we indeed see such
behavior (plots not included).
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Figure 23: A comparison between the density of states D(e) evaluated in the middle of a ferromagnetic

nanowire F' with an exchange field h’ = 2Ae, and length L’ = 15 nm, without and with SO-coupling
(SOC). Phase differences are set to ¢; = ¢, = 7.

Moving on to an exchange field in the y-direction, i.e. h’ = h’ey, the SRTC” and LRTC’
are defined by eq.202. The relative proportions of these components are determined by the
equations

%Dajd; = 2iDa’0,d]| - 2iDa’?d’| + [e + 2iDa’?]d’, (208)
%Daﬁd" | = 2iDa’0yd, —2iDa’0yd’ + [e + 4iDa’2]df | HE (209)
éDajdl = —2iDa/,d] — 2iDa?d., + [e + 2iDa’?]d/,, (210)
épajf; = efg + H'd]). (211)

Let us again consider the case in which ¢; = ¢, = 7. Having an exchange field along
the y-direction, the component present initially still is d, due to the symmetries in table 2.
If we turn on SO-coupling in the system, a symmetric d, generates a symmetric d’| and an
antisymmetric dh according to eq.210 and eq.209 respectively. Hence, as in the previous case,
the latter component vanishes in the middle of the ferromagnet, resulting in a qualitative
similar behavior as we saw in figure 23 (plot not included). For other choices of ¢; and ¢,, we
indeed find a similar behavior, that is, a reduction of the peak in the density of states (plots not
included).

It is interesting to note that despite the misalignment/alignment of the exchange field and
SO-field when having a h' field along the x/y-direction, the density of states displays the same
behavior regardless of how we choose ¢; and ¢,. This might be due to the relatively short
length. Having a length of 15 nm, whether the triplet component is an SRTC” or an LRTC” does
not matter for the density of states. Yet, if we increase the length, we may expect a different
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behavior when having an exchange field along the x- and y-direction. Let us now discuss the
zero-energy density of states at ¢; = ¢, = 77 in the two cases.

Starting with an exchange field along the x-direction, the triplet components present in
the middle of the central ferromagnet are the LRTC’ d,, and SRTC’ f - Thus, the total triplet

component vector becomes di,; = |d} x dT | ~ ey. That is, the total triplet component d.; is
perpendicular to the exchange field, thereby still being defined as a long-ranged. We would
therefore expect to see the same behavior of the zero-energy density of states when increasing
the length as seen without SO-coupling in figure 20b. Looking at figure 24 we indeed see such
behavior.

Moving on to the case when the exchange field points along the y-direction, the components
present becomes the LRTC’ d, and LRTC’ d’, . Even so, these components still points in the z- and
x-direction respectively, again resulting in a total triplet component vector dj,, = |d’, x d1| ~ey.
However, having a field along the y-direction, the total triplet component dj; is now defined
as short-ranged. In contrast to the previous case, we would therefore expect the zero-energy
density of states to fall more rapidly when increasing the length of central ferromagnet. Looking
at figure 24 we clearly see such behavior.
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Figure 24: The zero-energy density of states D(0) as a function of the length L’ of a ferromagnetic nanowire
F' with SO-coupling. Here phase differences are set to ¢, = ¢, = 77 and the density of states is again
evaluated in the middle of the central nanowire F'. Purple shows the behavior for the case of an exchange
filed h' = 2Aey, while pink shows the behavior for h’ = 2Ae,. In addition, a geometrical illustration of
the different components in the two cases are shown.

An important key-point in the argumentation above is that we do consider the total triplet
component vector and not just the generated triplet component. If we had just considered
the generated triplet component, the opposite behavior would be expected. Recall that the
generated component in the case of an exchange field along the x-direction is defined as an
SRTC’, whereas if the exchange field along the y-direction, the generated component is defined
as an LRTC’. Thus, if we had just considered the triplet components separately, one would rather
expect the zero-energy density of states to fall more rapidly for a field along the x-direction
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than the y-direction. This demonstrates that we need to consider the interplay between the two
components, and not just the separate components.

Exchange field along the z-direction

Thus far, we have seen that the effect of including a SO-field for an exchange field in the x- and
y-direction, simply is to reduce the peak in the density of states. To conclude this section, we
now discuss the case in which the exchange field lies along the z-direction, i.e. h’ = h’e,. Then
the SRTC” and LRTC’ are defined by eq.203, whose relative proportions are determined by the
equations

%D&jd’y = —2iDa/9,d]| - 2iDa’0,d', + [e + 4iDa’*]dy, (212)
éDagdh = +2iDa’0,d}, + 2iDa’>d’, + [e + 2iDa”]d| + £, (213)
%Dajd’l = 2iDa’dydy, + 2iDuc’2dﬁ + [e +2iDa"?]d’,, (214)
éDajf; = efy +H'dj). (215)

Let us first consider the case ¢; = ¢; = 71, in which the only component present initially is
the SRTC’ ﬁ. As in the previous cases, when including SO-coupling we see from the linearized

equations above that the component dﬁ is rotated both into a symmetric d’, and a antisymmetric

dly. For a length of L’ = 5 nm, where we can neglect the rotation to singlet states, this will result
in a decrease of the peak, similar to what we saw in the x- and y-case. In figure 25a we clearly
see this behavior. However, for a length of L’ = 15 nm, a reduction in the dh component also
means fewer Cooper-pairs available to rotate to singlet states, thereby expecting the minigap to
be reduced. Looking at figure 25b we clearly see such behavior. We expect this to hold for other
phase differences as well. Remember, without SO-coupling, we saw in figure 22 that the density
of states went from a peak to a minigap when increasing the length. The only component which
can be rotated to a singlet state is the SRTC’ 1 B thus we know that we start with dominant

dil regardless of how we choose ¢; and ¢,. Therefore, we expect qualitatively similar behavior

for other phase differences as well. We have found that this indeed holds (plots not included).
There is one special case we have to be careful with though, namely, when having ¢, = ¢, = 0.

We might question if including SO-coupling can amplify the marginal peak we saw when not
having SO-coupling. However, we do not find this to be the case. Thus, even for a field in the
z-direction, including SO-coupling results in a suppression of the characteristic behavior we
saw without SO-coupling.

77



78 S/¥/S IN A H-GEOMETRY

no SOC ——S0OC
. h'=2Ae., L'’ =5nm; ¢ =¢o = h'=2Ae,, ' =15nm; ¢1 = o =7
12} ] r \J‘/‘\ /’\‘L_’
115
. 099}
= 11 ©
A A
1.05
098}
1 -
0.95 : : : : : 0.97 : . .
15 1 05 0 05 1 15 1.5 1 0.5 0 05 1 15
e/A /A

(a) (b)

Figure 25: A comparison between the density of states D(e) evaluated in the middle of a ferromagnetic
nanowire with an exchange field h’ = 2Ae;, without and with SO-coupling (SOC). In (a) the nanowire
has a length L’ = 5 nm, while in (b) we have chosen a length of L’ = 15 nm. Phase differences are set to

¢ = ¢, =TI

In the above, we only considered the limiting cases for an exchange field entirely along the
x-, y- and z-direction. One might question if the density of states behaves differently if we rotate
the field in the different planes. Remember, if we rotate the field we also redefine the SRTC” and
LRTC’, which now while having SO-coupling present may cause the density of states to behave
differently. We also saw the linearized equations for the xz-plane become qualitatively different
than what we found for the two other planes. Even so, in all cases, the density of states simply
changed continuously between the two limiting cases. Therefore, we have chosen not to include
these results in the thesis, as they do not lead to any qualitatively new behavior.



SUMMARY AND OUTLOOK

In this thesis, we have explored the proximity effect in an effective odd-frequency triplet
Josephson junction. The effective Josephson junction is constructed by connecting two one-
dimensional S/F/S-Josephson junctions with SO-coupling by a perpendicular nanowire. We
have considered the cases where the nanowire is a normal metal and a ferromagnet with and
without SO-coupling. In particular, we have focused on how the giant triplet effect seen in the
two parallel one-dimensional S/F/S-Josephson junctions with SO-coupling manifests in the
central nanowire. Our results showed that the effective Josephson junction behaves qualitatively
different from the one-dimensional Josephson junction. The effective Josephson junction is now
governed by the relationships between the initial symmetries at the midpoints of the parallel
junctions. Notably, we saw that the component defined as the long-ranged triplet component in
the two parallel Josephson junctions, dominates in the central nanowire even for other phase
differences than the special case of ¢; = ¢, = 7t. Remarkably, when the nanowire was a normal
metal, we also saw that the zero-energy density of states could persist throughout the normal
metal for several superconducting coherence lengths. Notably, this also holds when including
an exchange field along both the x- and y-direction, regardless of how we choose the phase
differences. In particular, it is interesting to notice what this result entails for ¢; = ¢, = 71/2,
where the (charge) current is maximized in the two parallel systems. By simply connecting
two parallel S/F/S-Josephson junctions, we can allow for much larger lengths in the central
nanowire while still having the maximized current of the same magnitude. For an exchange
field in the z-direction though, the interplay between the short-ranged triplet component and
the singlet component manifests in the density of states as a transition from a peak to what
resembles a minigap. Finally, we also discussed the effect of including SO-coupling in the
system. Regardless of the orientation of the exchange field, including SO-coupling simply
suppresses the characteristic behavior we saw without SO-coupling. However, including SO-
coupling the zero-energy density of states now decays significantly faster when the field points
along the y-direction than the x-direction, due to the orientation of the total triplet component
in the two cases.

In conclusion, we have shown that simply by connecting two parallel S/F/S-Josephson
junctions, thereby effectively creating an odd-frequency triplet Josephson junction, the system
behaves qualitatively different from the one-dimensional Josephson junction. Furthermore, the
zero-energy density of states now persists throughout the nanowire for several superconducting
coherence lengths. Remarkably, the distinct feature between the proportions of the components
seen at ¢, /, = 7 in the two parallel junctions now also holds for other phase differences as well.

The results presented in this thesis were obtained by assuming that the central nanowire
affects the two parallel S/F/S-Josephson junctions minimally. Thus, we solved the two parallel
S/F/S-Josephson junctions independently of the central nanowire, only taking into account
the effect the two parallel S/F/S-Josephson junctions have on the central nanowire. Therefore,
we used the standard Kupriyanov-Lukichev boundary conditions in the central nanowire as
well, with the Green’s functions in the center of the two parallel S/F/S-Josephson junctions
as input for the boundary conditions. This assumption is assumed to be valid as long as the
exchange field in the central nanowire is not too strong. However, it could be interesting to
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generalize the method to take into account the effect the central nanowire has on the two
parallel S/F/S-Josephson junctions, thus solving the system self-consistently at these interfaces.
Solving the system self-consistently, we can also allow for stronger fields in the central nanowire
than explored in this thesis.

To obtain a self-consistent solution, some issues need to be addressed, which we will now
briefly discuss. The first obstacle originates from the mathematical description of the system,
namely the boundary conditions. The standard Kupriyanov-Lukichev boundary conditions
presented in this thesis are one-dimensional, and based on Andreev-reflection and continuity of
the Green’s functions at the interface. If we want to account for a third material, though, the
Andreev-reflection taking place at the interface now becomes more complicated. To account for
the interplay between all three materials we could use the three-terminal boundary conditions
derived by Titov [74], also explored by Karminskaya et. al. [75]. The boundary conditions
derived by Titov hold for a three-terminal heterostructure,i.e. structures where we have three
outer contact points, yet we can still use their mathematical form to describe how the three
materials affect each other at such interfaces. In figure 26 we have sketched a general three-
terminal junction. Here, we have a horizontal wire lying along the x-direction, represented
by the blue wire, connected to a perpendicular wire at x(, represented by the green wire.
The Green’s function in the blue wire is denoted g, while §_ denotes the Green’s function in
the green wire. The tunnel barrier that separates the horizontal and perpendicular wires is
represented by the gray region in figure 26. This barrier has a normal vector pointing along the
y-direction, and a transparency described by the coefficient « = Tp/Ig, where Tp is the barrier
transmission probability per channel and [y is the effective length of the barrier. The effective
length of the barrier [p is of the order of the mean free path in the horizontal material that lies
along the x-direction.

(8 €,
Zo

g

Figure 26: A sketch of a three-terminal junction. A wire along the x-direction (blue) is connected to a wire
along the y-direction (green) at xo. The Green’s function in the blue wire is denoted &, while §_ denotes
the Green’s function in the green wire. The barrier between the two wires is shown as a gray region, and
the coefficient & describes the transparency of the barrier.

The fundamental idea behind the boundary conditions developed by Titov is current con-
servation at the three-terminal junction. Mathematically, this is accounted for by having a
discontinuity in the derivative of the Green’s function along the tunnel barrier. For the het-
erostructure sketched in figure 26 the discontinuity would be along the y-direction. Additionally,
having a tunnel barrier placed between the two wires as shown in figure 26, the Green'’s function
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itself also has to be continuous along the x-direction. Hence, the boundary conditions for the
retarded Green’s function describing such a three-terminal heterostructure reads[74]

~ o

(8k8)- = 5[8c:8-1- (216)
0. (217)

O[Tz, = (80k8)+ —
olglv =8, —8- =

Here

L ()l = lim(f(xo +8) = f(xo = 0)] = fi — f-

refers to the change of the function f on an infinitesimal value J in the x-direction. We denote
the value of the function f at position xg + ¢ as f(xo + 6) = f4, while f(xg — ) = f— denotes
the value of the function f at position xg — 9.

Having found some new boundary conditions accounting for all three materials at the
three-terminal junctions we have in our system, it remains to discuss a numerical method
for solving this system self-consistently. This method must preserve both the discontinuity
of the derivative in eq.216, and the continuity of the Green’s function itself in eq.217, at the
three-terminal junctions. Furthermore, the bvp6c-solver in matlab requires two and only two
boundary conditions in each region. One way could simply be to split the ferromagnet in
the parallel S/F/S-Josephson junction into two, thus solving an S/F/F/S-F-S/F/F/S system
instead of an S/F/S-F-S/F/S, as sketched in figure 27. To preserve both the continuity of
the Green’s function and the discontinuity of the derivative at the three-terminal junction in
c and d, the following procedure may be executed. For a given energy, we first solve in F,;
and F,, with the standard Kupriyanov-Lukichev boundary condition at e and f respectively,
and eq.216 as the boundary condition at ¢ and d. Then we solve in F;; and F,,, still with
Kupriyanov-Lukichev boundary condition at interface a and b, yet at c and d we now use eq.217
as the boundary condition. Finally, we solve for the central ferromagnet F, now with eq.216
as the boundary condition at both ¢ and 4. To acquire a self-consistent solution, we repeat
the described procedure with the previous solution as the initial guess, until the maximum
difference between the previous solution and the new calculated solution is below a chosen
tolerance. When the solution meets the tolerance, we move on to the next energy. By doing
so, we ensure that the solutions we find in the different regions all take into account the
effect of each other. Hence, the described procedure solves the system self-consistently in the
three-terminal junctions, thus also accounting for the effect the central nanowire has on the
two parallel Josephson junctions. We do stress that in the described procedure we have not
solved the system self-consistently with respect to the superconductors, i.e. we still assume the
superconductor to have a bulk solution and do not take into account the effect the ferromagnet
has on the superconductor. Yet, as we are interested in what happens in the central nanowire,
the effects of solving the system also self-consistently at the interfaces with the superconductors
are expected to be negligible.
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Figure 27: A sketch of the experimental set-up discussed in the suggested numerical procedure. The
ferromagnets in two parallel S/F/S-Josephson junctions are divided in two, resulting in an S/F/F/S-
Josephson junction. As previously these two parallel S/F/F/S-Josephson junctions are connected with a

nanowire.

In the above, we have presented a suggested way to solve the system self-consistently.
We have discussed a promising candidate for appropriate boundary conditions, as well as
a suggested numerical procedure. For future work, we believe it would fruitful to solve
the system also self-consistently, due to the exotic new phenomena multiterminal structures

exhibit[63, 76, 77].
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LINEARIZED KUPRIYANOV-LUKICHEV BOUNDARY CONDITIONS
WITH D-VECTOR FORMALISM

Close to the critical temperature and while having A << €, we can also linearize the Kupriyanov-Lukichev
boundary conditions. Using the general definition of weak proximity effect as stated in eq. 167
the boundary conditions at the material-interface in eq.125 and eq.126, simply reduces to:

Oy, =y, =) +iv Af + Ay, (218)
oy, = Qaly, — 7)) +Hin, AL +idey, (219)

If we now insert the d-vector formalism, the first equation transforms to:

0zdy 1 = Ql(dx,2 dyq) +2ad; 4 (220)
Ozdy,1 = Qy(dy, —dy,1) +2ad;; (221)
0zdz; = Q4(dz dz 1) —20(dy,s +dyq) (222)

aZfS,I - (fS 2 ) (223)

While the second equation transforms to:

Ozdx2 = Qa(dy —dy,1) +2adz, (224)
Ozdy,. = Qp(dy2 y 1) +2ady, (225)
0zdz = Qz(dz,z 21) — za(dy,z +dyz) (226)
Ozfsp = Qo (fsp — ) (227)
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SOLUTION OF THE SINGLET AND SHORT-RANGED TRIPLET
COMPONENT FOR FERROMAGNET IN THE WEAK PROXIMITY LIMIT

Having a ferromagnet without SO-coupling and a exchange field h = he, along the z-direction,
the linearized Usadel equations reduces to

D)) = ed + hf, (228)
%D@ffs = efy + hd. (229)

Looking at the above equations we notice that we can combine them by doing the following

i
EDag(dn +1s) = e(d) +1fs) + h(d) £ )
= e(dH +fs) + h(dH + f5) (230)
Defining f+ = d|| £ f; and €+ = € + h, the above equation reads

D%y + 2iesfy = 0. (231)

Assuming we are close to the critical temperature and as well as having A << €, we can
also use linearized the Kupriyanov-Lukichev boundary conditions. For z = 0 these boundary
conditions reads

ELo-fs = fs — fpcse™t, (232)
ELoyd) = d. (233)

While for z = L the boundary conditions becomes

ELofs = fpcse' Pt — £, (234)
Lo d) = —d. (235)

where fpcs is the magnitude of the BCS-bulk solution:Furthermore, ¢; and ¢r denotes the
phase of the left and right superconductor respectively.

Again, using the definition of f1 = dH + fs, as well as assuming f+ « fpcs, the boundary
conditions reduces to

ELO-f+| _ = Ffpcse'™, (236)
ELOf+|,_, = *fpcse™®. (237)

Looking at eq.231 we can write a general solution to this equation as
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£y — AeV2ie+/Dzi | Be—V/2ie+/Dzi

= Aef+# 4 Be~k+zi (238)

Inserting the above form of f+ into the boundary conditions in eq.236 and 237 yields

Lk, (239)
4 CTf .
ApkxLi —kiLi _ HIBCS . igr
e + Be 7i§Lki( e'¥R) (240)

To isolate the coefficient A we multiply eq.239 with e ¥+l and subtract the resulting

equation from eq.240. Similarly, to isolate the coefficient B we multiply eq.239 with ek and
subtract the resulting equation from eq.240. Doing so, we obtain the following expressions for
the coefficient A and B

+fcs ; L
A= ipR | pitp p—kaLi
i¢Lk+2isin(k+ L) (% + e ), (241)
B = iR ipr k+ Li .
i€ Lk 2isin(k+ L) (7% 4 ePret= ™) (242)

Having determined the coefficients A and B we have now found the solution of f+ in our
system. In particular, choosing z = L/2, the solution in the middle of the ferromagnet simplifies
to

+fpcs

mCOS(kiL/Z) (ei‘PR + eiﬁbL)' (243)

fy =



MATLAB-CODE FOR SOLVING A ONE-DIMENSIONAL TRILAYERD
HETEROSTRUCTURE

%smain-file for solving a superconductor/material/superconductor structure along
the z-direction.

clear global

%Thouless energy
global Eth

global epsilon
global NumbersE
global ii

%interface parameters for the left and right interfaces (=Rn/RB)
global ratiolL
global ratioR

%lengths
global L_vec
global L

%magnitudes and phases for the superconductors
global Delta_L
global phi_L

global Delta_R
global phi_R

%S0-strength
global Alpha

%S0- and exchange field
global Ax
global Ay
global Az
global hx
global hy
global hz

%sdefine global matrices
global sigmax
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MATLAB-CODE FOR SOLVING A ONE-DIMENSIONAL TRILAYERD HETEROSTRUCTURE

global
global

% bulk
global
global
global
global
global
global
global
global

% bulk
global
global
global
global
global
global
global
global

smatrix-elements of: gamma (g), partial derivative of gamma (dg), gamma tilde (gt)
and partial derivative of gamma tilde (dgt)

global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global

sigmay
sigmaz

solution in superconductor to the left
glsL
g2sL
g3sL
g4sL
gtlsL
gt2sL
gt3sL
gt4sL

solution in superconductor to the right
glsR
g2sR
g3sR
g4sR
gtlsR
gt2skR
gt3sRk
gt4sR

gl
g2
g3
g4
dgl
dg2
dg3
dg4
gtl
gt2
gt3
gt4
dgtl
dgt2
dgt3
dgt4

%elements of initial guess
global gl_init
global g2_init
global g3_init
global g4_init




global
global
global
global
global
global
global
global
global
global
global
global

MATLAB-CODE FOR SOLVING A ONE-DIMENSIONAL TRILAYERD HETEROSTRUCTURE

dgl_init
dg2_init
dg3_init
dg4_init
gtl_init
gt2_init
gt3_init
gt4_init
dgtl_init
dgt2_init
dgt3_init
dgt4_init

%density of states and d-vector components
global DoS

global dx

global dy

global dz

global fs

%spredefine gamma-elements (100 positions used always):
gl = zeros(NumbersE, 100);

g2 = zeros(Numbersg, 100);

g3 = zeros(Numberskg, 100);

g4 = zeros(NumbersE, 100);

dgl = zeros(Numbersk, 100);
dg2 = zeros(NumbersE, 100);
dg3 = zeros(NumbersE, 100);
dg4 = zeros(Numbersk, 100);
gtl = zeros(NumbersE, 100);
gt2 = zeros(NumbersE, 100);
gt3 = zeros(Numbersk, 100);
gt4 = zeros(Numbersk, 100);
dgtl = zeros(NumbersE, 100);
dgt2 = zeros(NumbersE, 100);
dgt3 = zeros(Numbersk, 100);
dgt4 = zeros(NumbersE, 100);

%predefine initial guesses:

gl_init = zeros(Numbersg, 100);
g2_init = zeros(NumbersE, 100);
g3_init = zeros(NumbersE, 100);
g4_init = zeros(NumbersE, 100);
dgl_init = zeros(Numbersg, 100);
dg2_init = zeros(NumbersE, 100);
dg3_init = zeros(Numbersg, 100);

dg4_ini

t = zeros(Numbersg, 100);
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MATLAB-CODE FOR SOLVING A ONE-DIMENSIONAL TRILAYERD HETEROSTRUCTURE

gtl_init = zeros(Numbersg, 100);
gt2_init = zeros(NumbersE, 100);
gt3_init = zeros(NumbersgE, 100);
gt4_init = zeros(Numbersg, 100);

dgtl_init = zeros(Numbersg, 100);

dgt2_init = zeros(Numbersg, 100);
dgt3_init = zeros(NumbersE, 100);
dgt4_init = zeros(Numbersg, 100);

%predefine DoS and d-vector components
DoS = zeros(Numbersg, 100);
dx = zeros(Numbersg, 100);
dy = zeros(Numbersg, 100);
dz = zeros(Numbersg, 100);
fs = zeros(Numbersg, 100);

%system parameters
ratioL = 1/3;
ratioR = ratiol;

Delta_L = 1;
Delta_R = 1;
phi_L = 0;

phi_R_vec = [-0.25xpi];

Alpha = 0.4;

xi = 30;

hx = 0;

hy = 10«Delta_L;
hz = 0;

%sdefine length, position and energy vectors
L_vec = [15];

position = linspace(0,1,100);
DoS_as_func_of_lenght = [];

Numbers = 300;

inelastic = 1xle-03;
Emin = 2xinelastic;
Emax = 1.3xDelta_L;

%a small imaginary part is added to the energy for numerical stability

el = linspace(Emin, Emin + 0.25, 125) + inelasticxli;
e2 = linspace(Emin + 0.2505, 0.9, 50) + inelasticx1li;
e3 = linspace(0.905, Emax, 125) + inelasticx*1li;




epsilon_vec

%define matr
sigmax = [0,
sigmay = [0,
sigmaz = [1,
for m = 1:le
L =L_ve
display(
Eth = (x
Ax = 0;
Ay = 0;
Az = Alp
if Az ==
Az_h
else
Az_h
end
for n =

phi_
disp

%sstart with largest energy for a more efficient code

for

MATLAB-CODE FOR SOLVING A ONE-DIMENSIONAL TRILAYERD HETEROSTRUCTURE

= [el, e2, e3];
ices

1; 1, o];

-1i; 1i, 01;
0; 0, -1];

ngth(L_vec)
c(m);

L)

i/L)"2;

haxsigmax/L - Alphaxsigmay/L;

at

0;

at

blkdiag(Az,-conj(Az));

1:length(phi_R_vec)
R = phi_R_vec(n);
lay(phi_R)

i = NumbersE:-1:1

epsilon = epsilon_vec(i);
display(epsilon)

ii = 1;

theta_s = atanh(1/epsilon);
s = sinh(theta_s);

c = cosh(theta_s);

%ssolution bulk in superconductors:

glsL = 0;
g2sL = sxexp(lixphi_L)/(1+c);
g3sL = -sxexp(lixphi_L)/(1+c);
g4sL = 0;
gtlsL = 0;

gt2sL = -sxexp(-1lixphi_L)/(1l+c);
gt3sL = sxexp(-lixphi_L)/(1+c);
gt4sL 0;

glskR = 0;
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g2sR = sxexp(lix(phi_R))/(1+c);
g3sR = -sxexp(lix(phi_R))/(1+c);
g4sR = 0;
gtlsR = 0;

gt2sR = -sxexp(-1lix(phi_R))/(1+c);
gt3sR = sx*xexp(-lix(phi_R))/(1+c);
gt4sR = 0;

%initial guess for first energy for the two parallel junctons

%to help the matlab-solver to start near the correct solution we use
all gammas's set to zero as in a normal metal

if i == Numbersk && n==1

gl init(i, :) = OxglsL;
g2_init(i, :) = 0xg2sL;
g3_init(i, :) = 0xg3sL;
g4_init(i, :) = 0xgdsL;
dgl_init(i, :) = 0;
dg2_init(i, :) = 0;
dg3_init(i, :) = 0;
dg4_init(i, :) = 0;
gtl init(i, :) = OxgtlsL;
gt2_init(i, :) = Oxgt2sL;
gt3_init(i, :) = 0xgt3sL;
gtd_init(i, :) = OxgtdsL;
dgtl_init(i, :) = 0;
dgt2_init(i, :) = 0;
dgt3_init(i, :) = 0;
dgt4_init(i, :) = 0;

else
0;

end

%solve for gamma
[gl(i, :), g2(i, :), 93(i, :), g4(i, :), dgl(i, :), dg2(i, :), dg3(i,
1), dgd4(i, :), gtl(i, :), gt2(i, :), gt3(i, :), gtd(i, :), dgtl(i,
1), dgt2(i, :), dgt3(i, :), dgtd(i, :)] =
solve_usadel_gamma_trilayer();

%use previous solution as initial guess for next energy in central
nanowire guess

if i~=1
gl init(i - 1, :) = gl(i, :);
g2_init(i - 1, :) = g2(i, :);
g3_init(i - 1, :) = g3(i, :);
g4_init(i - 1, :) = g4(i, :);

dgl init(i - 1, :) = dgl(i, :);
dg2_init(i - 1, :) = dg2(i, :);
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end

dg3_init(i - 1, :) = dg3(i, :);
dg4_init(i - 1, :) = dg4(i, :);
gtl init(i - 1, :) = gtl(i, :);
gt2_init(i - 1, :) = gt2(i, :);
gt3_init(i - 1, :) = gt3(i, :);
gtd_init(i - 1, :) = gtd(i, :);
dgtl_init(i - 1, :) = dgtl(i, :);
dgt2_init(i - 1, :) = dgt2(i, :);
dgt3_init(i - 1, :) = dgt3(i, :);
dgt4_init(i - 1, :) = dgtd(i, :);

%iterate thorough positions

for

end

j=1l:length(position)

%gamma matrix

g = [g1(i,j), 92(i,j); 93(i,j), 94(i,j)1;
%derivative gamma

dg = [dgl(i,j), dg2(i,j); dg3(i,j), dg4(i,j)I;
%gamma tilde matrix

gt = [gtl(i,j), gt2(i,j); gt3(i,j), gtd(i,j)];
%sderivative gamma tilde

dgt = [dgtl(i,j), dgt2(i,j); dgt3(i,j), dgtd(i,j)I;

%normalization matrices

N = inv(eye(2) - g*gt);

Nt = inv(eye(2) - gtxg);

retarded = Nx(eye(2) + gxgt);

%ssquare = retardedxretarded

DoS(i,j) = (1/2)xreal(trace(retarded));

%sdecompose the compoenents
ggf = 2xNxg; %green f= Nxgamma matrix

dx(i,j) = (ggf(2,2) - ggf(1,1))/2;
dy(i,j) = (g9f(2,2) + ggf(1,1))/2i;
dz(i,j) = (gg9f(1,2) + gg9f(2,1))/2;
fs(i,j) = (g9of(1,2) - ggf(2,1))/2;

sbefore moving on to the next phase, we update the initial guess for all
energies and positions
if n~= length(phi_R_vec)

gl_init(:, :) = gl(:, :);

g2_init(:, :) = g2(:, :);
g3_init(:, :) = 93(:, :);
g4_init(:, :) = g4(:, :);

dgl_init(:, :) = dgl(:, :);
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end

end

dg2_init(:,
dg3_init(:,
dg4_init(:,
gtl_init(:,
gt2_init(:,
gt3_init(:,
gt4_init(:,
dgtl_init(:
dgt2_init(:
dgt3_init(:
dgtd4_init(:

end

’

’

’

’

)
i)
:)

)

dg2(:,
dg3(:,
dg4(:,
gtl(:,
gt2(:,
gt3(:,
gta(:

dgtl(:
dgt2(:
dgt3(:
dgt4(:

SN
1)
1)
1)
1)
1)
0

N
1)
1)
S H

%sthe zero-energy denisty of states evaluated in the middle of the junction
for a given lenght L
DoS_as_func_of_lenght(end+1l) = DoS(1,50);

save main_trilayer

save main_trilayer
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