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"This furnishes us with an evident explanation of the great superiority in certitude of
Arithmetic and Geometry to other sciences. The former alone deal with an object so pure
and uncomplicated, that they need make no assumptions at all which experience renders
uncertain, but wholly consist in the rational deduction of consequences. They are on that
account much the easiest and clearest of all, and possess an object such as we require,
for in them it is scarce humanly possible for anyone to err except by inadvertence. And
yet we should not be surprised to find that plenty of people of their own accord prefer to
apply their intelligence to other studies, or to Philosophy. The reason for this is that every
person permits himself the liberty of making guesses in the matter of an obscure subject
with more confidence than in one which is clear, and that it is much easier to have some
vague notion about any subject, no matter what, than to arrive at the real truth about a
single question however simple that may be.”

René Decartes
Rules for the Direction of the Mind!

!Translated by Elizabeth S. Haldane and G. R. T. Ross in "Philosophical Works of Decartes”, Cambridge
University Press, 1911
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Preface

This thesis covers most of my research activity on superconducting heterostructures con-
ducted between 2008 and 2011 at the Institute for Theoretical Solid State Physics, Karl-
sruhe Institute of Technology, and the Department of Physics, Royal Holloway, University
of London. The common physical theme of all topics discussed here is the superconducting
proximity effect, i.e., the penetration of superconducting order into a non-superconducting
state that comes about if a material — usually a metal — is brought into contact with a
superconductor. This phenomenon has been investigated for decades already [30] and
is intimately related to prominent physical effects, like Josephson currents or Andreev
reflection.

More recently, the idea that the superconducting proximity effect may allow for ’engi-
neering’ superconducting states that so far eluded observation in bulk systems stimulated
renewed research efforts in this field [38]. Generally, one may say that this requires a
normal state? which is not commensurate with the order of conventional superconduc-
tivity, i.e. singlet s-wave pairing. Typically, this implies breaking spin-rotation symme-
try — which is readily achieved with magnetic fields, exchange interactions, or spin-orbit
coupling. Regarding applications, such proximity induced superconducting phases offer
exciting prospects in the context of spintronics and (topological) quantum computation
[38, 93].

We study two examples of such normal states here: ferromagnetic conductors and the two-
dimensional helical metal realised at the surface of three-dimensional topological insulators.
Since these systems do not only differ fundamentally in their phenomenology and potential
applications, but also in terms of the theoretical methods that we invoke to study them,
the thesis is split into two largely independent parts.

The first part treats the triplet proximity effect in superconductor-ferromagnet heterostruc-
tures. The current interest in these devices was triggered by the discovery of so-called 0-7
oscillations in Josephson-junctions where the non-superconducting interlayer is a weakly
ferromagnetic alloy [104]. The term 0-7 oscillation refers to the fact that the current-phase
relation switches periodically between sin(Ax) and sin(Ay + 7) as a function of junction
length and temperature [18]. This can be understood as an effect of the ferromagnetic
exchange field. The Cooper-pairs of a conventional superconductor consist of electrons
with opposite spin and momentum. When they tunnel into a ferromagnetic material, this
symmetry cannot be upheld, as the momenta of conduction electrons at the Fermi-level
are now different for electrons with opposite spin-orientation. Consequently, the proximity
induced pairing correlations acquire a finite centre of mass momentum, leading to their
oscillation on a scale set by the exchange field. This is directly analogous to the FFLO-
state, where this effect is caused by a magnetic field [18]. Ferromagnetic m-junctions were
recently incorporated in superconducting Qubits [43], which may allow to reduce their cell
size and make them less susceptible to noise.P

#The term 'normal state’ is nothing but a shorthand for 'non-superconducting state’ here.
PSee Ref. [43] and references therein.
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However, the exchange field does not only lead to oscillations of the pair wave function, it
is also detrimental to the proximity effect and reduces its decay length [30, 55]. This loss
of particle-hole coherence is associated to the wave vector mismatch between spin-up and
-down states. It was therefore widely believed that the proximity effect in ferromagnetic
materials whose exchange energy is of the order of the Fermi-energy should be suppressed
on the inter-atomic length scale. In 2001, a first proposal for circumventing this suppression
was put forward by Bergeret et al. [10]. It relies on converting the pairing correlations of
the superconductor, whose spin wave function is singlet, to correlations between electrons
with the same spin. Obviously, these are not affected by the exchange field. This initial
idea entailed a lot of theoretical activity in the following years and a supercurrent carried by
such triplet correlations was eventually confirmed by Keizer et al. in 2006, using junctions
with half metallic CrO2 [67]. Since CrOs is fully (or almost fully) spin-polarised, and
since the length of the junctions was of the order of 100 nm, this Josephson coupling must
have been carried by spin-polarised Cooper-pairs, i.e. a long range triplet proximity effect.
This was the first instance of a fully spin-polarised Josephson current. A large number
of experiments on this effect followed since 2010, an incomplete overview is provided in
chapter 1 of this thesis. This development may pave the way for a marriage between
superconducting circuits and spintronics [38]. For instance, theory predicts that both the
critical current and the current-phase relation of these junctions may be controllable by
magnetic fields, and this was partly confirmed in experiment already [71].

In this general context, the present work is devoted to the application of a particular the-
oretical method in non-equilibrium superconductivity, the quasiclassical Green’s function
technique [114], to such systems. This theory was pioneered by Eilenberger [33] and Larkin
and Ovchinnikov [76]. It can be considered as an extension of Landau’s Fermi-liquid the-
ory [75] to superconductors [36]. However, while Landau argued that the distribution
function of a Fermi-liquid is sufficient to describe its transport properties, this is no true
for the superconducting state. The condensate of conventional superconductors consists of
Cooper-pairs and its elementary excitations are described by superpositions of particle-like
and hole-like states in a thin shell around the Fermi-energy [8, 113]. The quasiclassical
theory of superconductivity accounts for this order by describing the particle-hole and spin
degrees of freedom as quantum mechanical, while real space coordinates and momentum
enter as classical parameters [114]. This turns out to be sufficient if the problem one
wishes to consider abides a separation of energy scales. The ’low’ energy scale is set by
the superconducting gap, and the "high’ energy scale by the Fermi-energy. Translated to
length scales, this implies that we can describe variations of the system on the scale of the
superconducting coherence length, while variations on the interatomic scale — which are
usually irrelevant — are integrated out [114]. Consequently, this technique figures among
the most efficient approaches to dealing with inhomogeneous and non-equilibrium problems
in superconductivity.

It goes without saying that this is only true as long as the assumptions underlying the qua-
siclassical approximation are well-founded for the problem at hand. As a matter of fact,
ferromagnets pose a problem in this respect. Until recently, only ’small’ exchange fields
comparable to the superconducting gap could be treated consistently [52, 53]. A general-
isation of the boundary conditions for the quasiclassical Green’s function near interfaces
and surfaces worked out by Eschrig [37] then allowed for considering another limit, i.e.
exchange fields of the order of the Fermi-energy. This is the relevant case for ferromagnets
like Co, Ni, Fe and of course half metallic compounds like CrOs.

The novelty of the results presented in this thesis relies fundamentally on this innovation.
On the one hand, I discuss the triplet proximity effect in strongly polarised ferromagnets
and in particular the Josephson effect related to it. Most experimental prove of induced
triplet correlations in such structures available so far relies on the observation of supercur-



rents. While the half metallic case was analysed before using QC theory [39, 40], I show
that the presence of a second spin-band has important consequences for the current-phase
relation and the critical current and may even lead to a novel effect — the presence of a
spin-supercurrent in a superconductor-ferromagnet bilayer. In recent experiments, junc-
tions with an anti-ferromagnetic domain structure were investigated [68, 70]. My study of
this problem shows that backscattering at the domain boundaries leads to an additional
suppression of the supercurrent, and I find a 0-7 switching of the current-phase relation as
a function of the number of domains. In relation to a recent result of Chung et al. [22], I
briefly comment on the triplet proximity effect induced by an interface whose spin-activity
is caused by Rashba spin-orbit coupling, finding that p, &+ ip,-superconductivity with op-
posite chirality is induced in the two spin-bands.

Secondly, I present an investigation of point-contact spectra which have become a popular
experimental tool for obtaining the spin-polarisation of ferromagnets. The theory put
forward here is an extension of earlier theoretical models [28, 83] that accounts for spin-
active scattering at the interface and the Fermi-surface geometry of the adjacent materials.
I show that previous theories are contained as limiting cases in this formalism. I also
investigate simple microscopic models to understand the origin of the scattering effects
which are believed to drive the singlet-triplet conversion. It was shown previously [46, 142]
that spin-active scattering leads to interface bound states and resonant Andreev scattering
at SC/FM contacts. Ishow that these effects may help to understand point-contact spectra
of (Ga,Mn)As, even though they are not directly observable due to temperature smearing.
A first direct observation of such bound state signatures in conductance signals was very
recently reported by Hiibler et al. [61], who investigated Al/Fe tunnel junctions. Moreover,
I discuss how this theory allows to reconcile point-contact spectra of CrOy with its alleged
complete spin-polarisation.

Regarding technicalities, I discuss the boundary conditions put forward by Eschrig [37] and
their diagrammatic representation in detail. A set of diagrammatic rules is proposed which
may be helpful for the interpretation of theoretical results obtained with this formalism.

In the second part, I present a numerical study of a problem that attracted a lot of attention
in the last two years — the proximity effect in surface states of topological insulators. Prior
to their discovery in 2007 [72], topological insulators had been predicted theoretically [64,
14] as a special type of band insulator whose band structure topology implies the existence
of topologically protected edge states at surfaces and interfaces. This idea was first applied
to ’ two-dimensional’ materials, e.g. graphene [65] and semiconductor quantum wells [13].
It was argued that this state can be understood as the time-reversal invariant analogue
of the Quantum Hall state, where the role of the magnetic field is — in a sense — taken
over by spin-orbit coupling [13]. The quantum well proposal turned out to work, the
existence of edge states was confirmed in transport measurements [72]. A little later,
it was realised that this state has a three-dimensional analogue [90]. The first material
predicted and confirmed to be such a three-dimensional topological insulator was Bi;_;Sbh,,
[124, 58]. BiaSes [137, 59], BigTes [21] followed a little later. In these cases, surface states
were identified by ARPES-measurements, being the predestined tool for studying surface
electronic structure. The surface states of these 3D materials form a two-dimensional,
helical metal with a Dirac cone dispersion around the I'-point [56]. The term ’helical’ refers
to the special spin-structure of these states. For every wave vector k = (k, k), there is
exactly one state at energy ¢, i.e., there is no spin-degeneracy — a situation referred to
as spin-momentum locking [56]. The states at k and —k have opposite spin-orientation,
which implies that the spin winds around the Fermi-surface of the surface states. In fact,
the low-energy Hamiltonian describing this dispersion is the same as that of graphene,
just that o now refers to real spin instead of pseudo-spin [56]. It was then theorised
by Fu and Kane [47], that an instance of the p, + ip,-superconductor can be created
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in these states if a pair-potential is induced by means of the superconducting proximity
effect. This would have important implications, since this type of superconductor hosts
Majorana-fermion excitations at vortex-cores or line junctions [47].* While these particles
so far eluded observation in the realm of high-energy physics, there is a growing number
of low dimensional condensed matter systems that are conjectured to host quasiparticle
excitations of the Majorana-type. These quasiparticles would obey non-abelian statistics
and are hence relevant to the field of topological quantum computation [93].

The experimental study of the proximity effect in topological insulators is, however, only
just beginning [140, 106]. Thus, rather than exploring further consequences of the Fu-Kane
proposal, I decided to investigate the validity of their phenomenological model. To this
end, I employ a finite differences discretisation of a topological insulator-superconductor
heterostructure, where the interface is modelled by a transfer-Hamiltonian. The dispersion
is then calculated with a recursive Green’s function technique. In agreement with earlier
studies of this problem [108, 121, 74|, I find that the Fu-Kane model is a reasonable
approximation if the coupling between the two materials is small to intermediate. This
obviously implies that the induced gap in the surface states will be smaller than the
superconducting gap of the bulk superconductor. The validity of the Fu-Kane model can
in this case be understood in terms of McMillan’s theory of the proximity effect [85] — the
pair-potential in the surface state is identified with an effective self-energy that accounts
for the presence of the superconductor [108]. To recover the Fu-Kane model, one must,
however, assume the energy and momentum independence of this self-energy, which turns
out to be a bad approximation if the coupling is strong.

While this basic understanding was established before [108], the numerical method em-
ployed here is a powerful tool for material specific calculations [122], and will certainly be
useful for future studies of transport in superconducting nanostructures involving topolog-
ical insulators.

The results discussed in this thesis were all obtained in collaboration with other scientists.
Regarding my personal contributions, modelling and calculations for the Josephson effect
and point-contact spectra were carried out by me, with the exception of the numerical
calculations for the smooth potential model (chapter 4), implemented by Georgo Metal-
idis, and the model for the spin-orbit coupled barrier (chapter 6), worked out by Tomas
Lofwander. As far as the comparison to experimental results is concerned, the data on
(Ga,Mn)As was taken by Samanta Piano and BTK fits are due to her as well. T did the
theoretical modelling and fitting of the data with our theory. The accompanying calcu-
lations with the Kane-model were carried out by Karel Vyborny. The calculations done
for fitting the CrOs spectra are entirely due to Tomas Lofwander; I still discuss them
here, since this is a very nice application of our general theory. Unpublished calculations
and those which I present in the second part of the thesis were all done by me. In all
cases, theoretical modelling and interpretation was done in close collaboration with the
respective scientists and in particular my advisor, Matthias Eschrig.

Lastly, the quotation which I chose to prelude this thesis may seem unfitting to some,
since condensed matter theory hardly lives up to the standards of mathematical rigour
that Descartes proposed in his regulae ad directionem ingenii. As Descartes admitted
himself, this is necessarily true for an science aspiring to describe and understand the
material world, rather than contenting itself with formal logics. Thus, the words of Albert
Einstein: ”As far as the laws of mathematics refer to reality, they are not certain; and as

far as they are certain, they do not refer to reality.”,” do better justice to theoretical physics

*Majorana-fermions are fermionic particles with the property of being their own anti-particle. They were
proposed by Ettore Majorana, who found that such particles are a solution of the Dirac-equation [133].
> Albert Einstein in "Geometry and Experience”, January 27, 1921



in this respect. Still, I stumbled across this quotation during my first year at university
in one of my undergraduate textbooks,* and they remained a source of motivation to me
ever since.

Roland Grein, January 2012

#”Lehrbuch der Analysis, Teil 17, Harro Heuser, Teubner, 15th edition, 2003
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1. Superconductor-Ferromagnet
Heterostructures

The basic phenomenon behind the physical effects observed in superconducting nanos-
tructures is the so-called proximity effect [30]. It can quite generally be understood as the
penetration of one ordered state of matter into another — a situation which is typically re-
alised at interfaces between materials with different ground states. In the particular case of
singlet, s-wave superconductivity and ferromagnetism — which we shall be concerned with
here — this situation becomes even more interesting, since these states are mutually exclu-
sive [18, 11]. A singlet superconductor pairs electrons with opposite spin orientation, while
the ferromagnetic states favours the alignment of electron spins. How this fundamental
contradiction can be overcome and the interpenetration of such states of matter achieved
has been subject to intense research activity over the past decade [38]. It turned out that
novel types of superconducting pairing, which remain unobserved in bulk-systems, arise at
such interfaces, resulting in a rich phenomenology of physical effects. Thus, these devices
are not only interesting in terms of functionality, but also from a fundamental point of
view.

This chapter is supposed to provide a general introduction to this topic and review some
of the very recent experimental results in this area. As such, it hopefully constitutes a
convincing motivation for the theoretical questions which are at the heart of this part of
the thesis.

1.1. Symmetry Classification of Pairing Correlations

In this section, we shortly explain why the symmetrisation postulate, being the basis of
many-body quantum mechanics, enforces a symmetry constraint for pairing correlations,
and how this fact can be used to chart all possible types of pairing. On that basis, we
then discuss the pairing correlations induced by the proximity effect at superconductor-
ferromagnet interfaces.

The model Hamiltonian used by Bardeen, Cooper and Schrieffer to give a first microscopic
explanation of superconductivity [8] has the following general structure in real space [2]:

%:HO—’_Hinta (11)

Hins = / &>z / B " Vagan(4,3,2, 1) ()TL(3)0,(2)T,(1),
a,B,7,m
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1. Superconductor-Ferromagnet Heterostructures

where Hg is the single-particle Hamiltonian and Hin; describes the pairing interaction.
Moreover, p € {1,2,3,4} : p = x, and d®p = Hu d3z,,. In standard BCS-theory we
have [2]:

4
-3
Visrn(4,3,2,1) = Mg 0ay H 5°(x, — x), (1.2)
p=1

where A < 0 is a constant and 3 is defined by [2]:

=3 1 = 1 |e(p) — Er| < e
5 (x) = — | &p 0,ePT 0, = . 1.3

Here, Ey is the Fermi-energy of the system’s normal state, e(p) the single-particle disper-
sion, and €. an energy cut-off of the interaction, usually assumed to be the Debye-frequency.
The solution of this problem, pioneered by BCS, is based on a mean-field approximation
which results in a Hamiltonian that is second order in field-operators. To this effect, one
considers the expectation values

(T,(2)T, (1)), (THA)TE(3)) (1.4)

with respect to the equilibrium state of the system and defines the superconducting order
parameter as:

Anp(4,3) = /d3x2d3x1Zvaﬂ,%,,(zl,s,z,1)<xp,y(2)\11n(1)>. (1.5)
eyl

Thus, within this mean-field treatment, the superconducting state can be characterised by
correlation functions of the form:

(Wa(x,t)Ts(x', 1)), (1.6)
(Ul (x, ) Ul (), (1.7)

fa,ﬁ (X7 xla t7 t/)
.]Ea”3<X, x', t,t)

if we transform to the Heisenberg-picture. These so-called pairing correlations are only
non-zero in the superconducting state, and the symmetry classification of superconducting
states amounts to classifying the possible symmetries of these functions under particle-
exchange [42]. The basic ingredients of this classification are (a) the symmetrisation pos-
tulate (or Pauli principle), implying that fermionic field-operators anti-commute and (b)
the fact that the field-operators entering these functions are of the same type and that an
exchange of field-operators is thus formally identical to an exchange of coordinates. Such
correlation functions enter any Green’s function formalism describing the superconducting
state as anomalous Green’s functions. Their specific definition depends on the Green’s
function formalism in question and may be different from the one chosen above.? Their
fundamental structure, however, is always the same and the argumentation laid out in the
following thus holds irrespective of these technical details.

The equilibrium state of a translationally invariant system does not depend on the ’'centre
of mass’ coordinates in time and space, i.e. R = (x +x')/2 and T = (t +¢')/2. These
coordinates are also invariant under the exchange x <+ x/, ¢t <» ¢/, while the corresponding
relative coordinates change sign. Usually, one then considers the Fourier-transform of

#If the time coordinates introduced here are understood to reside on the Keldysh contour, f is identical
to the Keldysh part F¥ of the Gor’kov Green’s function up to a constant factor (cf. Ref. [102]). In
equilibrium, it is more convenient to discuss this argument in terms of Matsubara correlation functions
[42].
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1.1. Symmetry Classification of Pairing Correlations

Figure 1.1. — Sketch of the singlet, s-wave (blue) and odd-frequency S, = £1 (orange) and
S. = 0 (green) correlations present at superconductor/ferromagnet interfaces as a function of
the spatial coordinate.

the correlation functions with respect to the relative time and space coordinate, i.e. r =
x — X = p,t =t —t +— w. This eventually results in the symmetry constraint [42]:

fap(P,w) = —f5.a(—P, —w), (1.8)

which one may use to classify the possible pairing correlations. Relation (1.8) can be
reformulated as [42, 40]:

even even even
momentum — X frequency — X spin — = odd, (19)
odd odd odd

to obtain the classification scheme. Conventional superconductivity is even in momentum
and frequency but odd in spin. The same holds for cuprate superconductors [129] and is at
least very likely in a large number of the recently discovered iron-based superconductors
[84, 82]. Triplet-superconducting states which are odd in momentum can for instance be
found in superfluid He?® [130].2

This scheme cannot only be used to classify superconducting bulk-states. At interfaces
between superconducting and non-superconducting materials, pairing correlations will be
induced in the normal region by means of the proximity effect and those in the supercon-
ductor will be modified. The latter is sometimes referred to as ’inverse’ proximity effect.
Far away from the interface, the pairing correlations drop to zero in the normal region
and recover their bulk value inside the superconductor (SC). If the non-superconducting
material breaks additional symmetries compared to the superconductor, it is to be ex-
pected that pairing correlations belonging to symmetry classes different from that of the
SC bulk-state are induced. A ferromagnet breaks spin-rotation symmetry. Thus, correla-
tion breaking spin-rotation symmetry, i.e. triplet amplitudes, are to be expected. Since
triplet amplitudes are even in spin, they have to be odd in either momentum or frequency.
Generally, both cases may occur [40]. If, however, impurity scattering is strong, correla-
tions that are odd in momentum will be suppressed [10, 40]. Thus, the proximity effect
will be dominated by odd-frequency triplet correlations unless the nanostructure is in the
ballistic limit.

A further sub-classification can be applied to these triplet amplitudes [40]. Recall that f
is a matrix in spin-space. We call its diagonal entries, f;+ and f| |, equal-spin triplet, or

2In the case of bulk-superconductors, the classification refers to A rather than to the f-functions.
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S, = +1 amplitudes. We may also use the corresponding two-particle spin-wave functions
[11), 1)) to denote them. The amplitude (f4 | + f|1)/2 is the opposite-spin triplet, or
S, = 0 component, and we may write [1]) + [|1) to refer to it. (f+ | — f+)/2 is the usual
singlet (|T)) — [{1)) amplitude. The reason for this distinction is that the ferromagnetic
exchange field is as detrimental to the |1]) + |[{1)-correlations as to the singlet ones. The
equal spin correlations, on the other hand, are insensitive to the exchange field and are
thus also called "long range’ [10, 39].

This situation is sketched in Fig. 1.1, illustrating qualitatively the behaviour of the relevant
symmetry components at an SC/FM interface. The singlet s-wave correlations of the bulk
superconductor show an oscillating decay into the ferromagnetic region, while .S, = 0 and
S, = %1 triplet components are induced. The first meet the same fate as the original singlet
correlations, since they still pair electrons with opposite spin. The S, = 41 correlations, on
the other hand, can penetrate the ferromagnet on the scale of the normal metal coherence
length.

The suppression of all S, = 0 components is a consequence of the fact that the paired
electrons no longer have the same magnitude of momentum due to the exchange field.
Another way to put it is that the correlations acquire a finite centre of mass momentum.
They hence decay on the scale of the magnetic coherence length &5 = h/(py — py) in the
clean limit and this situation also leads to their oscillating behaviour [18]. The S, = 0
proximity effect was first observed in 2001 by Ryazanov et al. [104]. Obviously, finding
any sizeable effect arising from the S, = 0 amplitude requires a relatively weak exchange
field. This can be realised in ferromagnetic alloys. For example, Ryazanov et al. used
Cu,Ni;_, with x ~ 0.5 in their experiment [104].

Most natural ferromagnets, however, have an exchange field which is of the order of the
Fermi-energy, implying that all S, = 0 components are suppressed on the interatomic
length scale [39]. Consequently, the question under which circumstances the S, = +1
amplitudes can be induced at an SC/FM interface arose, and a first answer was provided
by Bergeret and coworkers [10]. As it is this S, = £1 proximity effect that we are interested
in here, the question how these correlations come about will be addressed in the next
section.

1.2. Singlet-Triplet Conversion through Interface Scattering

So far, we only provided a vague symmetry argument as a motivation for the creation
of triplet amplitudes and what makes the creation of a S, = £1 proximity effect more
complicated than the S, = 0 case is unclear as of now. We shall see in a second that
a homogeneous exchange field in the FM-region can only induce the S, = 0 component.
However, as opposed to singlet correlations, this component is no longer invariant under
rotations in spin-space [40]. Hence, other components of the triplet-subspace can be cre-
ated by introducing an inhomogeneous exchange field. This idea was first investigated by
Bergeret et al. [10] in terms of domain wall at the SC/FM-interface whose magnetisation
direction varies continuously over the width of the wall.

In a ferromagnet where the exchange field is of the order of the Fermi-energy, this domain
wall would have to be atomically thin, i.e. the rotation must be abrupt. Otherwise, the
S, = 0 components would decay to zero before the conversion becomes effective [39]. This
lead Eschrig et al. [39] to consider a different take on the problem. An atomically thin
domain wall would effectively be part of the interface and, consequently, the conversion
must happen directly in the interface region. Treating the interface within a scattering
formalism, they then showed that equal-spin triplet correlations arise from a combination
of two scattering effects, namely spin-mixing and spin-flip scattering. This is the conversion
mechanism relevant to this thesis and we shall discuss it in detail here.
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1.2. Singlet-Triplet Conversion through Interface Scattering

These are certainly not the only theoretical approaches to this problem. In fact, a huge
number of proposals have been put forward and investigated using various techniques, but
we refrain from giving a complete account of the theoretical developments in this area.
A very recent overview over both experimental and theoretical advances is provided in
Ref. [38], while Ref. [11] is a more comprehensive but also older review.

Spin-mixing effect

The ’spin-mixing effect’ quite simply means that electron with different spin-orientation
acquire different scattering phases upon scattering at a ferromagnetic surface or interface.
Simple calculations show that this effect is ubiquitous for any spin-dependent scattering
potential. The difference of scattering phases ¥(k) = ¢4(k)—¢, (k), which usually depends
on the wave vector of the incident particles is called spin-mizing angle [39] here, but is
also called spin-dependent interface phase shift (SDIPS) in the literature (see Ref. [25], for
instance). Chapter 4 is devoted to an investigation of this mixing angle in different models
of the interface region.

A simple hand-waiving calculation shows how the S, = 0 triplet component is induced by
these scattering phases [39]. We consider the wave function of a conventional Cooper-pair:

Upon scattering, the single particle wave functions acquire a scattering phase according
to their spin [39]:*

[~ 1) = [k D)t =k ) = [k [)e'r (), (1.11)
This implies that the Cooper-pair wave function transforms to [39]:
kT, —k @ei(m(k)*w(k)) —|kl,—k T)e*i(‘PT(k)*S@i(k))7 (1.12)
upon scattering at the interface, which we may rewrite as:
cos 9(k) - ([k 1, —k 1) — [k 4, —k 1)) + i-sin (k) - (K 1,k 1) + [k J,—k 1)).  (1.13)

Hence, we see that a S, = 0 triplet component proportional to sin (k) is induced. The
spin-independent scattering phase (k) = [p1(k) + ¢, (k)]/2 is irrelevant.

Spin-flip scattering

As argued above, an additional spin-quantisation axis must enter the game to rotate parts
of the S, = 0 component into the required S, = +1 correlations. This is achieved by
considering a spin-dependent interface potential whose quantisation axis is misaligned with
respect to the ferromagnet. This misalignment is characterised by two spherical angles, «
and ¢, as shown in Fig. 1.2. The most obvious physical model that springs to mind is a
canted ferromagnetic domain [40], but other mechanisms, like an interface with spin-orbit
coupling [41], are also possible. The latter case, in which the misalignment angles become
k-dependent, has attracted attention very recently in the ongoing hunt for topological
superconductors [22].

For now, we shall leave it at that. A thorough investigation of models for interface scat-
tering is presented in chapter 4.

#The notation is somewhat sloppy here. If the interface is translationally invariant, scattering conserves
parallel momentum, i.e., k = (kj, k=) = (k), —k.). If the scattering phases are the same for k)| and
—k||, which is generically true if the scattering potential is not k-dependent, the relations stated in this
equation hold.
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Figure 1.2. — The spherical angles characterising the misalignment of the interface spin-
quantisation axis with respect to the magnetisation of the ferromagnetic bulk.

1.3. The Long Range Triplet Proximity Effect in Experiment

So far, the experimental verifications of a proximity effect due to the long range S, =
+1 components are mostly based on the Josephson effect. The general argumentation
is that if a Josephson current is measured across a SC/FM/SC junction with a FM-
interlayer whose thickness exceeds the magnetic coherence length &5, the superconducting
correlations carrying this Josephson-current must be of the S, = £1 type. In this sense,
the evidence is indirect but — in our opinion — certainly conclusive.

The Keizer-experiment

The first article reporting such a Josephson-current was published by Keizer and coworkers
in 2006 [67]. Their setup consisted of two NbTiN-electrodes deposited on a layer of CrOsg,
a half-metallic, i.e. a fully or almost fully spin-polarised, ferromagnet [23]. The CrOs film
was grown on a TiOg substrate. Their data shows a Josephson current across junctions
which are more than half a micron long.

In a half metal, where the minority spin band is completely absent, the conversion from
singlet to triplet correlations must happen in the interface region, as outlined above. CrOq
is metastable and rapidly oxidises at the surface to CroOg [67]. Keizer et al. claim that they
were able to remove this oxidised layer when creating the contacts to the superconducting
electrodes. In any case, spin-active scattering must be induced at the contact, possibly
by canted magnetic moments — an assumption which is supported by the fact that the
observed critical currents show substantial variations between different samples. This
may indicate that the interfaces, which form spontaneously, vary in their effectiveness of
singlet-triplet conversion [67].

In the presence of a magnetic field H, the relatively poor Fraunhofer pattern shows a
hysteresis loop as a function of the magnitude of the magnetic field, which an be understood
from the magnetic anisotropy of the sample. The magnetisation M also implies an offset
of the magnetic field B, resulting in a minimum of the Fraunhofer pattern at H = 0.

What is even more remarkable is that the critical current was shown to depend on the ori-
entation of the magnetisation, which can be considered further evidence for the theoretical
picture promoted here.

Only two months after the publication of this work, Sosnin et al. [118] reported a long
range proximity effect in an Al/Ho junction. Ho becomes ferromagnetic below 21 K with
a conical magnetisation structure, i.e. the magnetisation rotates along the c-axis of the
crystal, thus providing an inhomogeneous magnetisation texture and thereby realising the
original idea of Bergeret et al. [38]. In their Andreev interferometer device, they observed
resistance oscillations as a function of the introduced magnetic flux up to Ho-layer lengths
of 150nm, which exceeds the penetration depth of S, = 0 correlations by far.

18



1.3. The Long Range Triplet Proximity Effect in Experiment

The year of triplet supercurrents

After the tantalising discoveries of Keizer et al. and Sosnin et al., the race was on for
further confirmations of these effects. After several years of failed attempts, and the first
jokes being made about the Keizer-experiment entering the annals of irreproducible exper-
iments, 2010 proved to be the year of triplet supercurrents. Several groups confirmed the
observation of long range supercurrents through strongly spin-polarised ferromagnets using
different approaches and materials, all sharing the common idea that an inhomogeneous
magnetisation must somehow be introduced at the SC/FM-contacts.

Anwar et al. [4] confirmed the Keizer-experiment on CrO,, using both a different supercon-
ductor (amorphous Mo7oGesp) and a different substrate (AloO3), but failed to reproduce
a Josephson-coupling with TiOg as substrate. The current densities they found are con-
siderably smaller than those of the Keizer-experiment and a Fraunhofer pattern was not
observed. Hence, although the evidence for a supercurrent is clear, the riddle of the prox-
imity effect in CrOs is still not solved. An important point in this respect seems to be that
there is no direct control over the interfaces which must provide the conversion mechanism.

Khaire et al. [68, 69] overcame this problem by creating a complex multilayer structure
where spin-active interfaces are introduced artificially. The interfaces consist of ferromag-
netic alloys (either PANi or CuNi) separated by Cu buffer layers from the central, strongly
spin-polarised part of the device, which is made of Co. A major innovation was the ad-
ditional introduction of an antiferromagnetic Ru-layer sandwiched between two extended
layers of Co, enforcing an antiparallel magnetisation direction of the Co layers and thereby
cancelling their intrinsic magnetic field. This resulted in a very clear Fraunhofer pattern
whose quality exceeds that of the Keizer-experiment by far. Khaire and coworkers then
showed that the effectiveness of singlet-triplet conversion can be controlled by the thick-
ness of the alloy layers and they observed a crossover from the singlet-Josephson effect,
which is rapidly suppressed as a function of the Co-layer thickness, to the triplet one,
which showed no sign of decay for the junction lengths considered in Ref. [68] (up to
28nm) and a slow decay in their follow-up work [69] (up to 50nm). The origin of the
inhomogeneous magnetisation structure was attributed to the domain wall structure of
the weakly ferromagnetic alloys due to their out-of-plane magnetisation anisotropy. In
their later work [69], they achieved even better results with pure Ni, which, according to
them, has an in-plane magnetisation in Ni/Co layered structures and larger domain sizes
than the alloys. This supports the picture that the relevant magnetisation misalignment
is the one between the interface layer and the central Co part and not the one between
different domains of the interface. This group also managed to enhance the effect even
more by maximising the misalignment of the Ni layers with the help of a magnetic field
[71]. Khaire et al. argue that their experiment is best described by the model of Houzet
and Buzdin [57], who considered a ferromagnetic trilayer sandwiched between supercon-
ducting electrodes, but that the diffusive limit discussed in this work is not applicable to
their samples [69].

Robinson et al. [103] used the holmium idea to create an inhomogeneous magnetisation
profile in a Josephson junction whose central part was also made of Co. They did not
use the ruthenium trick to obtain nice Fraunhofer patterns, but found a non-monotonic
dependence of the critical current on the Ho thickness. This can, according to them, be
attributed to a maximisation of the magnetisation inhomogeneity for Ho thicknesses that
correspond to half complete windings of the magnetisation direction. They found a slow
decay of the critical current for Co layers of up to about 16nm, which means that the
junctions were shorter than those of Khaire et al., but still long enough to rule out a
Josephson coupling carried by S, = 0 correlations.

Evidence for a triplet Josephson current in the Heusler compound CusMnAl was found
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by Sprungmann et al. [120]. In this case, the conversion mechanism was attributed to a
spin-glass phase forming at the contacts.

The longest Co-junction to show a supercurrent, no less than 600nm long, was reported
by Wang et al. [132], who measured a Josephson current through a Co nanowire with
tungsten forming the superconducting electrodes. How the conversion comes about is
unclear in this case.

All in all, it is fair to say that the basic theoretical concepts behind the conjectured long
range triplet proximity effect worked out over the past 10 years have been confirmed by
these experimental results, which, on the other hand, certainly also raise a number of new
questions deserving theoretical investigation.

In this context, the present thesis describes how the triplet Josephson effect can be de-
scribed consistently with quasiclassical theory if the exchange field is of the order of the
Fermi-energy. We investigate the critical current in the presence of domain wall structures
and show that exotic current-phase relations may arise in high-transparency junctions. We
argue that the latter may even imply the existence of a spin Josephson effect in junctions
with only one SC-electrode.

1.4. Measuring the Spin-Polarisation

We now turn to another problem in the context of superconducting heterostructures,
namely inferring the spin-polarisation of a ferromagnet from the differential conductance
of a superconductor-ferromagnet point contact.

The basic idea was first proposed by de Jong and Beenakker [28], as a simple extension
of the Blonder-Tinkham-Klapwijk theory [15] of transport across superconductor-normal
metal contacts. The superconducting density of states has a gap at the Fermi energy
which renders charge transport carried by single-particle excitations impossible unless the
applied voltage exceeds the gap-energy.® The only process that contributes to transport
at these energies is Andreev” reflection. In this case, a Cooper pair is created in the
superconductor as a quasiparticle tunnels into it and a hole is coherently reflected into
the non-superconducting metal. In the case of a conventional superconductor, the singlet
symmetry of the Cooper-pair wave function requires that the reflected hole excitation has
opposite spin with respect to the incident electron.®

Now, if the non-superconducting metal is spin-polarised, i.e. the density of states at the
Fermi-level is different for spin-up and spin-down electrons, this process is naturally sup-
pressed, since incoming spin-up particles have a reduced chance to find a spin-down partner
for the Andreev process, as illustrated in Fig. 1.3. De Jong and Beenakker formulated a
minimal model that accounts for this effect. They solved the BdG-equation with a step
function switching between the pair-potential of the superconductor and the exchange
field of the ferromagnet at the interface. This model thereby introduces wave vector mis-
matches at the interface which reduce transmission. These are neglected in BTK-theory,
but inevitably present at such a contact. The first experiments using this idea to infer the
spin-polarisation of ferromagnetic materials were carried out by Soulen et al. [119] and
Upadhyay et al. [127]. For fitting their data, Soulen et al. used a model based on the
idea of de Jong and Beenakker which neglects the wave vector mismatches. They write

#More precisely, this is true at 7' = 0.

PMore precisely: Andreev-Saint-James reflection, as explained in Ref. [29]. We opt for the shorter, even
though unjust terminology here.

“For reasons that will become clear later on, we define the spin of a hole excitation as the spin of the
unoccupied state it is associated to.
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Figure 1.3. — The process of Andreev reflection at a superconductor-ferromagnet contact. In
the ferromagnet (left), the DOS of spin-down quasiparticles (red) is reduced compared to that
of spin-up quasiparticles. The superconductor (right) has an energy gap in the single-particle
density of states. The injection of a pair into the superconducting condensate requires the
coherent transmission of a spin-up and a spin-down quasiparticle into the superconductor. This
implies the coherent reflection of a hole excitation in the down-band, as an up-quasiparticle
transmits from the ferromagnet into the superconductor. Figure adapted from Ref. [119].

the conductance of the point-contact as a sum of two contributions [119]:
G(V) = (1 - Pc)Gerx(V) + PcGu(V), (1.14)

where Gprk (V) is the BTK-conductance formula for a superconductor-normal metal con-

tact and Pc the so-called transport spin-polarisation [119]:

_ NFTUFT - NRLUFi
NFTUFT + NF¢UF¢

Pe (1.15)
The conductance G corresponds to the spin-up transport channels for which no spin-
down partner exists, i.e. Gy = 0 for |[eV| < A. To obtain an expression for G, Soulen
et al. use the BTK result again and simply put the contribution of Andreev reflection
to zero. Subsequently, they renormalise the remaining contributions to ensure charge
conservation [119]. The exact fitting formulas used by Upadhyay et al. are not clear from
their publication, but were apparently obtained along similar lines as those published later
by Mazin et al. [83]. In both cases, one ends up with a fitting formula that has only two
parameters, the interface barrier parameter Z and the transport spin-polarisation Po. The
latter is then 'measured’ by fitting the spectra to this formula. A formula for G obtained
from a rigorous calculation, used as well for experimental fitting (see Refs. [135, 138], for
instance), was later given by Mazin et al. [83]. This work did, however, not remedy the
other shortcomings of the Soulen fitting formula, i.e. the neglect of wave vector mismatches
and, more generally, the channel or k-dependence of all parameters characterising the
contact, as well as further effects related to the spin-activity of such a magnetic interface.

In this thesis, we propose a generalised theory for the conductance of such a point-contact,
taking into account the Fermi-surface geometry at the contact and the presence of spin-
active scattering potentials. Although our results are obtained from a quasiclassical de-
scription, we find that they reproduce Mazin’s formulas, which were obtained within a "full
quantum’ formalism, exactly in the appropriate limiting case [53]. Moreover, we discuss
applications of our model to experimental results on (Ga,Mn)As [98], one of the most im-
portant ferromagnetic semiconductors, and CrOy [81], which attracted a lot of attention
in the context of triplet supercurrents.
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2. Quasiclassical Theory of
Superconductivity

In this chapter, we give a brief account of the Quasiclassical Theory of Superconductivity
and in particular its application to heterostructures. This theory exploits a natural sepa-
ration of energy scales and thereto related length scales which exists in most conventional
superconductors.?

This situation is fully analogous to the one we encounter in a normal Fermi-liquid. The
latter was first discussed by Landau [75], his fundamental insight being that the Fermi-
liquid emerges from a gas of non-interacting Fermions as the interaction is adiabatically
turned on and that there is a bijective map between the final states of the Fermi-liquid
and the original particles of the gas [75, 24]. This is a direct consequence of the fact that
fermionic particles are subject to the Pauli principle. The ground state of the Fermi-gas
is a sphere of occupied states in k-space whose surface is called Fermi-surface. At finite
temperatures, this surface is 'washed out’ on a width proportional to 7. Any scattering
due to interactions between the particles is suppressed by a factor 72 [75] in this thin layer
around the Fermi-surface, as a result of their fermionic nature. This guarantees, according
to Landau, the adiabatic evolution of the ground state as the interactions are turned
on. As we know, there is a number of many-electron systems which do not self-organise
as Fermi-liquids, i.e., this reasoning is only true for a certain range of interactions and
particle densities. The Fermi-energy of such a liquid, i.e. the kinetic energy of electrons
at the Fermi-surface, is usually very large compared to temperature, implying that the
scattering rate of states in the Fermi-shell is strongly suppressed. Consequently, these
states have quasi-infinite lifetime and were therefore called quasiparticles by Landau. The
quasiparticles have renormalised properties due to the interactions but can be considered
as effectively non-interacting. It follows from the above that only particles in this thin
shell around the Fermi-surface can participate in any response of the system to external
perturbations. To describe the dynamics of a Fermi-liquid, it is therefore sufficient to devise
a theory which only takes into account these states. The quasiparticle states themselves
are 'robust’ against perturbations on the energy scale set by temperature. Thus, only
changes in the distribution function of quasiparticles must be accounted for, which leads
to a Boltzmann-type transport equation [75].

#In the following ’historical’ outline, original articles are in some cases cited together with a secondary
source that we obtained the information from. A more extensive list of original references is provided
in Ref. [37], on which this overview is loosely based.
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In most conventional superconductors, the superconducting energy gap is roughly 2-3
orders of magnitude smaller than the Fermi-energy of the superconductor in the normal
state. Hence, the superconducting order is equally confined to this thin shell around the
Fermi-surface and one is led to expect that a theory similar to Landau’s Fermi-liquid
theory can be put forward. An important difference is, however, that the quasiparticles
of the superconductor in vicinity to the Fermi-surface are not the robust’ quasiparticles
of the normal Fermi-liquid, but rather linear superpositions of pairs of such states. In
BCS-theory, the operators that create quasiparticles from the ground state read [113]:

’YlT(T = UkCLT — UkC_k|, Viki = ukCT_M + vkCkt, (2.1)

where ckg,cL . annihilate and create single particle excitations in the normal state and
vk, Uk are scalar factors. This implies a coherent superposition of particle-like and hole-
like states. The ground state of the superconductor, i.e. the condensate, is described on
the same footing [113]:

o) = [ [ (e + vicefrc’ 4 ))10). (2.2)
k

As far as this superposition is concerned, the states are susceptible to change on the small
energy scale. Consequently, a kinetic equation for the distribution function is no longer
sufficient. The corresponding quasiclassical theory must explicitly take into account this
particle-hole degree of freedom and describe “the coupled dynamics of both the quasiparticle
states and their occupation” [36].

The Quasiclassical Theory of Superconductivity discussed here makes explicit use of this
separation of energy and length scales by integrating out the fast oscillations of the
Nambu-Gor’kov Green’s function on the scale of the Fermi-wavelength A, retaining only
an envelop function which varies on the scale of the superconducting coherence length
& = h|lvr|/27kpT. [37]. This derivation was first carried out by Eilenberger and Larkin
and Ovchinnikov [33, 76, 37| for equilibrium Green’s functions and later generalised to
non-equilibrium situations by Eliashberg, Larkin and Ovchinnikov and Schmid and Schoén
[34, 77, 109, 115, 37]. A mathematically more rigorous derivation was eventually given by
Shelankov [115]. The properties of the system which are determined at the high energy
and short wavelength scale, like the Fermi-surface geometry for example, enter the qua-
siclassical theory as phenomenological parameters. The resulting formalism provides an
excellent description of systems whose parameters vary in time and space on a scale set
by the ’low energy’, i.e., on lengths comparable to the coherence length & and times of
order h/A [37].

If one is concerned with heterostructures containing abrupt interfaces between different
materials, the quasiclassical approach is bound to fail in the interface regions, where the
system’s properties vary rapidly on the interatomic scale, while being fully sufficient away
from the interfaces (see Fig. 2.1). This led to the idea that quasiclassical propagators in
the "asymptotic’ regions may be matched with a set of boundary conditions that have to be
obtained from a microscopic description of the interface region. A first set of such bound-
ary conditions was derived independently by Zaitsev [139, 89], Shelankov® [117, 37] and
Kieselmann [89]. These were, however, restricted to interfaces between superconductors
and normal metals and did not account for spin-dependent scattering. A generalisation
accounting fully for spin-dependent scattering was later obtained by Millis et al. [89].
Such boundary conditions are in line with the general philosophy of quasiclassical theory.
Relevant properties of the system which cannot be described within the theory itself enter

#These boundary conditions were, however, derived for the envelop functions of the wave function formal-
ism.
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Figure 2.1. — The quasiclassical Green’s function g can be understood as the envelop function
of the microscopic Green’s function G. It is not defined in an interface region where the
system’s properties vary rapidly. The envelop function is generally discontinuous across the
interface. Figure from Ref. [51].

as phenomenological parameters. In this case, the parameters describe the scattering of
quasiparticles at the interface and come in the form of a scattering matrix which must be
assumed or calculated independently.

While these boundary conditions in principle allowed for describing heterostructures in
quasiclassical theory, they are rather cumbersome and difficult to handle, since they are
non-linear and admit unphysical solutions which need to be ruled out [36]. The fundamen-
tal problem is that solving the equation of motion for the quasiclassical Green’s function
and its accompanying normalisation condition is a boundary value rather than an ini-
tial value problem [37]. In other words, there is no obvious separation of ’incoming’ and
‘outgoing’ solution with respect to the scatterer. This problem could eventually be over-
come by introducing a particular parameterisation of the quasiclassical Green’s function.
These parameters obey transport equations which fall into the class of Riccati differential
equations and were hence dubbed Riccati parameters [111, 112, 36]. They automatically
guarantee the correct normalisation of the quasiclassical Green’s function and, most im-
portantly, transform the boundary value problem into initial value problems for the Riccati
transport equations, thereby simplifying numerical calculations considerably [36]. In par-
ticular, the boundary conditions can be formulated as a system of linear equations [37]
and thereby acquire a more transparent and tractable form.

The Riccati parameterisation was developed for the equilibrium case by Schopohl and
Maki [111, 112], while the generalisation to Keldysh Green’s functions and thus to non-
equilibrium situations is due to Eschrig [35, 36]. A first set of boundary conditions for the
Riccati parameters was obtained by Eschrig [36] and Shelankov and Osana [116]. They
were, however, restrained to non-magnetic interfaces. After a number of generalisations
[142, 46], a fully general solution of the scattering problem in quasiclassical theory was
eventually presented by Eschrig [37] and it is this latest formulation that we shall employ
here.

It should also be noted that other than incorporating interfaces and surfaces by a scattering
matrix and boundary conditions into quasiclassical theory, one may also start from a
transfer-Hamiltonian and treat the scatterer as a perturbation that directly enters the
quasiclassical equation of motion [26, 37].

We would also like to emphasise that the Riccati parameterisation has merits which go be-
yond the undoubtful numerical advantages it provides. The Riccati equations in question
are partial differential equations whose solutions can be assembled by integrating them
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2. Quasiclassical Theory of Superconductivity

along straight lines, and they always have a definite stable direction of integration along
those lines [36]. This allows us to think of Riccati parameters as quasiparticles moving
along straight trajectories, although they do not, in an immediate sense, correspond to
physical quasiparticles. On this basis, a diagrammatic representation of transport and
scattering processes was developed by Lofwander, Zhao and Sauls [143, 144, 37] and ex-
tended by Eschrig [37], which simplifies the physical interpretation of results obtained from
this theory considerably. Some applications of this will be discussed in the next chapter.

A full account of the development of quasiclassical methods for superconductors and their
applications, spanning more than 50 years by now [49, 37], could fill a book of its own,
which so far nobody found the time to write. An extensive review of the method in
the context of its application to superfluid He® was given by Serene and Rainer [114], a
thorough discussion of the Riccati formulation and its boundary conditions is provided
in the seminal articles of Eschrig [36, 37]. The important diffusive limit of quasiclassical
theory [128], is reviewed in Ref. [9], and the latest formulation of the boundary conditions
for the diffusive case can be found in Ref. [25].

In what follows, we set up all the formalities needed to tackle the problems we shall be
concerned with. This presentation will be rather sketchy as it constitutes no original work
of the author. We choose to use the notation introduced by Eschrig [36, 37] and also the
diagrammatic representation of Ref. [37].

2.1. The Quasiclassical Green’s Function and its Equation of
Motion

The starting point for the derivation of the quasiclassical Green’s function is the Nambu-
Gor’kov Green’s function [113], being the Green’s function formalism that directly cor-
responds to the BCS mean-field Hamiltonian. We use Keldysh’s technique [102], which
allows us to consider non-equilibrium phenomena.

The quasiclassical Green’s function is formally obtained from the integration [114]:

i(pr.Roe,t) = / 16,74C(p, R 2, 1), (2.3)

1
a(pr)
where a(pr) is a Landau renormalisation parameter and G is the Nambu-Gor’kov Green’s
function. A check denotes a matrix in Keldysh-space and a hat a matrix in Nambu-Gor’kov
space, i.e., the particle-hole degree of freedom. Specifically, we have:

. GR GK . Ie. F R,AK
/ / _ RAK _ ~ -
G(x,x,t,t)—( ) GA>’G _(—F —G> , (2.4)

from which G(p, R,¢,t) is obtained by a transformation to relative and centre of mass
coordinates and subsequent Fourier-transformations r — p and ¢ — . The matrices 7,
1 =1,2,3, denote the Pauli matrices acting on particle-hole space, while ¢; are the Pauli-
matrices acting on spin-space. The integration over momentum (£, = vy - (p —pr)) results
in the elimination of the fast oscillations of G on the scale of kp. The off-diagonal elements
of GRAK are the anomalous correlation functions describing pairing correlations. The
resulting quasiclassical Green’s function is generally a function of the spatial coordinate
R, the momentum pp, which lies on the Fermi-surface, energy ¢ and time ¢ [114]. While
the Fourier-transformation of the spatial coordinate is mandatory to carry out the &,-
integration, the transformation of the time coordinate is not; and in fact, for a number
of non-equilibrium problems it is advantageous to keep t,t as parameters or Fourier-
transform them individually.
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2.1. The Quasiclassical Green’s Function and its Equation of Motion

The equation of motion for the quasiclassical Green’s function is obtained from the Dyson-
equation of the Nambu-Gor’kov Green’s function. This involves a gradient expansion of
the momentum operator, taking the difference between the Dyson-equation and its adjoint
and carrying out the &,-integration [114, 115]. The result is Eilenberger’s equation:

ihvg - VRG + [e73 — A — h, §lg = 0. (2.5)

Here, A denotes self-energies which are off-diagonal in particle-hole space, typically the
order-parameter, and h contains the diagonal components. These self-energies arise due to
the mean-field treatment of interactions and impurity scattering, external fields can also
be absorbed in these terms. [e,e]g denotes a commutator with respect to the product
®, which combines a matrix product in Nambu-Gor’kov space with a convolution over
internal time variables [114]. For our purposes, it reduces to the matrix product. The
subtraction trick involved in the derivation of this equation results in a non-uniqueness of
its solutions. It must hence be supplemented by a normalisation condition [114]:

§g®g=—1r% (2.6)

The quasiclassical equation of motion is also complemented by a set of self-consistency
relations arising from the mean-field treatment of superconducting pairing (BCS-theory)
and other interactions (Landau parameters) [114]. The self-consistency relation for the
superconducting order parameter reads [114]:

AR(prRv t) = /4d;_r <V(pF,p/F)fK(pIF,R,E,t)>p%. (27)

The pairing interaction V (pr, p'r) is a constant for singlet, s-wave pairing and the energy
integral runs over the interval [—e., €.].* (®)p, is the Fermi-surface average defined as [36]:

1 d2pF
), = — ——— (o), 2.8
O = s T ] 29
where N is the normal state density of states at the Fermi-level:
d*pr
Np = / —_— . 2.9
¥ Jes @eRPIve(or) 29

Apart from the boundary conditions, which we will only discuss in their latest formulation,
this establishes the quasiclassical theory of superconductivity as a self-contained formalism.
Eq. (2.3), while representing the connection to the microscopic theory, is irrelevant for the
application of the method.

The physical observables relevant to us are the local density of states and the current
density, which we obtain from [37]:

N(R,¢,t) 1 R
- T 2.1
Ne 27rIm( r (¢ (pr, R, ¢,1))) (2.10)
and q
. € A A
JR,t) = eNF/87TZ,T1"<VF(pF)ngK(pF,R,e,t)>. (2.11)
The sign of the electronic charge is defined as e = —|e|.

*Note also that this is a matrix equation, and that V(pr, piz) = Vo automatically projects out the spin-
singlet part of f¥ under the energy integral and momentum average.
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2. Quasiclassical Theory of Superconductivity

2.2. Riccati Parameterisation

We now turn to the Riccati parameterisation which eliminates the normalisation condition
and allows us to solve the Eilenberger-equation by solving a set of initial value problems.
We only state it here and refer the reader to Refs. [36, 37| for its derivation.

The Riccati parameterisation introduces 6 amplitudes. 74 and 44 are coherence func-
tions describing the quasiparticle states and z¥* and #% are distribution functions describ-
ing their occupation [36]. This already is an advantage over the usual Keldysh formulation
of quasiclassical theory, where such a separation does not exist. The quasiclassical Green’s
function reads in terms of these parameters [37]:

R,A
GRA = or; < g _5;) + imfs, (2.12)

_F
K = 21 q il (0 g~ il \
- -F -G o )\ -F ¢ )

with G = (1 —73)~', G = (1 —47)" !, and F = Gv, F = G4, and upper/lower signs hold
for retarded /advanced quantities.
Symmetry Relations

A number of symmetry relations hold for the Riccati amplitudes, and we will make ex-
cessive use of them in the following chapters. The Nambu-Gor’kov or, equivalently, the
Bogoliubov-de-Gennes description of superconductivity introduces a redundancy of infor-
mation, expressing itself in a particle-hole symmetry of all quantities in the quasiclassical
formalism [36]:

Q(pF,R,Z,t) = Q(_pF7R7_Z*7t)*7 (213)

where z = £ +£i0" for retarded/advanced quantities and real for Keldysh functions. More-
over, the following symmetries hold for the Riccati amplitudes [36]:

fYA - (:}/R)Ta ot = (‘TK)Tﬂ (2’14)

from which follows that if we know for instance v% and €, all other components can
be obtained from these relations. While (2.13) is general, the symmetry relations for
self-energies in Keldysh-space are different from (2.14) [37]:

AA = —(AR)T AR — (AK)T A — (2R sK = _(gKyT (2.15)

Transport Equations

With

A 0 ARA . yRA 0
AR,A:(ARA ) ) hR,A:< . 2R7A>’ (2.16)

the transport equations read [36]:

ihvpVARA £ 2oy RA — JRAARARA | SRARA _ RAFRA _ ARA

ihvpVARA — 0eaRA _ SRAARASRA | SRASRA _ sRAGRA _ ARA (2.17)
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2.3. Boundary Conditions for Riccati-Amplitudes and Diagrammatic Representation

for the coherence functions and

ihveVak 4+ ihda® — (FRAR 4 2R)2K — 2K (AAA — uh) (2.18)

— _ARSKZA | AKzA | JRAK _ yK

ihvpViE — ihd i — (FRAR 4 R — gK(AMA — 54

— _ARYKLA L AKNA 4 SRAK K
for the distribution functions [36]. We omitted the convolution product ® here, which
has to be taken whenever self-energies or Riccati amplitudes are multiplied [36]. Note
that (2.17) is independent of the distribution functions and should hence be solved first.
Equations (2.18) contain the coupling between quasiparticle states and their occupation.

These are the kinetic equations which reduce to Boltzmann-type equations if the coherence
functions are zero.?

In the homogeneous equilibrium state, the solutions of equation (2.17) are [37]:

= JA
A = [(5 +iV—AA - £2)7L. A} ! (2.19)

if /A = e —[(2—%)/2]%* and [AA]®A are both diagonal and if v%4 and~iR7A commute.
If they anti-commute, the definition of ER4 changes to Ef4 = ¢ — [(Z + %)/2]R4, a case
one is concerned with when considering a magnetic field.

For the distribution functions, the solution is [37]:

Theq = (1 — 474 tanh < (2.20)

€

2kBT> ’
Generally, the solutions of these partial differential equations are obtained by solving them
along their characteristics, which are straight lines in real space, starting from some initial
value [36]. Their direction for any value of pr is given by the Fermi-velocity vr(pr). Le.,
we have R = 0p - z 4+ ¢. So ithvpVQ(R) becomes ih|vp|0,Q(0r - © + ¢) and hence an
ordinary differential equation (ODE). For a given value of pr on the Fermi-surface, the
orientation along which the integration of this ODE is stable is identical for 4%, 34, &
and 44, 4%, #K respectively, but opposite for these two groups [36].

In this sense, one can understand the Riccati amplitudes, which are in principle fields over
real space, as ’'particles’ traveling along straight trajectories with a definite group velocity.

When considering a scattering problem, i.e., a region in which the quasiclassical description
breaks down, these trajectories, which are only meaningful away from the scattering region,
will get 'mixed’ [36, 37]. The above discussed properties of the Riccati amplitudes now
allow us to separate them in ’incoming’ and ’outgoing’ quantities with respect to the
scatterer that are related by a set of boundary conditions [36, 37].

2.3. Boundary Conditions for Riccati-Amplitudes and Dia-
grammatic Representation

We now present the boundary conditions for Riccati amplitudes at the interface to a scat-
tering region. Following Eschrig’s notation [36], the separation of incoming and outgoing
quantities we alluded to is made explicit by writing small case letters for incoming am-
plitudes and capital letters for outgoing ones. The phenomenological parameters entering

@ Apart from the kinetic term, the equations for 2%, #¥ are identical to the usual quantum kinetic equation

if the coherence functions are zero. For comparison, see equation (11.68) of Ref. [3], p.726.
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2. Quasiclassical Theory of Superconductivity

these boundary conditions are contained in the normal state scattering matrix of the scat-
terer [37, 89]. Indices k = (p, @) denote transport channels, i.e., they combine momentum
p and band indices a. —k implies —k = (—p, «). Generically, Riccati amplitudes are
matrices in spin-space; if, however, a band is not spin-degenerate, they are scalar. The
boundary conditions fully cover this case, which turns out to be important when modelling
strongly spin-polarised ferromagnets in quasiclassical theory.

We also discuss the diagrammatic representation introduced in Ref. [37] in this context,
as it provides an intuitive understanding of the boundary conditions. To this effect, we
first consider the quantities G, F,G, F introduced in (2.12). They can be expanded in a
geometric series in v and 4 pairs as shown in Fig. 2.2. v and 4 encode the coherence
between particle-like and hole-like states and can be seen as a "local probability amplitude”
for a hole-to-particle () or particle-to-hole transformation (%) with the same momentum
[37]. It is important to fully understand these elementary diagrams. They have two
legs pointing in opposite directions. These legs represent quasi-particles (red) or -holes
(blue) and their propagation direction. Thus «y and 4 represent conversions between quasi-
particles and quasi-holes® with the same momentum and opposite group velocity, but they
also have a group velocity associated to themselves, which, for a given value of momentum,
is opposite for v and 5. The quantities F and F, forming the anomalous part of the Green’s
function, represent coherence functions in which the elementary particle-hole conversions
are summed to infinite order. The quantities G and G describe quasi-particle and -hole
excitations which are renormalised by particle-hole coherence [37]. Their representation
is straight-forward to infer from their definition. Considering the same problem at the
scatterer, we observe that the normal-state scattering matrix S of the scatterer connects
quasiparticle states with incoming group velocity to states with outgoing group velocity.
We are dealing with retarded/advanced and particle/hole quantities. The corresponding
scattering matrices are related by the following symmetries [37]:

SR =[St SR, =SB St = st )T (2.21)

A possible time or energy dependence is neglected here, as the properties of the S-matrix
are usually determined on the ’high-energy’ scale. The formalism would, however, also
cover the case of such a dependence. Irrespective of which scattering states are connected
by the S-matrix, a scattering event will always invert the group velocity of the quasi-
particle from ’incoming’ to ’outgoing’ with respect to the scatterer, without changing its
particle/hole character [37]. This is reflected in the elementary diagrammatic representa-
tion of scattering events shown in Fig. 2.3.

We are now interested in the outgoing quantities F& and GR at the scatterer as functions
of the incoming coherence amplitudes v, and 75.P For F®, this implies to find all possible
paths contributing to the hole-particle conversion amplitude of an incoming hole to an
outgoing particle. Since the scatterer will mix transport channels, we must also specify
between which channels this conversion is to take place, i.e., .7-",52, acquires two band in-
dices. The elementary hole-particle conversions appearing in the paths that contribute
to this quantity must be the incoming ones. Their legs can, however, only be matched
with those of the desired amplitude, if their group velocity is inverted by means of an ele-
mentary scattering event. This leads to the leading order in path length, or ’elementary’,

#We use both ’quasiparticle’ and ’quasi-particle’. The first term is supposed to refer to the general concept
of quasiparticles introduced by Landau, while the latter is used when we want to distinguish particle-like
from hole-like quasiparticle excitations.

PNote that v, and 4, have opposite momentum here, since their propagation direction is the same (pointing
towards the scatterer).
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2.3. Boundary Conditions for Riccati-Amplitudes and Diagrammatic Representation

Figure 2.2. - Diagrammatic representation of the retarded coherence functions and the
corresponding quantities G, F, G, F. For advanced amplitudes, the propagation direction of all
lines must to be inverted with respect to the retarded ones. Figure adapted from Ref. [37].

contributions to i, [37]:

R
)™ = [Z Skk’mSkk] , (2.22)
k//

where a sum is taken over all possible channels. The diagrammatic representation is shown
at the top of Fig. 2.3. Its hole-like leg is pointing towards the scatterer, and its particle-like
leg way from it. This particle-like leg may now undergo another particle-hole conversion
by means of the incoming amplitude 7. This will invert the group velocity and send the
quasiparticle back to the scatterer. Consequently, the amplitude .7-",54 can — again — be
written as an expansion in an infinite number of quasiparticle paths, and the same is true
for QEk,, as depicted in Fig. 2.3. The sum over these paths can be written in an implicit
form as [37]:

R
Fr = | Vo + Z-Fkk”:)/k”’)’]/wk/ : (2.23)
k//
Likewise, we obtain an expression for Giy, [37]:
Gt = [1+ Frwrw]™ (2.24)

Now, what we are actually interested in are the outgoing coherence functions I' E, f‘g.
These can be obtained from the definition of the Green’s function. Note that if the group
velocity vp(pr) points away from the scatterer, the amplitude 4® entering §%(pr) is an
outgoing one, while 4® is incoming, ¢%(pr) = g8 (IR, 5%) [37]. We hence obtain T'® from
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Figure 2.3. — Diagrammatic representation elementary scattering events (top-left), the ele-
mentary contributions to the outgoing coherence functions (top-right) and the diagrammatic
expansion of the outgoing amplitudes G, F at the scatterer. Figure adapted from Ref. [37].

the relation [37]:
Fih = GHTE = TF = (G Fil™ (2.25)

The logic here is that the fundamental quantities are in fact Gpi and Fpi, for which
we obtained the outgoing solutions from the sum-over-scattering-paths reasoning. The
coherence amplitudes ', that enter the Riccati formalism, are then calculated from them.
Obviously, the outgoing coherence functions are not connected to the amplitudes Fpp/,
Grr with k& # k’. This is because they describe coherence between quasi-particles and
quasi-holes with different momenta on the Fermi-sphere in the same band or even in
different bands. This coherence is lost on the interatomic scale and does hence not enter
the quasiclassical formalism [37]. Such contributions enter only indirectly through the
boundary conditions. By generalising (2.25) as [37]:

Tt = Gl i (2.26)
we can directly write implicit equations for the outgoing coherence functions [37]:
R
I Z Tk A Vi | (2.27)

k! #k
with TR =T} .
The boundary conditions for the hole-like coherence functions are obtained analogously [37]:
R

Diew = |V + Z Dk Vo g | (2.28)
k//#k
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k
R
gkk/ fl?k/
- B = XK
i

G

Figure 2.4. — Diagrammatic representation of the distribution functions z¥ and ¥ and the
distribution functions renormalised by elementary scattering events [2},,]¥, [#},,]¥. The lower
figure depicts the identity used to obtain X¥. Figure adapted from Ref. [37].

while for advanced amplitudes, the direction of time is inverted, resulting in [37]:
A A
F?—H@’ = ’Yllck’ + Z PYIIc’k”:Yk”Fk”—}k’ s fﬁ’_)k/ = ’N)/]lck/ + Z ’?]/c/ku’ykﬂl—‘kuﬁk/
k#£k" kK"
(2.29)

We now turn to the boundary conditions for the outgoing distribution functions X¥ and
XK. We observe that the distribution functions are connected to retarded coherence
amplitudes on the left and advanced ones to the right in §¥. This is reflected in their dia-
grammatic representation (see Fig. 2.4), they have one retarded and one advanced leg with
the same quasiparticle character and, consequently, opposite group velocity [37]. Again,
we introduce an elementary renormalisation of the distribution functions by scattering
[37]:

[%;Ck/]K = Z S};{k//xglslg/k/, xkk’ Z Skk//xkuské/k/. (230)
k! [

We then obtain X® by inspecting the Keldysh-Green’s function for vp(pr) pointing away
from the scatterer [37]. In this case [37]:

gllf(ka) = gllc((rk ) ’yk » Vi ’Fk s X ’jg)’ (2.31)
and we infer from equation (2.12) for the upper left entry of g¥ [37]:
gkal?gkk Frnlh fkka (2.32)

which is the quantity depicted on the right side of the identity in Fig. 2.4. This corresponds
to the effective outgoing particle-distribution function which couples the bare distribution
functions XX and #X with the coherence amplitudes. The same quantity is obtained by
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2. Quasiclassical Theory of Superconductivity

directly coupling the incoming bare distribution functions to the scatterer and the coher-
ence functions [37]. For the bare incoming particle distribution function ¥, this involves
a scattering first, so that the legs have the right group velocity. The renormalisation of the
legs pointing away from the scatterer due to the coherence amplitudes and scattering is
given by g,f,;,A as discussed above. This gives the first term on the left side of the identity.
The second term is due to the hole-like distribution function, whose legs already have the
right group-velocity but most still undergo a hole-particle conversion to contribute to the
particle distribution. The corresponding renormalisation is given by ]:154 for the retarded
and Ff}, for the advanced branch. This gives us the identity [37]:

> G @honr) G — FiiTo Fidy = Gk XK G — Fiki Fiik (2.33)
k/k//
The identity can now be solved to give an expression for XX, which we state here directly
in terms of the amplitudes T'y=z [37]:

XiE = Orar + T o] e Do i+ O] = TR p F T (2.34)
k./kl/

where f\k:kl = Fk:kl — 5kk’Fk

The argumentation for the outgoing hole distribution function is again analogous and
yields [37]:

X5 = + T i @ Bar T+ 0] = TR o T (2.35)
KK

This establishes the boundary conditions and completes our discussion of the Riccati tech-
nique. We tried to put an emphasis on the logics behind the diagrammatic representation
and on how the boundary conditions can be understood in this context. As far as the
technical aspects are concerned, the original article of Eschrig is certainly more compre-
hensive [37]. For brevity, we drop the Keldysh-index of the distribution functions in the
following chapters.

2.4. Diagrammatic Rules

In the following, we state a set of diagrammatic rules which can be used to construct the
solutions of the boundary conditions for Riccati amplitudes in terms of their diagrammatic
representation. Note that only the boundary conditions for the coherence amplitudes
require a solution in the sense that an algebraic elimination must be carried out to obtain
explicit expressions for all I'j=p-amplitudes. Once these are known, the solutions for
the distribution functions can simply be written down. The rules for these coherence
amplitudes are straight-forward to construct based on the insight that: "The diagrammatic
representation of these equations is the same as for the functions FRA and FRA | with the
modification that in all internal sums the direction k of the final state that is scattered into
is excluded.”, M. Eschrig, PRB 80, 134511-8 (2009).

This leads us to the following set of rules:

1. For the outgoing coherence function in question, draw the corresponding incoming
and outgoing particle or hole line.

2. Draw all possible paths connecting these incoming and outgoing lines through ele-
mentary scattering events and particle-hole or hole-particle conversions via the in-
coming coherence functions. An elementary scattering event will change the charac-
ter of the path from incoming to outgoing, an elementary particle-hole or hole-particle
conversion from outgoing to incoming. Only incoming paths can be scattered and
only outgoing ones can undergo conversion.
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S]E,{kll R
o o Vi (PFR)
Figure 2.5. — Relevant elementary diagrams at the scatterer (dashed line). Legs pointing

towards the scatterer are incoming, legs pointing away from it are outgoing. The momentum
direction of the respective amplitudes are stated explicitly, pri is pointing towards the scat-
terer. As for the Iy amplitudes, a momentum direction is only defined for & = &/, and we
have, for completeness, —pgy for F}} and f,‘? and pgy for fkR and F?.

3. Reject all paths where the final outgoing line appears at an intermediate step.

4. For a given path, write out the corresponding scattering matrices and coherence
amplitudes from right to left.

5. Take the sum over all paths.

For advanced amplitudes, rule 4 changes to ’left to right’. If one thinks about the diagram-
matic representation of the F-functions, all of these rules save the third are very obvious.
Rule 3 takes care of the forbidden scattering into the final state. In Fig. 2.5, we give a
summary of the leg-orientations of the relevant amplitudes at the scatterer.

On that basis, it is then easy to write down the rules for the distribution functions by
inspecting their boundary conditions:

1. For the distribution function in question, draw the corresponding incoming advanced
and outgoing retarded line.

2. Draw all possible paths connecting these lines through elementary scattering events,
particle-hole or hole-particle conversions and incoming distribution functions. Only
incoming lines can scatter, only outgoing lines can undergo a particle-hole or hole-
particle conversion or be connected to an incoming distribution function. A scat-
tering event converts a path from incoming to outgoing, a coherence or distribution
function from outgoing to incoming.

3. Reject all paths containing the final outgoing line or the initial incoming line at an
intermediate step.

4. Also reject all paths that contain the incoming distribution function with opposite
particle/hole-type and the same channel-label as the outgoing distribution function
that is to be calculated.

5. Starting from the single incoming distribution function, write down the retarded
branch of the path from right to left and the advanced one from left to right.
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2. Quasiclassical Theory of Superconductivity

6. Take the sum over all paths.

A few comments are in order. The structure of the incoming distribution functions guar-
antees that every path constructed from these rules contains exactly one incoming dis-
tribution function. Thus, this must not be demanded explicitly. Another complication
arises from the fact that the forward-scattering amplitude is subtracted in all coherence
functions. An inspection of the first term of the boundary conditions shows that the rule
"Reject all paths that contain the final outgoing line or the initial incoming line at an inter-
mediate step” describes all contributions to this term correctly. If the forward scattering
amplitude was to appear here, the final outgoing line would immediately appear after the
first scattering vertex at the distribution function and the path must end, which is the
case covered by the Kronecker-deltas. In the second term, however, we need an additional
rule to avoid the forward scattering amplitude. In fact, the paths that we thus reject do
still enter the Keldysh-Green’s function, but not XX,

Although the number of paths contributing to the solutions is infinite, we can obviously
state closed algebraic expressions to describe them all. This implies that these paths can
be represented by a finite graph, involving only elementary diagrams. This is illustrated
in the appendix for the three channel case relevant to us.

The rules stated here do certainly not provide any kind of technical advantage, since the
algebraic solution of the boundary conditions, being nothing but a system of linear equa-
tions, poses no problem at all. We still believe that they may facilitate the interpretation
of results obtained with this formalism.

2.5. The Riccati Technique for Matsubara Green’s Functions

Our study of the Josephson effect will be carried out in the Matsubara framework. The
corresponding Riccati amplitudes are obtained from the retarded and advanced coherence
functions in a straight-forward way. The corresponding relations are briefly reviewed here.

The quasiclassical Matsubara-Green’s function §™ depends on the Matsubara frequency
€n = 2m - (n + 1/2) - kT instead of the energy € [114], the Riccati parameterisation is
defined as above:

M
R . g F .
M = T 2mi < _F G > +imTs, (2.36)

where F and + now correspond to positive /negative Matsubara-frequencies. The Eilenberger-
equation transforms to:

ihvp - V 5g™ + lients — A — h, g™ = 0, (2.37)
with the normalisation condition: gMgM = —172.
equations become:

Consequently, the Riccati-transport
(ihvp - V + 2ie)y™M = [yAy + Sy — 42 — AIM, (2.38)
(ihve - V — 2ie, )3 = [FAF + 27 — 3% — A]M.
The particle-hole symmetry relation is:
QM (i, R, e t) = [QM (=, B, €0, )], (2.39)
and the one between retarded and advanced amplitudes transforms to:

M (—en) = [ (en)]". (2.40)
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The equilibrium current density, which is the only observable that we calculate with this
technique, is [114]:

. 1 .
JR,t) = eNFkBTZ 5Tr<VF(pF)ngM(pF, R, e,, t)> (2.41)

The symmetry between negative and positive Matsubara frequencies allows us to consider
only the positive ones. For these, the boundary conditions are exactly the same as those
of the retarded amplitudes.
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3. Model of the SC/FM Contact within
Quasiclassical Theory

In this chapter, we discuss the model that allows us to describe SC/FM heterostructures
in which the ferromagnetic materials are strongly spin-polarised with quasiclassical the-
ory. This is a new approach based on the generalisation of the quasiclassical boundary
conditions to multi-channel scattering.

The fundamental problem here is the following. Recall that quasiclassical theory is based
on a separation of two energy scales, which can be defined as the Fermi-energy Er on the
one hand, and the superconducting energy gap A on the other hand. The treatment of
ferromagnetism within this theory so far consisted in including the ferromagnetic exchange-
field as an external field in the Eilenberger-equation, thus making the implicit assumption
that the exchange energy J is roughly of order A. This is reasonable for weakly spin-
polarised alloys such as Cu,Nij_,, in which 0 — 7 oscillations of the Josephson effect
were first observed [104]. However, most natural ferromagnets such as Fe, Co and Ni do
not comply to this requirement, as their exchange splitting is of order Ey rather than
A. In a sense, this is still good news, since the separation of energy scales also holds for
these materials; the difference being, however, that the exchange field must be treated
on the 'high energy’ scale. This is achieved by considering the majority and minority
band of the ferromagnet at the Fermi-level as independent and defining two independent
Green’s functions [52, 53]. The technicalities of this model are introduced in the following
section. In section 3.2, we then discuss quasiparticle scattering at the contact and solve
the boundary conditions at the SC/FM interface in section 3.3. Finally, we analyse the
result in terms of the diagrammatic technique.

3.1. Ferromagnets with Large Exchange Splitting in Quasi-
classical Theory

If the exchange splitting of the ferromagnet is large, it is obvious that pairing correlations
between electrons in different spin-bands — even if induced at the SC/FM interface — are
rapidly suppressed on the interatomic scale, as there is a large difference in momentum
between the paired particles. In principle, this is known for a long time already [30]
and was explicitly shown with microscopic calculations by, e.g., Halterman and Valls [55].
It is therefore sufficient to devise a theory which only describes inter-band pairing, i.e.
correlations with equal-spin triplet character. This is readily achieved within quasiclassical
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3. Model of the SC/FM Contact within Quasiclassical Theory
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Figure 3.1. — Model band structure of the SC/FM system.

theory by defining independent quasiclassical Green’s functions for different spin-bands in
the ferromagnet. This approximation is well-suited if J > 0.1FEr for most conventional
superconductors [53], or generally, if the decay length &; = h/(pr — p;) is a lot shorter
than the normal metal coherence length &y, which one may define as h(vy 4 v})/4nkpT,
inside the ferromagnet. Specifically, we assume two metallic bands at the Fermi-energy
with complete and opposite spin-polarisation. In the parabolic band approximation, this
consists in shifting the dispersion by —.J/2 for the majority or spin-f-band and by +.J/2 for
the minority or spin-/-band. In the superconductor, we assume a single, spin-degenerate
band. Thus, the normal-state dispersion relations are:

p}
-1 _F Nl
&1(p1) = Fs (3.1)
2 P% 2 P%
52(P2)=f2m—J/2+V—EF, E3(P3)=f2m+J/2+V—EF,

where we introduce the band index n: n =1 = SC, n =2 = FM, T-band and n = 3 =
FM, |-band. For simplicity, we use the same effective mass in all bands m = p%l /2Ep, V
corresponds to a global shift of the FM-bands with respect to that of the SC as shown in
Fig. 3.1. The individual Green’s functions are defined accordingly as:

1 o~
g”](pFn7R7€7t) = a(pF)/dgpnT?)G(paR7€7t)a (32)
n

where ¢; is a matrix in spin-space while g2 3 are spin-scalars. The relevant observables
thus read for the respective bands:

Nl(Rag)t) _ 1 R
T = —ﬂIm<Tr<g (pF17R7€7t)>pFl>7 (33)
NosRoet) 1

Ny~ (" e R ).

. de .
(B, 0) = Ny [ SETe(vi (b 2 (pr R.2.))

81 PFy

The missing trace and factor 1/2 in the normalised DOS for = 2,3 are due to the missing
spin degree of freedom in the FM-bands. The Fermi-surface average and density of states
are defined accordingly:

Oy = e [
P NF?? FSn (QWH)SIVFn(pFn”

NF = / d2pFT]
! FSn (27Th)3‘VFn(PF77)|

(o), (3.4)
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3.2. Scattering Geometry
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Figure 3.2. — Geometry of quasiparticle scattering at the superconductor-ferromagnet in-

terface with the assumption of an atomically clean interface, i.e. the conservation of parallel
momentum k). This constraint implies two types of trajectories contributing to transport
across the contact, (a) trajectories connecting all three Fermi-surface sheets and (b) trajec-
tories connecting only the SC-band and the majority band of the ferromagnet. Figure from
Ref. [53]. Copyright 2010 by the American Physical Society.

3.2. Scattering Geometry

To solve the boundary conditions for this problem, we first need to specify the normal-
state scattering matrix of the interface. As discussed at length in the previous chapter,
this matrix cannot be obtained within quasiclassical theory, but must be provided as a
set of phenomenological parameters. Here, we shall obtain this matrix from microscopic
models of the interface region. The most fundamental assumption entering these models
is the conservation of parallel momentum k| when a quasiparticle scatters at the interface.
This corresponds to an interface which is translationally invariant in the plane of the
interface, i.e. atomically clean.® Such a constraint severely reduces the number of non-
zero matrix elements. In fact, for any incident quasiparticle, there will be a maximum
of 3 possible outgoing states available. Depending on the Fermi-surface geometry, this
number may reduce to 2 or even 1, as illustrated in Fig. 3.2. For any incoming trajectory,
backscattering is always possible; if no other band can be accessed, such a trajectory
cannot contribute to transport. We are hence only interested in those trajectories with
2 or 3 outgoing channels. We shall call the first "half metallic’ trajectories and the latter
'ferromagnetic’ trajectories, since only the first type exists in a half metal [52, 53].

Thus, when considering solutions of the quasiclassical boundary conditions for this prob-
lem, we need to distinguish two cases. For half metallic trajectories, two transport channels
must be matched and three for the ferromagnetic ones. The corresponding solutions are
discussed in the next section.

The S-matrix has the following structure for these cases [53]:

N Ry | T2 | T3 N Ry | Tis
SFM = T21 T9 T23 s SHM = T21 To . (3.6)
T31 | r32 | 73

Here, R; is a 2 x 2-matrix, T2 and 173 are 2 X 1 matrices, T5; and 731 are 1 X 2-matrices,
ro, T3, o3 and r3o are scalars. This choice of parameters may seem awkward at first, but
will turn out to be convenient for solving the boundary conditions. The matrix elements
SR, used in the definitions of the elementary scattering amplitudes [y/]® and [2/]} are
exactly these components. This is because we match two spin-scalar channels (n = 2,3)
with one spin-degenerate channel (n = 1).

#Strictly speaking, our approach for calculating the S-matrix also requires that the band structure is
centrosymmetric or time-reversal invariant on both sides of the interface, otherwise there may be no
scattering states available if both k)| and energy are to be conserved [37].
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3. Model of the SC/FM Contact within Quasiclassical Theory

3.3. Solution of the Boundary Conditions

We discuss the solutions of the boundary conditions for the two types of trajectories in
terms of the general scattering matrices given in equation (3.6). The models from which
we obtain the values of the S-matrix parameters will be discussed in the next chapter.

Coherence functions

As for the incoming coherence functions, we assume that they are given by the bulk solution
(2.19) in the superconductor, i.e., v = 7£’hom and 7t = :Vég,homv with A® = |Alioy, i.e.
a singlet gap, and no other self-energy terms. In the ferromagnet, the incoming coherence
functions are zero in the point-contact geometry but have a finite value originating from
the opposite surface or interface in the Josephson junction geometry. We only discuss
the point-contact case here and illustrate how the diagrammatic technique can be used to
obtain a physical interpretation of the result. The more general solution for finite ;3 is
given in the appendix.

An additional comment concerning the physical assumptions that underly our point con-
tact theory is in order. The dimensions characterising the contact area of the point con-
tact are assumed to be small compared the superconducting coherence length but imply a
macroscopic number of transport channels, i.e., there is no conductance quantisation [53].
This is usually a good assumption for point-contact Andreev spectroscopy and it is also
implicit in BTK-theory [15].

Thanks to symmetry relations between advanced and retarded propagators, it will be suf-
ficient to consider retarded quantities. Hence, the boundary conditions for ferromagnetic
trajectories reduce to [53]:

Iy, (o + Tacryiv]™, T8 = [ + Tac1ivial™, (3.7)
IS, 3 = [as+acayisl™ Thor = ban + Dscmyi]™

IY = [+ Tsainisl™ Theo = D + Dac1finial ™,

FR = [’711] ) 111<—2 = [’Yiz]Ra Fl1:2—3 = [’713]R,

with [’ygj] = St Si; for 4,j =1,2,3. The boundary condition for i, and TR 4
are trivial, the remammg explicit solutions are [53]:

TRy = [ (1 — 55 R, (3.8)
!
2

IS = [y + 71 (1 — 31711) " el
IS 3 = a3 + %1 (1 — F1y1) " 37l
F3R<—1 [’Y:/ﬂ(l - ’71’711)_1]R>

TF = [y + ¥a1(1 — 31711) " el
5 o = (a2 + 951 (1 — F1v1) " 51vial™

In Fig. 3.3, we show the diagrammatic representation of these solutions.

As an example, we consider '}, ;. The incoming line is hole-like in band 1 and the outgoing
line particle-like in band 2. Taking into account that 75 = 7:5 = 0, the required hole-
particle conversion must take place in band 1. This requires an elementary scattering event
first, in order to convert the hole-like line from incoming to outgoing. Then the conversion
takes place and we have an incoming particle line which can now scatter to band 2, which
gives us the final outgoing line. This path can be extended by adding further pairs of
particle-hole and hole-particle conversions in band 1 with the corresponding scattering
events. Since the final line is in band 2, these paths are allowed and denoted by the
‘bubble’ in the diagram. The resulting geometric series yields [(1 — 4174;) ! for the
bubble.
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3.3. Solution of the Boundary Conditions
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Figure 3.3. - Diagrammatic representation of the outgoing coherence functions at the

SC/FM point-contact.

Distribution functions

The boundary conditions for the distribution function are already explicit in the sense
that no further algebraic elimination is necessary once the outgoing coherence amplitudes
k=g are known. The distribution functions are not uniquely defined [37]. This allows
us to choose a set of incoming distribution functions which simplifies the solution of the
problem. The bias-voltage across the contact is modelled by shifting the chemical potential
on the ferromagnetic side by eV. The ’gauge freedom’ for the distribution functions can
be used to put 1 = Z; = 0, which results in [53]:

e+eV €
= h — h .
T2.3 tan < kT ) tan <2kBT> , (3.9)

T9 3 = — tanh e—cv + tanh °
23 = 2%k T W 9kpT )

The solutions then read [53]:

Xo =[zhy] + [Toc191]R[210] + [2hy][miT 122"

+ [Coe 1] il ise]® — TH @305, (3.10)
X3 =[2h3] + [Cae171) [213] + [y ][nT1os]t

+ D] S liss]® — TR @5 1o s, (3.11)
X :[x,ll]K - Flljieﬂ?f‘é:l - F?e3573f§%1- (3.12)

with [z];] = Sipz2ST, + SiswsSly for i, j = 1,2,3. In Fig. 3.4, we illustrate this for X;. X;
has a retarded quasi-particle leg pointing away from the interface and an advanced one
pointing towards it. Taking into account that z; = 2; = 0 and 75 éA = :yg ’3A = 0, we find
four contributing paths. Two of these connect to the particle-like distribution functions in
the FM-bands through elementary scattering events. These paths could be extended by
adding pairs of particle-hole and hole-particle conversions with the corresponding scatter-
ing events on the SC-side. This, however, would imply that the final outgoing line appears
at an intermediate step, which is excluded. For connecting to the hole-like distribution
function, we need a particle-hole /hole-particle conversion on the advanced /retarded branch
of the path. This yields the remaining contributing paths. The extra rule for distribution
functions, which would prohibit paths involving z1, is irrelevant thanks to 2; = 0.

Transport processes

The Andreev spectrum is given by the differential conductance across the contact, which is
related to the current and hence the diagonal part of the Keldysh-Green’s function. Since
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3. Model of the SC/FM Contact within Quasiclassical Theory
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Figure 3.4. — Diagrammatic representation of X; at the SC/FM-interface.

i

current is conserved across the contact, it does in principle not matter on which side of
the interface it is calculated. Andreev reflection, i.e. the process which allows for charge
transfer at energies below the superconducting energy gap, is understood as a particle
incident to the contact from the non-superconducting region being coherently reflected
as a hole, while on the superconducting side, the corresponding current is carried by the
condensate. To study this process, it is therefore advisable to calculate the current on the
normal side of the contact. We have [53]:

. eNp .
In =" ! /d5 (Vi * Jen)prns (3.13)

je,n = X77 — Ty — Fﬁjnf§7 (3.14)

for the currents in bands 7 = 2,3, where (o), . denotes a Fermi-surface average over
trajectories pointing away from the interface. The trajectories pointing towards it are
included through the term —; in the integrant. The current is hence given by the sum
of the imbalance X, — x, of incoming and outgoing distribution functions and the term
Fﬁfcnfﬁ, which is proportional to the incoming hole-like distribution function. This term,
by the way, contains exactly the paths that we rejected for X, by the additional rule
for distribution functions. Note that, in principle, j., o Tr(f'ggK). However, the second
diagonal component of the Keldysh-Green’s function must not be considered explicitly, as
it is related to the first by symmetry.

We will now identify the elementary transport processes contributing to the current by
studying (3.14). To identify the Andreev processes, we focus on the terms in j., which
are proportional to a hole-like distribution function, as this implies a conversion of in-
coming hole-like to reflected particle-like quasiparticles, which is precisely the property of
Andreev reflection.* Apart from the terms FR:):nF A entering (3.14), these are TS, ;2374 .,

and F3 <_2x2F2 '3, entering X9 and X3, respectively. The latter two terms correspond to
processes where the coherently reflected particle travels in the opposite spin-band with
respect to the incoming hole; for the first terms, the band remains the same. The pro-
cess where incoming and outgoing quasiparticle have opposite spin is the usual Andreev
reflection process known from normal metal /singlet-superconductor contacts.” The other
terms imply a spin-flip in the interface region, otherwise this process cannot be reconciled
with the singlet-symmetry of the superconducting condensate. We will show in the next
section that the amplitude of this process is indeed only non-zero if the scattering matrix
contains spin-flip scattering and spin-mixing.

The remaining terms contained in X, —x, describe quasi-particle transmissions across the

*Actually, it is usually the other way around. That these terms appear here rather than the particle-
to-hole terms is due to the fact that we chose to eliminate the hole-hole entry of §¥ instead of the
particle-particle one.

PIn the literature, one will usually find ’the same spin’. This is because the spin of a hole-like quasiparticle
is often defined as opposite to that of the unoccupied state it is associated to. In the context of the
method employed here, this would be confusing, as we would call hole-like amplitudes belonging to the
spin-down band ’spin-up’.
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Figure 3.5. — Diagrams contributing to spin-flip Andreev reflection (upper diagrams) and
normal Andreev reflection (lower diagrams).

interface. For energies below the gap (|e| < |A|), one can show that:

[X2 — @y + Dy 58315 ,0] () = [Ty 583050 — Ty Eal%](—¢), (3.15)
[X3 — 23+ D5 _a@2l'5 5)(e) = [T5 o255 — TEET5](—e), (3.16)

implying that these remaining terms contain exactly the second charge associated to each
Andreev process. For energies above the gap, normal quasiparticle tunnelling will also
contribute and cannot — to our present knowledge — be disentangled from the Andreev
part [53]. Still, the contribution of Andreev reflection to the current is given by twice the
contribution of the diagrams shown in Fig. 3.5 at energies above the gap, too.

The solutions for half metallic trajectories are obtained by putting all terms that contain
the band index 3 to zero in the above relations. Obviously, this implies that there can
only be spin-flip Andreev reflection for these channels.
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4. Models for Quasiparticle Scattering at
Superconductor-Ferromagnet
Interfaces

The purpose of this chapter is to discuss microscopic models from which the normal state
scattering matrix of the SC/FM contact can be inferred. The constraint of translational
invariance in the contact plane implies that such a model is essentially limited to a scat-
tering potential which varies in the z-direction. To obtain spin-active scattering from this
scenario, this potential must be spin-dependent.* We investigate the ’classical’ idealisa-
tions of such a potential, namely the box-shaped and J-function potentials and show that
these generically imply a relatively small spin-mixing effect. We then show that assuming
the more realistic case of a smooth potential leads to a significant boost of the mixing an-
gle. As a result of this analysis, we identify two basic mechanisms behind the spin-mixing
effect.

The normal-state band structure of the FM and SC have been introduced in the previous
chapter. We still need to specify the Hamiltonian of the interface:
5 -
p J1
H=—-FEp+V+—-7. 4.1

=5 F+Vi+ 5 7 (4.1)
So in principle, we have exactly the same model for the interface as for the FM. However,
we will assume that the exchange fields J; and Jgy are misaligned. And we can choose 1
to tune the interface potential from a metallic to an insulating state. Vi and |Ji| will vary
as a function of z in the smooth potential model.

In the box-potential case, the scattering matrix is then obtained from matching wave
functions which can be labeled by the conserved quantum numbers ¢, k). The details of
this procedure are explained in the appendix. In the case of a d-function potential, the SC
and FM solutions are matched directly. The interface potential enters only through the
matching conditions for derivatives [53]. We will not discuss this case explicitly here, but
the qualitative result — a relatively small mixing angle — is analogous to the box-potential
case [53].

The smooth potential model can be solved within the WKB-approximation if the variation
is slow on the scale of the Fermi-wavelength. This, however, results in large interfaces and,

#This is, strictly speaking, only true for spin-flip scattering, the spin-mixing effect can in principle be
induced by the spin-splitting of the FM band structure alone.
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4. Models for Quasiparticle Scattering at Superconductor-Ferromagnet Interfaces

as a consequence, yields a weak coupling between the SC and the FM. It does also not
really correspond to the experimental situation we are interested in, since the interfaces
do certainly not extend over several Fermi-wavelengths. Instead, we can use the Recursive
Green’s Function method, which will be discussed at length in the second part of this
thesis, to obtain the scattering matrix numerically.

4.1. Parameterisation of the Scattering Matrix

Using a partial singular value decomposition of general U(4)- and U(3)-matrices, we are
able to show that the S-matrices discussed here can be parameterised as follows. Again,
we refer to appendix A and Ref. [53] for details. For FM-trajectories, the S-matrix reads
[53]:

/2

rite T14) toeiV2/2 tgeiﬁ3/2
—i9/2 t —id2/2 t —i93/2
SFM = Tl‘gi 2 T/u(i'ﬁ 2 2 5 (4'2)
toe'v2 toe™ "2 72 793
téew3 2 tge_wg’ 2 793 r3
In the HM case, where the matrix is 3 x 3, we have [53]:
rmew/Q Tt toei/4
SHM = 1l Tuefm/Q téeim/4 . (4.3)
t2ei19/4 t/2€7i19 4 ‘ 9

This parameterisation exploits the SU(2) spin-rotation invariance of the SC and neglects
irrelevant scattering phases. Moreover, the second spherical angle characterising the mis-
alignment of Jem and jl, ©, was put to zero here (see Fig. 1.2 for its definition). If ¢ is
finite, the scattering matrix is simply obtained from [52]:

Sem(p) = PhaSeMPaxa,  Sum(p) = P35, 35mMPaxs, (4.4)

with
eiaz<p/2 0 eiaztp/Z 0
(I)4><4 = < 0 6”290/2 ) ) q)3><3 = ( 0 ei<p/2 > . (45)

Moreover, the parameters ro, 193, 732, T3 may contain additional complex phases which
cannot be eliminated. Yet, only a relative phase between r32 and re3 is physically relevant.
It plays an important role for the Josephson effect, as we shall see later on, but has no
influence on the conductance of point contacts. Since S = ST if ¢ = 0, this relative phase
is always given by 2p. All other phases are irrelevant and hence neglected.

The phases ¥, 2, 3 are all relevant for the creation of triplet correlations. ¥ is usually
called ’spin-mixing angle’. It is responsible for the creation of triplet correlations inside the
superconductor, as it enters the reflection matrix on the non-magnetic side of the interface.
For ferromagnetic trajectories, the situation is somewhat more complicated — there is no
simple relation between the mixing phases entering the transmission part of the S-matrix,
Y9 and 13, and the spin-mixing angle ¥.

In the next section, we focus on 9 only and try to provide some intuitive understanding
as to how these scattering phases come about.
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4.2. Basic Mechanisms behind the Spin-mixing Effect

4.2. Basic Mechanisms behind the Spin-mixing Effect

It is rather obvious that if a difference of scattering phases between quasiparticles with
different spin is to appear upon scattering at some potential, this potential must itself be
spin-dependent. Quite generally, this simply implies that we have two different potentials
for spin-up and spin-down particles. Consequently, such a potential also introduces a
spin-quantisation axis, i.e., a basis in spin-space in which it is diagonal.

The appearance of scattering phases can be studied analytically in two limiting cases.
These are (a) an abrupt change of the potential V', where bulk solutions can be defined
and subsequently matched on both sides of the potential step, and (b) a smooth potential
that varies slowly on the scale set by the typical wavelength of the eigenfunctions in
question. This is the Fermi-wavelength in our case, and the method we can employ in this
scenario is the WKB-approximation.

The first case was studied by Tokuyasu et al. [126] in the context of scattering at an
interface between a normal metal and a ferromagnetic insulator. The matching conditions
read:

14 By =Chy, k(1= Bry) = =k Gy, (4.6)
using the plane wave ansiitze e + By, ie_ik'z and C4 (e~ "4 for the normal and ferro-
magnetic side, respectively. We choose a decaying solution for the ferromagnet, as it is
supposed to be an insulator. k is spin-dependent due to the exchange field. The reflection
matrix R of this interface is then easily found to be:

_ 1+ik/kg 0
= 1_8k/m I+ik/ky | = e et (4.7)
T 1-ik/ky

Obviously, there is only a complex phase because we matched a propagating with an
evanescent solution, otherwise there would be either no imaginary unit appearing in the
matching conditions or there would be two that cancel. Secondly, the spin-mixing angle ¥ is
only non-zero because k1 is different from «. We hence conclude that spin-dependent wave
vector mismatches lead to a scattering phase if one of the two wave vectors is imaginary.

We may consider another scenario where two interfaces are involved. This the relevant
case for us, since we always assume an interlayer with a finite width in the following.
Specifically, we consider a N/FM/N system, where the FM-layer has a width of the order
of the Fermi-wavelength but is metallic.

We need to solve matching conditions at two interfaces now:

14 By =Chy+Dyy, Cpe®ov® 4 Dy jemFrid = By e, (4.8)
k(L= Bry) =kpy - (Cry = Dry), kg (Crpe™v? = Dyjem®id) = k- By o™,

Again, we obtain the reflection matrix at the first interface by solving for B:

ry 0 (k* — k%ﬁ (1= )
R = I P 2 2. J2ikyd (4.9)
0 (k+ Fkpy)? = (k= ky)? - e

In this case, the complex phase of the reflection parameter is due to e?*t.+¢. It can be
understood as the contribution from waves that are transmitted at the first interface, then
propagate forth and back in the interlayer an arbitrary number of times, and are eventually
transmitted back into the first N-region. Yet, the leading order process contributing to
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Figure 4.1. — Sketch of the interface model for the box-potential. The left sketch shows the
Fermi-surface geometry at the contact, both FM-bands are assumed to be smaller than that
of the SC. The right sketch shows the variation of the band bottom in the minority (green)
and majority (red) band. The exchange splitting J = Jpy = Ji is assumed to be identical in
the FM and the interlayer. The quantisation axis is different in the interlayer and the FM.
This is denoted by the different indices of Fy 5 = Vpm F J/2 and Uy = Vi F J/2. Figure from
Ref. [53]. Copyright 2010 by the American Physical Society.

the reflection is the direct reflection at the first interface, and there is no scattering phase
arising from this process. This can easily be seen by assuming k¢ | =~ 0 in the expression
above, which maximises the wave vector mismatch. The expression then becomes real and
there is no spin-mixing phase.

Thus, there is a second mechanism contributing to the spin-mixing angle, which is simply
the dephasing of two waves propagating over a certain length with different wave vectors.
However, the step-potential scenario cannot make good use of this effect for the reasons
explained above. It can be enhanced when the potential is smooth, which leads us to the
WKB-scenario.

Effects due to wave vector mismatches are generically eliminated in WKB-approximation.
This implies that there is only a finite reflection if the potential rises above the Fermi-energy
over a certain length. The spin-mixing angle is then simply given by the phase-difference
that quasiparticles accumulate inside the N-region until the point where Vi = Ep [53],
which we denote by z; | for the respective band:

9 =2 U_idz kT(z)—/_z;dz /Q(z)]. (4.10)

The very slow variation of the potential, which is mandatory for the WKB-approximation,
is not realistic for the atomically thin interlayer regions that we wish to discuss here.
We therefore resorted to a numerical calculation of the S-matrix for the smooth-potential
model.

After this introductory discussion, we now turn to the models that we actually used for
our calculations.

4.3. Box-shaped Scattering Potential and Influence of the
Fermi-surface Geometry

The model we consider in this section is depicted in Fig. 4.1. We are dealing with a mag-
netic insulator of width d as the interlayer. The Fermi-surface geometry of the conducting
bands which connect at the interface is shown on the left-hand side of the figure. The
misalignment of the interface quantisation axis with respect to the bulk magnetisation of
the FM is taken to be o = 0.5m. Moreover, we have Ve = 0.5 Ep, V1 = 1.5 Er and
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Figure 4.2. — The spin-mixing angle as a function of k|| for different widths of the interlayer.
Parameters are stated in the text. Figure from Ref. [53] with slight modifications.

J = 0.8 Ep. In what follows, Ap and kg refer to the Fermi-wavelength and -vector in band
1.

In Fig. 4.2, we show the spin-mixing angle as a function of k)| for different values of the
interlayer width. Dashed lines indicate the separation of half metallic and ferromagnetic
trajectories. We focus on the right plot first. These 'thick’ interlayers correspond to the
tunnelling limit situation, in which the spin-mixing angle is understood from the reflection
of a magnetic insulating barrier as discussed in the previous section. The expression for ¥
that one can derive from eq. (4.7) reads [53]:

v =2 [arctan <k1> — arctan <kl>] , (4.11)
R4 K—

where k4 are the perpendicular components of the wave vectors in the interlayer and kq
that of the superconductor. It fits the plot quite well, the maximum value of this expression
is 0.297 at k)) = 0 for the given parameters, and it monotonically approaches 0 for grazing
impact [53].

For thin interlayers, shown on the left-hand side, the behaviour is more intriguing — the
reason being that the presence of the ferromagnetic bands on the other side of the interface
can no longer be ignored in this case. The mixing angle remains relatively constant for
ferromagnetic trajectories and shows a non-monotonical behaviour for half metallic ones if
the interlayer is very thin. The increase for grazing impact can in this case be understood
as resulting from the influence of the minority band in the FM, which has an evanescent
mode for these trajectories. In the limit of an absent interlayer (d = 0), an analytical
expression can be obtained [53]:

¥ = m — 2arctan <k1> , (4.12)

K3
where k3 is the evanescent wave vector of the minority band. Only the ration ki/k3
enters here, as there is no complex phase from the second wave vector mismatch (k;/k2).
Since kj approaches 0 for grazing impact (the majority band of the FM and the SC band
have comparable Fermi wave vectors) while k3 increases, this expression approaches 7 for
k| — kp.* This explains the diverging behaviour of the mixing angle for grazing impact
observed for d = 0.1 A\p/27. Other than that, the functional dependence J(k|) is difficult
to explain from simple limiting cases, since all parts of the scattering problem play an
important role.

*Unfortunately, there is a lapse in our original publication (Ref. [53]) in this respect. The second half of
the statement "the wave vector ki drops to zero for grazing impact and so does the spin-mixing angle”,
is not correct.
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4. Models for Quasiparticle Scattering at Superconductor-Ferromagnet Interfaces

Figure 4.3. — Spin-mixing angle as a function of k| for different values of the exchange field
J (Us and E5 are kept constant). (a) d = 0.5 Ap/27, (b) d = 5.0 Ap/27. Figure from Ref. [53].
Copyright 2010 by the American Physical Society.

In Fig. 4.3, we plot the mixing angle for different values of the exchange field J, ko is
kept constant, so both Vgy and Jpy change. Not surprisingly, increasing the exchange
field enhances the mixing angle, but not dramatically. The crossover point between half
metallic and ferromagnetic trajectories now changes, which can be seen clearly in Fig. 4.3a.
The mixing angle remains limited to values smaller than 0.57.

Fig. 4.4 shows the mixing phases 12 3 which enter the transmission blocks of the scattering
matrix. In the next chapter, we will see that these phases are important for the magnitude
of triplet correlations transmitted into the ferromagnet. Naturally, 13 is only defined for
kH < kps, while 19 is identical to 19/2 for kH > kps. For kH < kps, we see that ¥y is
significantly enhanced compared to /2 if the interlayer is thick (Fig. 4.4b). This will be
important later on, as it is one reason why the triplet Josephson current that we find is
enhanced for ferromagnets with intermediate polarisation compared to fully half metallic
ones. Other than that, we see that ¥ and 93 have a different functional dependence on
k| and that there is a crossover from a local minimum at k) = 0 to a local maximum as
the width of the interlayer increases.

Transmitting pairing correlations between quasiparticles through an interface happens by
transmitting the quasiparticles themselves. Accordingly, we shall see in the next chapter
that the magnitude of induced triplet correlations depends on the absolute value of the
transmission parameter [t,t,[. The reason is clear. Since we transform singlet to triplet
correlations, one of the quasiparticles involved must undergo a spin-flip, while the other
does not. The relevant probability amplitude is hence the product of a spin-flip trans-
mission, t%, and one without spin-flip, ¢,. This quantity is plotted in Fig. 4.5 for both
FM-bands. In Fig. 4.5b and d, the thick interlayers are shown and the transmission de-
creases monotonically. The latter is governed by the decay of the wave functions in the
insulating interlayer in this case, and hence suppressed for grazing trajectories, since k.,
k- increase with growing kj|. When the interlayer is thin, the wave vector mismatches dom-
inate the transparency of the interface and this leads — again — to a relatively complicated
behaviour. Interestingly, the maxima of the transmission for half metallic trajectories,
shown in Fig. 4.5a, coincide with the minima of ¥ [53]. We cannot offer a simple explana-
tion for this, but it is important to keep in mind that all relevant scattering parameters
may be non-monotonical, and the most relevant transport channels contributing to the
current will hence not always be those close to perpendicular impact. Note also that the
transmission first increases with growing thickness of the interlayer before showing the ex-
pected suppression for ever thicker interfaces. The reason is that the spin-flip transmission
t% is relatively ineffective if the misaligned interlayer is to small.
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Figure 4.4. — ¥, (top) and U3 (bottom) as a function of k|| for different values of the interlayer
thickness. As in Fig. 4.2, we have d = 0.1 A\p/27 (blue), d = 0.5 Ap/27 (green), d = 1.0 Ap/27
(red) on the left-hand side, and d = 2 A\p/27 (red), d = 3 A\p/27 (green), d =5 Ap/27 (blue)
on the right-hand side. Figure from Ref. [53] with slight modifications.

Figure 4.5. — The transmission parameters |tot5| (top) and [¢3t3] (bottom) as a function of &
for different values of the interlayer thickness. d = 0.1 Ag/27 (blue), d = 0.5 Ap/27 (green),
d = 1.0 A\p/27 (red) on the left-hand side, and d = 2 A\p/27 (red), d = 3 Ap/27 (green),
d =5 Ap/2m (blue) on the right-hand side. Figure from Ref. [53] with slight modifications.
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Figure 4.6. — Sketch of the interface model for the smooth-potential. The left sketch shows
the Fermi-surface geometry at the contact, both FM-bands are assumed to be larger than that
of the SC. The right sketch shows the variation of the band bottom in the minority (green) and
majority (red) band. The exchange splitting J = Jgy = Jp is kept constant once it reaches its
maximum (not true for the sketch) and increases monotonically on the SC side of the interface.
Figure from Ref. [53]. Copyright 2010 by the American Physical Society.

4.4. Scattering Potentials with Arbitrary Shape

We now turn to the smooth potential model and demonstrate that a spin-mixing angle
well above 0.57 can be achieved in this case. The considered model is shown in Fig. 4.6.
We choose a different Fermi-surface geometry here, where only ferromagnetic trajectories
are relevant. This simplifies our calculations and is sufficient to prove the point we want
to make. The variation of the potential is sketched on the right-hand side of that figure,
while the exact functional dependence is given by [53]:*

ViF J/2) e~ (zHd)?/o? z< —d

( /2)

U= ViFJ/2 —d<2z<0 (4.13)
Vim F J/2 + (VI — VFM)(B_ZQ/G2 z2>0

The potential Vi and exchange field J hence increase with a Gaussian slope for z < —d,
remain constant over a width d and then decrease to Ej 3, where the slope is chosen so
that the exchange splitting remains constant. ¢ controls the smoothness of the potential.
The exact functional dependence of V1 is shown in Fig. 4.7a, for the choice of parameters
that we consider. Since increasing ¢ while keeping d constant would widen the interface
substantially and hence reduce the transmission, we keep 0 +d = 0.7 Ap [53]. The
quantisation axis is assumed to switch abruptly at z = —d/2 by an angle of o = 0.57.
Taking into account a smooth variation of the magnetisation direction would pose no
difficulty within this approach, but the important point is the enhanced spin-mixing effect
due to the smoothened slopes of the potential.

For calculating the scattering matrix, the Schrodinger equation was discretised in the
z-direction. The Green’s function of the resulting tight-binding Hamiltonian was then
calculated with the Recursive Green’s Function technique and the scattering matrix can
subsequently be obtained from the Fisher-Lee relations® [45, 53]. Details are provided in
appendix C.

The result is shown in Fig. 4.7b, where the mixing angle increases monotonically as the
’smoothness’ of the interface increases and easily reaches values well above 0.57. 1 also

#In our original publication (Ref.[53]), the £-signs on the right-hand side of this equation are erroneously
interchanged.
PThis calculation was implemented by Georgo Metalidis.
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a (b)1.
@), g] 00
1.0 0.75;
LI\J 0.5 & 0.501
- 0.01 b
> 0.0 0251
-0.51
: w w 0.00 ‘ : :
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
z/ K,/ ke,
Figure 4.7. — The spin-mixing angle in the smooth potential model. (a) Vi as a function
of z for 0 = 0,...,0.7 A1, increasing in steps of 0.1 Ap;. d+ o0 = 0.7 Apy, J = 0.7 Ep,
and Ve = —0.5 Ep. (b) spin-mixing angle for the potentials shown in (a), ¥ increases

monotonically with o. Figure from Ref. [53] with slight modifications and additional data.

decreases monotonically with k), which corresponds to the fact that the potential is in
the tunnelling limit, and that there is no cross-over from ferromagnetic to half metallic
trajectories due to the Fermi-surface geometry that we assume. In this scenario, there is no
real separation between the two mechanisms for acquiring a spin-mixing phase discussed
in the previous section, since the potential is neither in the step-function nor in the WKB-
limit.

Given that the smoothening of the potential has such an important effect, the dephasing
of quasiparticles on the superconducting side seems to be the dominating mechanism. We
underline that this model is also more reasonable from an experimental point of view, as
the variation we assume happens on the scale of a Fermi-wavelength which is more realistic
than a fully abrupt change of the potential.

In the next chapter, we discuss the Andreev spectra that we obtained from the interface
models presented here.
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5. Conductance Spectra of
Point-Contacts

In this chapter, we summarise our results on conductance spectra of superconductor-
ferromagnet (SC-FM) point-contacts. In most experiments, these contacts are created by
pressing a superconducting tip into a ferromagnetic sample. A more laborious technique
consists in growing them in planar junctions by drilling a nanoscale hole into an insulating
buffer layer [127, 97]. In both cases, contacts with a macroscopic number of transport
channels are created, i.e., there is no sign of conductance quantisation. On the other
hand, the contact is small compared to the coherence length of the superconductor, &,
which implies that the inverse proximity effect can usually be neglected. As anticipated
in the introduction, such contacts have been studied intensively, since they may provide
information about the spin-polarisation P of charge carriers. Here, we will show that other
features related to the triplet proximity effect can also show up in such spectra and that
spin-active scattering may invalidate the inferred values of P.

The fundamental assumption underlying our model is that the diameter a of the contact
complies to A\p < a < &. If the contact was small compared to the Fermi-wavelength, the
assumption of translational invariance in the contact plain would definitely be ill-founded.
And since the contact is small compared to the coherence length, we can assume that the
superconductor is unperturbed and can thus use the bulk-coherence functions as incoming
solutions on the SC-side of the contact.

In the first section, we shortly review some analytical results and in particular discuss
the creation of triplet pairing correlations and Andreev bound states at the contact. We
then turn to the conductance spectra which were calculated on the basis of the interface
models introduced in the previous chapter. After that, we show that earlier theoretical

Ap < @

Figure 5.1. — A superconducting tip (blue) is pressed into a ferromagnetic sample (red).
The size of the contact is small compared to the superconducting coherence length £, but large
compared to the Fermi-wavelength.
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5. Conductance Spectra of Point-Contacts

models obtained from Bogoliubov-de-Gennes (BdG) wave function matching are contained
in our theory and eventually turn to the comparison with experiment. In the last section,
we briefly compare our approach to other theoretical models used in the study of this
problem.

5.1. Analytical Analysis

The general solutions of the boundary conditions at the SC/FM contact were introduced
in chapter 3. We now discuss analytical expressions for the relevant coherence functions
i TR, and TR_,.2

We start with the solutions on the SC side and discuss the symmetry classification of
pairing correlations and the emergence of Andreev bound states in the local density of
states (DOS) in this context. We then turn to the solutions on the FM side to analyse the
pairing correlations induced there and discuss their significance for Andreev reflection.

Symmetry classification of induced pairing correlations

Since the incoming coherence functions from the FM-side are zero, only the reflection
matrix on the superconducting side enters. As shown in the appendix, the reflection
parameters can be written as [53]:P

T4 =T cos(ay/2)2 —+ Ty sin(ay/2)2 (5'1)
1) = rysin(ay /2)? + | cos(ay /2)?

sin(ay)
rigy = (rp =)=

Here, ay is related to a spin-rotation defined in the context of the partial singular value
decomposition discussed in appendix A. It has no simple connection to the physical mis-
alignment angle o between the interlayer magnetisation and that of the FM bulk. Yet,
ay = 0 if o = 0 holds, since spin-rotation symmetry is restored in that case. r4 | are the
eigenvalues of the reflection matrix. In terms of these parameters, we have:

I = [Sus1Sul® (5.2)
= [2isin(9/2)p + [(p + ps) cos(d) — psl Gy + (p + ps) isin(D)d |,
with

1q2
sin”(ay)
P :rTri’ Ps = (TT — T¢)2T, (53)

p =+/ps - diag[rs cos?(ay /2) + 7 sin(ay /2), 7y cos®(ay /2) + rysin®(ay /2)].
This simple formula teaches us a lot already. The outgoing coherence function on the

SC side has three contributions which correspond to the different spin-symmetries of the
associated anomalous Green’s function:

n PR ~ 1R N A ~ 1A
FR(pp, < 0) = —i2r | (1 — rm)—lrl]  fApp, > 0) = i2r [(1 _ rm)—ln] . (5.4)

#In this section only, we use @ to indicate a matrix in spin-space.

PNote the sign change in the last equation compared to Ref. [53]. This is due to the parameterisation of
SU(2), which we choose consistently here, but which is unfortunately not consistent across all of our
publications. Specifically, the definition of the original article is recovered by ay — —ay .
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Figure 5.2. — Top row: 1/|DR| (see text for the definition) as a function of energy, for

¥ = 0.0, ..., 1.07 in steps of 0.17 and r4 = 0.9, r, = 0.95 (left column), r4 = 0.7, r; = 0.75
(right column). ay = 0.57. With increasing mixing angle, the maxima move to smaller
energies. The function is symmetric in energy. Bottom row: position of the maximum as a
function of the mixing angle (blue) compared to the tunnelling limit formula cos(¥/2) (red).
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5. Conductance Spectra of Point-Contacts

Here, 7 is an incoming and [ an outgoing amplitude with respect to the interface. In
terms of the above parameters, we have:

(5.5)

R I+ y*ptio !
fiilprs <0) = —i2m | ————+

D

DR = [1+2y7[pcosd — ps(1 — cos )] + ('y’?)QpQ]R.

Here, v and 7 are defined by 41 = vig, and = Yioy, respectively. It is easy to see that if
only the 'green’ term is present in equation (5.2), ff” is proportional to ¢, and therefore a
pure singlet. If the 'red’ term is present, there is an additional component proportional to
0, which is the S, = 0 triplet. And finally, in case that the diagonal 'blue’ term appears,
fR will have an equal-spin triplet component. Inspecting these terms more closely shows
that the red term is present if there is a spin-mixing phase (¢ # 0), and the blue term
only if there is also a finite misalignment ay # 0 in addition to that. This finding is in
line with our introductory discussion regarding the creation of triplet correlations at such
interfaces.

The denominator D® enters all outgoing-coherence functions and plays an important role
in the following. We plot 1/|D®| for two parameter sets in Fig. 5.2. The maximum of
this function imprints itself both in the density of states and in the Andreev reflection
amplitude. For perfect reflection, i.e. r4 = r; = 1, the maximum becomes a pole whose
position is given by [46, 53]:

Epole = £A cos(¥/2), (5.6)

but as the transmission increases the maximum remains at €. = A and just decreases
in magnitude before it starts to move to smaller energies. The same happens at the final
position enax = 0, where the maximum then increases in magnitude with growing 4.

Now, how do we see that the validity of the Pauli principle is maintained, i.e., that the
triplet contributions are indeed odd in frequency? For real frequencies, the symmetry
implied by the Pauli principle connects advanced and retarded amplitudes:

A epr) = [F(-<-pr)] (57)

This can easily be inferred from the definition of these amplitudes in terms of field-
operators [102], or, alternatively, from the basic symmetry relations that hold for the
coherence functions:

A

A

) = [ pr)] = (e -pr) (5.9

From the last equation, we directly infer 4 (¢) = —y®(—¢), since i&g = —ioy and the
bulk-coherence function is independent of momentum. Moreover, Sﬁ = [SE]T. Thus,

fMpr, > 0,e > 0) is obtained from the expression for fR(pr, < 0,e < 0) by replacing
¥ +— =9 and (v,9) — (=7, —7%) and multiplying the resulting expression with —1. This
implies (—1)% = —1 for the triplet terms, since these are odd functions of ¥ and (—1)% =
1 for the singlet-terms. The third minus-sign for the singlet term is generated by the
transposition in equation (5.7) and together with the minus-sign in that relation we find
the symmetry to be fulfilled. In other words, the sign change for the triplet component
was provided by ¥ — —1J; so, as momentum is irrelevant in all of the above expressions,
being an odd-function of 9 can be identified with being odd in frequency in this context.

¥ is a scattering phase originating from the presence of an exchange field. It is hence
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5.1. Analytical Analysis

Figure 5.3. — The singlet (green) and 1{-triplet (blue) component of fl(pp, < 0) for a
single trajectory with 7+ = 0.9, r, = 0.95, oy = 0.57 and ¥ = 0.57. § = hvp1/A. —z is the
distance to the interface.

not surprising that it breaks time-reversal symmetry, i.e., changes sign for the advanced
scattering matrix.

To see how these components decay into the superconductor, we need to consider the solu-
tion of the Riccati-equation for I'?. Neglecting the self-consistency of the order parameter,
we assume A = const and may use the analytic solution for homogenous self-energies [37]:

—171R

. . isQ (4« —is6 A C o AY [a A
AR(s) = [An + €% - [0 — An] - (6 © = isin(sQ) - [0 — %]) : (5.9)

Here ) = 1 — AnA?, 4y is the homogeneous bulk solution inside the SC and 4y = I.
p parameterises the trajectory (R = svi 1 + Ryg) [37]. As can be seen from the plots in
Fig. 5.3, the triplet components of I decay only for energies smaller than the gap if real
frequencies are considered. This is a consequence of the fact that we do zero-temperature
calculations in the clean limit, which implies that there is basically no source of decoherence
in our calculation. Note also that the singlet component shows an oscillating behaviour
above the gap-energy. The simplest way to convince oneself that the triplet correlations
decay globally is to consider Matsubara-Green’s functions instead, i.e. finite temperatures.
For our purpose, it is sufficient to replace € — iep, with €, > 0, to achieve this. It is then
immediately obvious that the e”’-term becomes a decaying exponential. Thus, the second
term on the right-hand side of equation (5.9) is suppressed and only the bulk solution,
which is a singlet, remains.

Finally, we plot the spin-resolved density of states on the superconducting side of the
contact in Fig. 5.4. In this case, the Fermi-surface average reduces to:

1

(" (e, pr)) =5 [g

We see that the bound states are fully polarised, i.e. the bound state at positive energy
appears only in the spin-up DOS and the bound state at negative energy only in the spin-
down DOS. The bound states decay on the scale of the superconducting coherence length
¢ = hup1/A and are thus localised at the interface.

Be,pra > 0) + g™ (e, pras < 0)] - (5.10)

#Note that this is proportional to the unit matrix.
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e/A

Figure 5.4. — Spin-resolved density of states on the superconducting side of the interface for
a single trajectory with ry = 0.9, r; = 0.95, oy = 0.57 and ¥ = 0.57. £ = hopy/A. —z is the
distance from the interface.

Andreev amplitudes

In chapter 3, we argued that the current contributions of Andreev reflection are given by
ljgacgl“é and F§<_~3x31“§_>2 for band 2, and TRz3T% and TR ,zoT% ., for band 3. Since
Fj? = [P?]T and F§73 32 = [F3R’252’3]T, ]FE”IQ can be interpreted as the amplitude of spin-
flip Andreev reflection in the respective band, and [T}, 5|? and [['y,,|? as the amplitude
of normal Andreev reflection in band 2 or 3, respectively. The analytical expressions for

these amplitudes in terms of the parameters defined above are [53]:*

SN R ~ R A R
or_ | TnNis, T3, R |TaNio, T rk | TuNioy T 511
= 7D 2¢3 — D ) 3«2 — D ( : )
N =91+ 97 €797 (o4 py) = py + 25,p5in(9/2)]). (5.12)

These expressions are quite cumbersome, we limit the discussion to the tunnelling limit,
where 74 ~ 7| ~ 1 and hence the off-diagonal elements of S1; vanish. In that case, we
have [53]:

. in v, — sin(d — 9,)77 1%
TR — |9; ¢, ¢/~ 220 " 5.13
" [ " T ()2 + 2eos(0)7 (5:13)
T 4+ TYY R
| - 5.14
oo = e T rers ) T o4

with

T = totge™2 — thhe ™ TR = tytae VBV _ gl il e T Wn=) o0 — (9, + 03) /2.

)

We observe that both o # 0 and either 9, # 0 or ¥ # 0 are required for FnR to be finite,
which again confirms our arguments in regard to the triplet proximity effect. No such
requirements apply to I‘g{(_g.

Note that the expressions shown here have the same denominator, DR, as those of the
previous section. The Andreev amplitudes will hence be enhanced at energies where 1/|DE|

aNote that there is a typo in the equation for N in Ref. [53].
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has a maximum. This maximum thus imprints itself both in the density of states at the
interface, where it gives rise to an interface bound state inside the energy gap, and in
the Andreev-amplitudes, which implies an enhanced current contribution from Andreev
reflection [46, 142]. Since the interface bound states are localised, they do not facilitate
quasiparticle tunnelling in this single-contact geometry. However, quasiparticle tunnelling
through these states turned out be crucial for understanding the non-local conductance
signal in FM/SC/FM-heterostructures, where the FM-contacts are separated by a distance
comparable to or smaller than the coherence length [88].

For half metallic trajectories, there is only I‘g and the corresponding expression can be
inferred from the one given above, but the S-matrix becomes a bit simpler in this case
[37, 53]:

R _ —iTat* (1 4+ 7)7" (1 = 2*5%)

2 T TR 2r cos U — T2E0 + (7R5R)2

with 74 = sin(9/2)sin(ay) /(L + 7). 7 =1r4, t = V1I—72 (r; = 1), and ¥ = /2 hold
in comparison to the formula for the FM-trajectories. Quite importantly, (1 — ®4R)
enters the nominator here. At ¢ = 0, we have YR(¢ = 0) = i and 8(¢ = 0) = —i and
hence (1 —vR®4%) = 0. Thus, the Andreev amplitude for spin-flip AR vanishes at zero
energy and so does the conductance if the material is a half metal [53, 81].* This is an
important difference compared to the normal Andreev reflection contribution and may
allow experimentalists to pin down whether spin-flip Andreev reflection is responsible for
the conductance signal at sub-gap energies. We shall discuss this idea in more detail later
on, when we turn to the analysis of CrOy conductance spectra. Note also that the spin-
flip AR amplitude for FM-trajectories does not necessarily have this property, the crucial
point being the relation ¥9 = /2. This equation is directly imposed by the unitarity of the
3 x 3 S-matrix and thus an ubiquitous property of half metallic trajectories. This was also
noted before by Béri et al. [12], who carried out a BdG-calculation of a superconductor-half
metal contact.

(5.15)

We will not state analytical expressions for the current here, as they would be quite
cumbersome for the FM trajectories and, as a consequence of that, not very instructive.
An analytical formula for the HM contribution is provided in Refs. [81, 37].

5.2. Conductance Spectra

In the following, we discuss results for the conductance spectra of SC/FM point-contacts
based on the models introduced in chapters 3 and 4. We start with the box-potential
model and compare the current contributions of quasiparticle tunnelling, normal Andreev
reflection and spin-flip Andreev reflection. We address the implications of spin-flip scat-
tering at the contact and the influence of the spin-mixing effect. The latter gives rise
to anomalies in the Andreev spectrum that can be interpreted as imprints of the bound
states induced at the interface [142, 53]. As anticipated earlier, we show that they can
generically not be observed at finite temperatures if a box-potential is assumed, but may
move to low enough energies if the potential is smooth.

The general expressions for the current were stated in chapter 3 (equation (3.13)). The
conductance is obtained by taking the derivative with respect to the bias voltage V. The
voltage enters only in the incoming distribution functions and the derivative can be taken
explicitly:

e 1
2kpT  cosh?((c + eV)/2kpT)’

e 1
"7 2kpT  cosh®((e — eV)/2kpT)

oy

Oy, = . (5.16)

*Technically, this is true in all but the special case where ¥ = 7 and ay = 0.57 [53].
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Figure 5.5. — Total conductance (top row), conductance due to spin-flip AR (second row) and
conductance due to normal AR (bottom row) as a function of voltage and for six different inter-
layer thicknesses (left column: d = 0.1,0.5,1.0 Ap/27, right column: d = 2.0,3.0,5.0 Ap/27).
G, is the normal state conductance of the contact. The other parameters are Vi = 1.5 Ep,
Vem = 0.5 Ep, J = 0.8 Er and o = 0.57. T = 0. Figure from Ref. [53] with slight modifica-
tions.

In the T — 0 limit, these expressions reduce to 2ed(e + eV'), and broaden for higher
temperatures. We thus obtain the conductance spectra at finite temperatures by simply
convoluting the zero-temperature spectra with the respective derivative stated above. The
conductance contributions of normal Andreev reflection and spin-flip Andreev reflection
can be defined as [53]:

GA eV ~
;’2 =0y 2F2 /d5 <F§<—3I3F§4—>2>2+7 (5.17)
g
G N =
Stz _ g, ez / de (P57,
€

for band 2. The expressions for band 3 are simply obtained by replacing 2 <+ 3. The
factor 1/2 on the left-hand side of these equations is included because the terms on the
right-hand side account for only half of the current due to the respective Andreev reflection
process, as discussed in chapter 3.

In Fig. 5.5, we plot the conductance for exactly the same parameter set that we used in
the discussion of the box-potential in the previous chapter. The spin-polarisation of the
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Figure 5.6. — The total conductance for different values of the exchange field J = 0.1(black),
0.3(red), 0.5(blue), and 0.8(green) Ey, and for (a) T'= 0 and (b) 7' = 0.1 Tc. Vi and Vpu
increase also, so that Es = Vpy — J/2 = 0.1 Ep and Uy = Vi — J/2 = 1.1 Ep stay constant.
a = 0.57 and d = 5.0 Ap/27. Figure from Ref. [53] with slight modifications.

FM, which we define as [53]:
(5.18)

is P = 0.5 in this case. For d = 0.1 A, the conductance drops from its normal state
value to about 0.24 G,, below the gap and remains relatively constant. We also see that
the conductance below the gap-energy is entirely due to normal Andreev reflection. This
curve can be well understood from the usual BTK picture. The transmission of this contact
is relatively high, which is why the Andreev conductance hardly varies as a function of
energy. Still, due to scattering caused by wave vector mismatches and in particular the
finite spin-polarisation, the AR conductance is reduced from its perfect transmission value
of 2 G,,. Spin-flip Andreev reflection gives hardly any contribution in this case, since
spin-flip scattering is largely ineffective for such a thin interlayer. As the thickness of the
interlayer increases to d = 0.5,1.0 Ap, the conductance becomes enhanced close to the
gap-energy and is mostly carried by spin-flip Andreev reflection. The reason is that this
process is insensitive to the spin-polarisation of the FM, as opposed to the normal Andreev
process. In terms of energy dependence, spin-flip AR decays rapidly to zero for energies
smaller than the gap-energy. The AR contribution also shows a stronger variation but still
reaches a finite value at ¢ = 0.

As the interface thickness increases further, we see that signatures of Andreev bound states
emerge in the spectrum. Since the mixing angle is relatively small, these states are located
very close to the gap edge. The magnitude of the bound state signature decreases for even
thicker interlayers, as the probability for Andreev reflection is proportional to t*, while
quasiparticle tunnelling scales with t2. As expected from the analytical discussion, this
signature — which is due to the denominator D — appears in both spin-flip and normal AR.
The reason why it only appears for relative thick interfaces is that the spectral weight of
normal AR fills the tiny gap between the bound state signature and the SC gap edge for
thin interfaces. However, one also sees that both the contributions of spin-flip and normal
AR are peaked at the bound state energy rather than the gap energy for interfaces with
d>1.0 \p/2m.

We investigate the appearance of the bound state signature more closely in Fig. 5.6, where
we plot the conductance spectrum for a thick interface and different values of the exchange
field. The zero-temperature spectrum shows signs of the bound state close to the gap
edge. As the exchange field increases, the maximum of the state does indeed move to
lower energies, but is also rapidly suppressed. Consequently, the signature of this state is
completely washed out at T' = 0.1 T, already, as shown in the second plot. While ramping
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Figure 5.7. — Total conductance at (a) T'= 0 and (b) T = 0.1 T¢. for a collinear (blue)
and misaligned (red) interface magnetisation. J = 0.89 Ep, Vi = 0.545 Ep, V1 = 1.545 Ep,
d = 1.0 A\p/27. Figure from Ref. [53]. Copyright 2010 by the American Physical Society.

up the exchange field does increase the mixing angle and hence pushes the bound state
to lower energies, it also reduces the transmission, since the scattering potential of the
minority band increases in energy. It is exactly this dilemma that can be circumvented by
dropping the box-potential idealisation and considering a smoother scattering potential.

Lastly, we consider the case of a highly spin-polarised contact (P = 0.8) in Fig. 5.7, to show
that spin-flip scattering at the contact can have an important effect on the conductance
spectrum in such a case. Due to the high polarisation, the Andreev conductance is almost
completely suppressed if the interface magnetisation is collinear with that of the FM bulk.
This is in agreement with standard BTK-theory, the minority band is almost depleted and
normal Andreev reflection cannot occur. However, if the interface is misaligned, which
implies the presence of spin-flip scattering, we find a finite conductance below the gap-
energy which shows the typical energy dependence of spin-flip AR. The latter is not affected
by the high polarisation and thus, its presence or absence can make a big difference in this
scenario. As shown in Fig. 5.7b, this is also true for finite temperatures. The conclusion
one may draw from this is that spin-active scattering can modify the spectra a lot and may
therefore obscure polarisation values obtained by fitting them to the extended BTK-model.

We now turn to the smooth potential model. The scattering potentials we consider are
exactly the same as those shown in Fig. 4.7 and we present the resulting conductance
spectra in Fig. 5.8. The last curve shows the box-potential case, we clearly see that the
junction is in the tunnelling limit (¢2 < 0.01 in all cases). We see the same relatively
small bound state signature close to the gap edge that we observed in the box-potential
analysis. As the smoothness of the interface increases, the states move to lower energies
and are enhanced. For even broader interlayers, the bound states broaden in energy
and decrease in height. The dispersion of the bound states is related to the Fermi-surface
geometry and the kj-dependence of the mixing-angle . For a given trajectory, the formula
Epole = A cos(¥/2) is a good approximation for the bound state position, but ¥ sweeps over
the whole range between its maximum value and zero as a function of k. This implies
a broadening of the state caused by the Fermi-surface average. The energy-profile of
these states also depends on the respective transmission values. Since the transmission is
maximal for perpendicular impact, and so is the mixing angle, the maximum of the bound
state should give a good estimate of the maximal mixing angle.

We also see that the bound state signatures may now survive at finite temperatures and
should hence be observable in experiments, provided that interlayers with such properties
can be engineered. While we are well aware that experimental techniques are far from
providing perfect control over interface properties, we still believe that the model we
considered here is not artificial and that insulating contact barriers that boost the spin-
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Figure 5.8. — Total conductance for the smooth potential model, T = 0 (top) and T'= 0.1 T,
(bottom). Figure from Ref. [53]. Copyright 2010 by the American Physical Society.

mixing effect sufficiently may even form spontaneously. This view is also supported by
recent findings of Hiibler et al. [61]. They estimate a mixing angle close to m from the
bound state positions in their Al/Fe spectra, but it should be noted that the signature of
these states in the AR spectrum is very weak.

When comparing our theoretical results to experimental data in the final section of this
chapter, we shall also see that the mixing effect — even if it does not lead to the emergence
of bound state signatures — may still be of importance for the understanding of currently
available data.

5.3. Relation to the Extended BTK-Model

The extended BTK-model was shortly introduced in chapter 1. In this section, we will
demonstrate that this model is contained as a limiting case in our formalism and that we
obtain exactly the same expressions for the conductance if an appropriate choice is made
for the scattering matrix. The reason for this is probably that approximations are made
in the derivation of the BTK-formulas from BdG wave function matching [15] which are
in a sense equivalent to the quasiclassical approximation.?

#Specifically, the wave vector solutions kT and ¢ are replaced by kr in some places, which is justified if
Er > A. See Ref. [15], p. 4551.
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Recall that in the extended BTK-model the conductance of the point contact is given by
[119]:
G(V)=(1-Pc)Gprx(V) + PcGu(V), (5.19)

with
_ Nrpvry — Npyory

Po = .
Nptvpr + Npyury

(5.20)

Note the difference between P, called the transport spin-polarisation, and the bulk-
polarisation P introduced in the previous chapter. Thus, the conductance is a weighted
average of two contributions, Gprk and G, and the weight factor is Po. Gprk is the
standard conductance formula of BTK-theory, while G is due to the contribution of half-
metallic trajectories. The first formula used for this contribution, proposed by Soulen et
al. [119], was simply obtained from the BTK formula by putting the Andreev reflection
amplitude to zero and renormalising all other transport amplitudes so that current con-
servation is maintained. Obviously, this was not a rigorous calculation, and we shall hence
compare your theory to later work of Mazin et al. [83], who obtained an expression for
G on the basis of wave function matching in the BdG framework.

Apart from P, the usual barrier parameter Z enters as a second free parameter in Ggrg
and Gpg. Moreover, the mismatch parameter K = k/k between the wave vector k of
the superconductor and the imaginary wave vector ix of the evanescent mode in the FM
enters G [83]. To make this very clear, we are dealing with a model based on the following
assumptions [53]:

1. We consider only three types of transport channels. The channels in the SC have
wave vector k, while in the FM we consider spin-degenerate channels (called 'non-
magnetic’ contribution [83]) with ko = k3 = k and half-metallic channels with ky = k
and k3 = ix. Matching a SC channel with either a non-magnetic or a half metallic
channel gives the two conductance contributions introduced above.

2. The interface barrier is modelled by the same spin-degenerate J§-function for both
the non-magnetic and the half metallic matching problem.

3. The FS-average is taken by simply multiplying the individual contributions with their
respective total number of transport channels, which results in the weighting formula
for the total conductance. The number of transport channels for the 'non-magnetic’
trajectories is set by the minority band and is proportional to 2vpzNrs. The ’excess’
channels of the majority band, whose number is proportional to Npovps — Ny3vps,
give the ’half metallic’ contribution.

These assumptions imply that the scattering matrix for the Gk contribution is spin-
degenerate and does not contain any scattering phases or spin-flip elements. It is thus
described by a single parameter:

Ty =t;=13=1/[1+2*]=1-Ry=1-1}, =1—17. (5.21)

We hence established the scattering matrix, which is all we need to calculate the conduc-
tance. We obtain the following expression for the spectral current for the two FM bands

(n=2,3):

je(e, V,py) = Xy — xy — T2, T (5.22)
~Ty - N> = 2Ty Ry - Re[y’N*| + T2 Ry |y)*  T%|y|%.
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where the ©-function makes sure that this expression is used for the FM trajectories in
the FS-average. Furthermore, we have:

A
7__6—1'\/A2—627

The expressions for  and Z are stated in equation (3.9). Note that 4 = —~ if the order
parameter is real. If ¢ < A, we have |y| = 1 and (5.22) reduces to [53]:

N =1-~’Ry. (5.23)

T N
je(e, V,py) = —ﬁ [ + 7] O(prs — [py[), € < A. (5.24)

For € > A, v and N are real, so we have:

. ~Tn + Ty Ryv? Tnvy? .
35(57 V,pn) — |: N _/\/'év NTY T — /]\\;’Z .1::| @(ng— ‘p”’), e > A. (525)

The current density is given by [53]:

J) == 3 [ et (5.26)
n €

In the next step, we carry out the FS-average explicitly [53]:

A / de / d*ppy Vr2Je(Pr2) . / d*pls Vrsje(Prs) (5.27)
2 £ 'UF2,z>O (27Th)3 |VF2(p/F2)| 'UF3,2>0 (27Th)3 |VF3(pi:‘3)|

Note that the functional dependence of je on pry, is given by ©(pr3 — [p|[), i.e. a constant
for p; < prs and zero for p;| > pr3. Due to the rotational invariance in the x-y-plane, the
integrals hence reduce to calculating [53]:

VE
S, :/ d2p/ — e, O(pr3 — |pyl)s (5.28)
w50 vy (P |

and it is easy to convince oneself that S3 is exactly the projection of the minority band
Fermi-surface onto the contact plane, while Sy is the projection of that part of the majority
band Fermi-surface which covers the minority FS. In other words Sy = S3, and this would
even hold if we dropped the spherical band approximation. We hence obtain for the total
current:

- N
7=je, = —e”F?sz?’ /ds jo(e, Ves. (5.29)
The conductance is then given by:
GW™ /G = Advj/Gno = Tw, (5.30)

where A is the contact area. G -1y is the normal state conductance of the non-magnetic
trajectories. Specifically, we have Gy = (2e? Avp3 Np3)/4.* This yields exactly the BTK-
formula [15], if Oyz = 2ed(e 4+ eV) and Oy T = 2ed(e — eV) is used, which corresponds to
T = 0. More precisely [53]:

GprK = [¢*A(vraNF2 + vr3Nr3) /4] Ty, (5.31)

*Compared to the article of BTK, a factor 1/4 appears here. This is because BTK assumed that all
transport channels contribute with the same velocity to the current. Here, it is the projection of the
velocity onto the axis perpendicular to the contact plane.
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since the BTK-formula ignores that the transport channels are in fact not spin-degenerate.

With
2vp3NE3

Nravpa + Np3vrs

(1 - PC)GBTK = GBTK, (5'32)

it is then easy to see that [53]:
GW™' = (1 — Po)Grrx, (5.33)

which completes the prove.

We now turn to the half metallic or 'magnetic’ trajectories. Now, the situation is com-
plicated by the fact that we have a non-trivial wave vector mismatch k/ix entering the
game. In accordance with the discussion presented in chapter 3, this implies the presence
of a spin-mixing angle from our perspective and perfect reflection in the minority band.

We hence have a scattering matrix which is characterised by ri4 = re'/2 and rq 1= e 0/2,
We simply state the result without repeating the above calculation [53]:
4T,
Gu/Guo=Tu = 5 10 eV > A, (5.34)

(B2 +1) = (B—1)*Ty — 2cos /T — T (82 — 1)

where 8 = eV/v/eV? — A2, Ty = 1—7r2 and Guo = e? A(Npavpa — Np3vrs) /4. Since there
cannot be any Andreev reflection in this case, we have Gy = 0 for eV < A. The above
equation is in agreement with the formula stated in Ref. [83] if

1 2(K/Z —1)
cost =7 (1 - (K—2Z)2+1> , (5.35)

with Ty = 1/[1 + Z?], holds [53], where K is the defined as the ratio x/k [83].* We find
exactly the same formula when we calculate the mixing angle from wave function matching
in the normal state, assuming a spin-degenerate J-function potential [53]. With:

WG =1e™ + By e*, UM = e UM = Cpem, (5.36)
the matching conditions read:

w3z = 0) = Wiz =0),  |0.95] - 0. 0] (z = 0) - veRli(z = 0) =0, (537)

from which one calculates r4 ;. cos® is then obtained from:

rery
cos = Re [ L ] . (5.38)

Thus, the parameter K = k/k appearing in the work of Mazin is related to our spin-mixing
angle by equation (5.35). Such an angle does generically not appear in BTK-theory, since
any kind of wave vector mismatch is absent in this model. For the half metallic trajectories,
however, such a mismatch is inevitable, even in the most simplified model.

This completes our prove. The Magzin formulas, widely used by experimentalists to fit
their data (see [135, 138, 95|, for instance), are contained as a simple limiting case in our
formalism.

2Unfortunately, the general formula for Gy printed in that paper is incorrect, as we know from personal
correspondence with I.I. Mazin [53].
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5.4. Experimental Results and Comparison

As pointed out in the introductory chapter, conductance spectra of point contacts have
become a popular experimental tool to determine the spin-polarisation of charge carriers in
ferromagnetic conductors. Since the spin — as opposed to the charge — of a carrier is usually
not conserved, this is a notoriously hard to measure quantity. Thus, the idea put forward
by de Jong and Beenakker [28], that the suppression of Andreev reflection induced by
the spin-polarisation of charge carriers may allow for inferring the spin-polarisation from
conductance spectra, was readily taken up [127, 119]. Creating a point contact by simply
pressing a superconducting STM tip into the sample is a rather straightforward technique,
and thus, a lot of these experiments were carried out — both on classical ferromagnets like
Ni, Co, Fe [119, 62], but also more exotic materials like CrO9 [138, 119, 135] and ferromag-
netic semiconductors [95, 50]. Complementary to that, point contacts were created and
investigated using more laborious techniques, i.e., growing contacts in layered structures
[97, 127].

The particular problem here is, however, that the spin-polarisation is not a directly mea-
sured quantity. What is measured is the Andreev spectrum, and the only way to obtain
an estimate for the polarisation from it is to fit it to some theoretical model. Even though
that is a nice idea, these spectra are highly sensitive to almost anything that may possibly
go on in the contact. It is therefore not surprising that theoretical studies questioning
the validity of the extended BTK-model appeared soon after the first experimental works
using this approach were published [136, 123]. These studies are based on ab initio calcula-
tions and show that the polarisation inferred from the BTK-model may differ largely from
the true bulk polarisation of the respective material. On the other hand, these ’ab initio’
calculations can also not reproduce the spectra without a number of ad-hoc assumptions
and are thus, in our opinion, not necessarily more conclusive than our scattering approach.
We shall discuss this in more detail at the end of this section.

As a final introductory comment, it should be noted that in comparing all these theoretical
and experimental investigations, one must pay attention to the particular definition of
‘spin-polarisation’ used in the respective works. We introduced the bulk-polarisation P
and the transport polarisation Pc already. The latter would be further modified in a
diffusive picture.* This is no fundamental problem, since, in any case, the polarisation is
obtained from a model and not directly measured — one may hence infer a value for any
of the above definitions from an appropriate model.

Spin-Polarisation of (Ga,Mn)As

Ferromagnetic semiconductors are considered an ideal source of spin-polarised charge car-
riers in electronic devices designed to exploit the spin rather than the charge of electrons
for information processing — an idea which was popularised under the name ’spintronics’
[134, 7]. Since our present electronic devices are based on semiconductor technology, ferro-
magnetic semiconductors, usually obtained by magnetic doping of known semiconducting
compounds, would be easy to integrate in these circuits [134]. (Ga,Mn)As is probably
the most prominent representative of the (III, Mn)V family of ferromagnetic semiconduc-
tors, with a Curie-temperature of up to T = 185 K [94]. A lot of theoretical effort was
invested in understanding the origin of ferromagnetism and magnetotransport properties
of these materials, the general purpose being to push the Curie-temperature above the
room-temperature limit [63]. Increasing this temperature to ever higher values was mainly
due to improvements of non-equilibrium growth techniques [63](molecular beam epitaxy),
but whether the ultimate goal can be reached is unclear as of now.

#Provided the contact is sufficiently small, it should be in the ballistic limit.
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Apart from the ferromagnetic transition temperature, the degree of spin-polarisation which
can be attained is naturally also an important question to address. Mn does not only pro-
vide magnetic moments, but also acts as an acceptor, i.e. (Ga,Mn)As is a hole-doped
semiconductor. Samples reaching a very high T are strongly doped and therefore heavily
disordered. Moreover, doping defects like interstitial and anti-site doping partly compen-
sate the hole-doping and it is therefore not clear a priori, how many charge carriers are
really provided at a given level of Mn doping. Further complications arise due to the
warping of the Fermi-surface and spin-orbit coupling. We are hence dealing with a very
complicated material.

A peculiar problem that arose in the context of point contact Andreev reflection (PCAR)
spectroscopy on these materials was that fits with the extended BTK-model required the
introduction of a ’effective temperature’ 7™ in the contact, which is a lot higher than the
actual temperature in the sample and even higher than the superconducting transition
temperature in the tip [95, 98]. The reason is that the typical ’shoulder peaks’ at the gap
energy, that are present in any spectrum of a non-ideal contact, were completely absent in
this case. This can only be reconciled with BTK-theory if an additional (and very strong)
smearing of the spectrum is included. The simplest way to do this is to attribute it to
temperature smearing.? In fact, it was argued before that this procedure could be justified
as a heuristic model for inelastic scattering [95].> Yet, assuming a 7" which is more than
five times as high as the measured temperature in the sample [98], which was indeed
necessary, is highly unsatisfactory. At this point, it occurred to us that the spin-mixing
effect provides a shift of spectral weight from the gap edge to energies inside the gap and
that although it may not be possible to observe the bound states at finite temperatures,
this may provide an explanation for the absence of peaks at the gap edge and allow for
fitting the spectra with the real temperature. This turned out to work if, in addition to
the spin-mixing effect, an average over different transport channels and the presence of a
series resistance in the setup were taken into account.

We shall discuss these results in the following.© We model three data sets obtained from
pressing a superconducting Nb-tip into the same (Ga,Mn)As sample at different points.
Since we were not directly involved in the experiment, we quote the original article for its
description: "We have investigated 7% Mn-doped, 25-nm-thick (Ga,Mn)As samples. They
are grown on a 400-nm-thick, highly carbon-doped (=~ 10¥%cm™3) buffer layer to minimize
series resistance. The Curie temperature To is ~ 70 K for the as-grown sample and
~ 140 K after 24 hours of annealing at 190°C. The details of the sample growth and
preparation are described elsewhere [19]. The experiments were carried out by means of
a variable temperature (1.5 — 300 K) cryostat. Sample and Nb tip (chemically etched)
were introduced into the PCAR probe, in which a piezo motor and scan tube can vary the
distance between tip and sample. The PCAR junctions were formed by pushing the Nb tip
on the (Ga,Mn)As surface with the probe thermalized in *He gas. The current-voltage I
versus V' characteristics were measured by using a conventional four-probe method, and by
using a small ac modulation of the current, a lock-in technique was used to measure the
differential conductance dI/dV versus V.7, S. Piano et al., PRB 83, 081305(R)-2 (2011).

Specifically, we made the following model assumption to fit this data with our theory, that
we shall call the ’spin-active’ model here [98]:

*Which enters through the convolution of the 7' = O-spectrum with the 1/ cosh?[(¢ — eV)/2kgT] factor.

PThis article of Panguluri et al. cites the classical paper of Dynes [32] as a justification for this effective
temperature. However, the renowned I'pynes parameter added as an imaginary part to the energy is
not equivalent to assuming T # T..

“Concerning the author’s contribution to the work discussed in this section: The data was taken by S.
Piano, fits with the BTK-model were done by S. Piano, modelling and fitting with the spin-active model
was done by the author. Kane-model calculations were done by K. Vyborny. The figures shown were
prepared by S. Piano.
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e We assume three isotropic bands, one in the superconductor, characterised by its
Fermi wave vector ksc, and a single pair of majority /minority-bands in the ferromag-
net, characterised by the Fermi wave vectors k4 . Since the FM is a semiconductor,
the FM-bands are assumed to be smaller than that of the SC. The transmission and
reflection parameters for a given k)| are then calculated from wave function matching
on this basis, i.e., we average over an ensemble of transmission values and naturally
we have ty # t|. The bulk-DOS of the respective bands is assumed to be proportional
to the Fermi wave vector, which is in line with the spherical band approximation.

e The spin-mixing effect is introduced ad-hoc, i.e., we assume a mixing angle ¥ to be
present, although it is not automatically implied by the above matching problem. It
can be assumed to arise from the presence of magnetic moments in the contact. The
trajectory dependence of the mixing-angle is ¥(k||) = - \/( 1 —kﬁ /k2c), which models
the decay of the mixing angle with increasing impact angle. Yet, this dependence
turned out to have little influence on the result, since trajectories with perpendicular
impact are most relevant, i.e., assuming ﬁ(kH) = const. instead did not make a big
difference.

e Finally, a series resistance R was assumed, which renormalised both the normalised
conductance and the voltage scale. This renormalisation was taken into account with
a simple Kirchhoff’s rule calculation:

Ge G

(1+ ) - (Ge/Gen)
a.) v G

V=0
(I+a 1+ (Go/Gon)

(V). (5.39)

v)=|

Here, G./G¢, is the normalised conductance of the contact and V. the voltage
that drops across the contact. The normalised conductance G/G,, and voltage V'
measured in the experiment are renormalised by the series resistance, which enters
through the parameter « = Rs/R,., where R, is the contact resistance in the normal
state.

Moreover, the value of the superconducting gap was fitted to the spectrum while the
temperature was taken from experiment. This is reasonable, since a suppression of the bulk
gap can be assumed to occur in a magnetic point contact due to the inverse proximity effect
and the small size of the tip. This brings us to a total of 5 fit parameters, k¢, k|, 9, Rs, A,
while the BTK-model uses 4: T*, A, Z, Pc.

The results for the lowest temperatures reached in the respective experiment are shown in
Fig. 5.9. Fig. 5.9a shows the BTK-fit to the first data set, the corresponding spin-active
fit is shown in Fig. 5.9b. T™ equals 10.95 K and is hence almost six times larger than the
actual temperature in the sample and even higher than the bulk transition temperature of
Nb (about 9.2 K). The Px value inferred from the BTK fit is 0.9, pointing to a very high
degree of spin-polarisation. This is not surprising, since the extreme smearing implied by
this value of T™ requires a high P in order to obtain a sizeable dip of the conductance at
energies below the gap. Increasing Z, on the other hand, would not only enhance the dip
but also the peaks at the gap edge, which are completely absent.

Another reason why assuming an effective temperature works so well is the blown up
voltage scale. From the data, one would assume that the superconducting gap was about
4 meV, but the bulk gap of Nb is only 1.5 meV, approximately. If one wishes to fit this
data with the real temperature, there are basically two ways of addressing this voltage-
scale problem. (a), one sticks with the non-thermal smearing of the DOS, but models it
with a non-thermal broadening parameter in the standard way € +— € + iI" [32] instead of
an effective temperature, or (b), one takes into account a series resistance, which leads to
a modification of the voltage scale. We settle for option (b) in our model, but the truth
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is probably a compromise between the two. An issue here is that the spectral properties
which matter are those of the superconductor and the broadening would hence have to
happen in the Nb tip.# Yet, this problem is absent or at least a lot less pronounced in other
PCAR studies of ferromagnetic point contacts and thus more likely to be a feature related
to (Ga,Mn)As. One may assume that the conductivity of this semiconductor sample is
poor compared to a ferromagnetic metal, and consequently, a significant series resistance
may indeed be present. However, there is apparently no experimental way of estimating
it independently.
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Figure 5.9. — Data sets of three Nb-contacts on the same (Ga,Mn)As sample. (a) and (b)
show the same data set and fits with the BTK (a) and the spin-active model (b), respectively.
(c¢) and (d) show two further data sets fitted with the spin-active model. Fit-parameters are
stated in the respective figure. Figure from Ref. [98] with slight modifications. Copyright 2011
by the American Physical Society.

Not surprisingly, we find an elevated ratio Rs/R. > 1.4 for all three data sets. In the
CrOs fits that we discuss in the next section, this value is significantly smaller. The
fitted values for k4 vary little for the three data sets. In fact, we keep k4 constant for
all three fits. Since these are parameters supposed to characterise bulk-properties of the
sample, this seems to be a very reasonable result. Accordingly, the value we infer for the
spin-polarisation Pg, which we calculate from:

2 _ 1.2
2 1.2’
ks + k]

Pc (5.40)

in agreement with the spherical band approximation,? also remains relatively constant at
about Po &~ 0.57, and is hence a lot smaller than the value inferred from BTK-fitting.
The spin-mixing angle and the SC gap also vary little, but the suppression of the latter is
significant. In any case, the quality of the fits is as good as that of the BTK-fit.

“Recall that the dependence on energy is entirely due to the coherence functions in the SC.
PThis also requires the effective mass to be the same in both bands.
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Figure 5.10. — Temperature dependence of the conductance spectrum for the sample shown
in Fig. 5.9a,b. The inset shows the fitted gap values for all three samples. Figure from Ref. [98]
with slight modifications. Copyright 2011 by the American Physical Society.

We are also able model the temperature dependence of the spectra by changing the value
of A only, which is also the only parameter that should vary with temperature. This is
illustrated in Fig. 5.10 for the contact of Fig. 5.9a,b. The inset shows how our fitted gap
values for all three contacts compare to the BCS-relation. Note, however, that both A
and T are normalised independently in this figure and thus, there is an additional fudge
parameter which fixes the ratio between A(0) and 7.. This parameter is significantly
smaller than the theoretical strong-coupling BCS-ratio for Nb (2A /kpT. ~ 3.95), we find
2A /kpT, ~ 3.3 £ 0.3 [98]. This is an expression of the gap suppression in the contact.

Complementary to our efforts of modelling this data, theorists from Prague carried out
calculations of the bulk-electronic structure with a six-band Kane-model, treating mag-
netism in a mean-field approach with an exchange coupling between localised Mn-moments
and the itinerant charge carriers [1]. The strong warping and spin-orbit coupling require
a different definition of the transport spin-polarisation [98]:

Pe=Y" W (5.41)

Here, v;(k) is the Fermi-velocity (1/h)|Vyex | of band i, and (f); = [ &3k f(k)d(Er — ex.;)
the respective FS-average. The operator s, projects the spin-quantisation axis 5(k) at
a given k-point on its z-component. Pg was calculated by averaging over all six-bands
appearing in the Kane-model, although the pair of heavy-hole bands should predominantly
contribute to transport. For further details on this model, we refer to [1, 98]. P is found
to be of the order Po ~ 0.35 from this calculation, which is considerably lower than the
estimate we inferred from the spin-active model, but even further away from the BTK-
result (Po = 0.9). An important deficiency of this model is that it completely neglects the
effects of strong disorder in highly doped (Ga,Mn)As. The discrepancy with our model
is not really surprising, since we did not take into account the anisotropy of the Fermi-
surface. On the other hand, it also not clear how much that really matters as long as the
influence of disorder has not been elucidated.
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In this sense, our results have to be taken with a grain of salt, but we were still able to
show that there are likely more reasonable explanations for the particular shape of PCAR
spectra in (Ga,Mn)As — which was not only observed in this experiment, but also by
Panguluri et al. [95] — than an effective temperature, and that this may be related to the
spin-mixing effect.

Half metallicity of CrO,

A second comparison to experimental results that we wish to discuss here is related to
CrOg, being one of the few half metallic materials around [23, 66] and the first material
through which a triplet supercurrent was observed [67]. There is also a vast literature
on PCAR spectra probing this material (see Ref. [81] and references therein). The data
published in these articles was fitted with some version of the extended BTK-model, which
turned out to give a large spread of the estimated Po values. To make these value com-
parable, T. Lofwander carried out a reanalysis of all this data, using the formulas of
Mazin et al., that we discussed in the previous section [81].* He used four fit parameters
(Pc, Z, Rs, A) and obtained a spread of Po ranging from 0.54 to 1.0. This is highly un-
satisfactory, since both theoretical [66] and experimental work using the Meservey-Tedrow
technique point to the half-metallicity of CrOs [96].

As shown in Ref. [81], this contradiction can be overcome if spin-active scattering at the
interface is taken into account. Specifically, the full polarisation (P = 1.0) was assumed
from the outset, which implies that only the half metallic contribution to the current
exists. The fitting formula was obtained from the theory described in chapter 3 and
4, an analytical expression is stated in Ref. [37]. Here, we simply formulate the model
assumptions in terms of the relevant scattering matrix, which we presented in equation

(4.3):

e There is a single transmission parameter ¢, which can be expressed in terms of
the usual BTK barrier parameter Z as t? = 1/[1 + Z?] = 1 — r%. The functional
dependence (k) is consistent with the one inferred from wave function matching
in the presence of a d-function potential, i.e., the Z parameter stated in Ref. [81] is
Z(k) =0).

e The misalignment angle ay® is kept constant at 7/2, but the conclusions drawn from
this model do not change for ary > 0.37 [81].

e The spin-mixing angle ¥/ is assumed to vary with k|| as 9(0)-(1 —kﬁ /k2), in agreement
with the functional dependence inferred from a -function potential.

e A spread-resistance R, is taken into account in exactly the same way as in our

(Ga,Mn)As model.

Most importantly, the gap was not fitted in this case, which implies that only three param-
eters (Z,9(0), Rs) were used for the spin-active fits here. In general, the spin-active fits are
fully competitive in quality with the BTK fits, notwithstanding the full spin-polarisation
which is assumed [81]. This can be considered the most important result of this work. If
the gap is kept fixed at its bulk value, the BTK fits become considerably worse for the
majority of the data sets.

To get to the bottom of this, we proposed that investigating the zero-bias conductance of
these contacts at even lower temperatures may provide a univocal indication as to which
of these two pictures is correct [53, 81]. The reason being that if the polarisation is finite,

*The calculations done in this work are entirely due to T. Lofwander.
PCalled « in the original article. But in the context of this thesis it corresponds to the angle vy introduced
in chapter 4.
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the zero-bias conductance due to normal Andreev reflection will level out at some constant
value, which is basically determined by the transparency of the interface and the degree of
spin-polarisation. On the other hand, spin-flip Andreev reflection has always zero spectral
weight at zero energy, and does therefore not contribute to the zero-bias conductance if
temperature smearing is absent. Recent results obtained by a group at Imperial College,*
measuring the zero-bias conductance as a function of temperature, seem to further support
the spin-active model in this respect.

Comparing this work to our (Ga,Mn)As results, we have to admit that the story is more
sound in the CrOg2 case — there are less fit parameters, and in particular, there is no need
to fit the gap. The spread-resistance is also substantially smaller (Rs/R,, < 0.2 in all
cases). On the other hand, the CrOg spectra are also more 'regular’; in the sense that the
gap edge is well defined, which is absolutely not the case for the (Ga,Mn)As data.

5.5. Other Theoretical Approaches

As already noted in the previous section, there is a second ’branch’ of theoretical effort to
do better than BTK-theory, based on ab initio calculations. For definiteness, we refer to
the work of F. Taddei et al. [123] in the following, in which the differential conductance of
a Co/Pb-contact is calculated from a tight-binding model whose material specific parame-
ters were fitted to the DFT band structure of the respective materials. The authors claim
on these grounds that polarisation values inferred from the BTK-model are highly ques-
tionable. The interface is modelled by a transfer-Hamiltonian whose hopping-elements are
chosen to be the mean square of the bulk-elements.” This is an ad-hoc choice, ultimately
justified by the agreement with experimental data. The latter also requires the assumption
of “enhanced magnetic moment” at the interface.

Using a realistic band structure is incontrovertibly an important improvement compared
to our model assumptions. However, the spherical band-approximation which we used is
not a result of fundamental limitations of quasiclassical theory in this respect, but only a
matter of convenience. Other than that, the calculation is as much in the clean limit as
the one presented here and maintains translational invariance in the x-y-plane, although it
is not clear from the article whether the conservation of parallel momentum was exploited
explicitly. The transfer-Hamiltonian required in this approach is replaced by a scattering
matrix in ours, and although the results were interpreted to provide an indication for
enhanced surface magnetisation, this is foremost another ad-hoc assumption required for
the agreement with experimental data.

To conclude, although using a material specific band structure is certainly important
for realistic modelling, the ab initio+tight-binding approach is not per se more general
than the quasiclassical scattering approach or wave function matching in BdG theory [78].
Addressing the issue of impurity scattering in these systems is likely more efficient within
quasiclassical theory, but performing tight-binding calculations with a huge computational
effort could shed light on the influence of interface disorder more easily. The problem here is
the breaking of translational invariance, which requires a three-dimensional discretisation
in real space.

?Private communication from K. A. Yates and L. F. Cohen.
PIn fact, the calculation done here uses exactly the same method that we shall describe and apply to
topological insulators in the second part of this thesis.
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6. Long Range Triplet Supercurrents

In this chapter, we study the long range Josephson effect in ferromagnetic junctions carried
by S, = £1 triplet correlations. The experimental state of affairs has been reviewed in the
introduction and all modelling assumptions we make were introduced in the chapters on
point-contact spectra already. On the technical level, complications arise due to the fact
that we need to consider at least two interfaces now, as the ferromagnet is sandwiched
between superconducting electrodes. The problem is then no longer amenable to an an-
alytical solution in the general case — boundary conditions and propagations through the
FM interlayer have to be iterated self-consistently.

Previous work on the Josephson effect through half-metallic junctions with the same ap-
proach [40] were carried out in a so-called ’linearised’ approximation. This implies that the
proximity effect in the FM layer is weak — due to poor transparency of the interfaces, small
spin-mixing effect or both. In that case, an analytical solution of the Josephson problem
can be obtained, also in the more general ferromagnetic case [51, 52]. The hallmark of a
junction conforming to this limit is a current-phase relation (CPR) which only depends
on the first order Fourier-components in the order parameter phase difference Ay:

J = J.-sin(Ax + ¢). (6.1)

In the standard case of a non-magnetic tunnelling barrier sandwiched between two super-
conductors ¢ = 0 holds, but this is not true here. This additional phase factor describes
the CPR of a half metallic junction in the linearised, or tunnelling, limit [40]. It is re-
lated to the relative misalignment between the quantisation axes of the two spin-active
interfaces.

We show here that such phases play a role that is comparable but not identical to that
of the order parameter phase difference Ay. They lead to highly irregular current-phase
relations if the proximity effect is not weak and may even imply the presence of spin-
supercurrents in ferromagnetic layers that are coupled to a single superconductor. We
perform a systematic analysis of the CPR by means of a Fourier-analysis and identify
two principal contributions to the Josephson current. In terms of novel physics, this is
certainly the main result of this chapter.

We also investigate the critical current and the temperature anomaly predicted for half
metallic junctions [40] in the ferromagnetic case. Due to the competition between the
enhancement of singlet-triplet conversions by larger exchange fields on the one hand, and
the elimination of the minority band for high spin-polarisations on the other hand, we
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Figure 6.1. — Multilayer structures considered here and notation. Superconducting parts are
blue, ferromagnetic parts red. Yellow regions indicate interfaces or surfaces. Purple regions
indicate domain boundaries. The single domain Josephson junction is shown in the upper-left
figure. The upper-right figure shows a bilayer terminated by a spin-active surface. The bottom
figures show junctions with two or three domains, respectively. Channel labels are indicated.

find the critical current to be maximal when the polarisation takes intermediate values.
We show that the temperature anomaly is predominantly caused by half metallic tra-
jectories and thus suppressed if the spin-polarisation is weak or if the junction contains
anti-ferromagnetic domains. We also study the critical current as a function of junction
length and in the presence of domain structure.

Finally, we shortly comment on the proposal of inducing p, =+ ip, superconductivity by
means of an interface with Rashba spin-orbit coupling [22] and show that such states are
induced in both spin-bands with opposite chirality.

Before we discuss these results, the general numerical scheme that we employ is shortly
sketched in section 6.1 and the linearised equations, which are helpful for the interpretation
of results, are introduced in section 6.2.

6.1. Full Solutions

The multilayer structures we consider are shown in Fig. 6.1, we assume that the junctions
are grown in the z-direction and that they are translationally invariant in the x-y-plane. In
all cases, z = 0 is the position of the first interface. To determine the Riccati-amplitudes
inside these structures, we must solve the boundary conditions at interfaces and domain
boundaries and the transport equations in the ferromagnetic layers. A fully self-consistent
calculation also requires to calculate the coherence functions inside the SC-electrodes and
to determine the spatial profile of the SC-gap. We neglect the latter and assume that
the incoming coherence functions of the SCs are given by the homogenous bulk solutions.
Obviously, this is a rather complicated inhomogeneous problem, but at finite temperatures,
or in the presence of inelastic scattering, there is a well-controlled numerical scheme for
solving it, as we will show in the following.

We will only study equilibrium problems here and are exclusively interested in thermody-
namic quantities. Thus, we can employ the Matsubara technique. This implies that the
distribution functions are irrelevant and we only need to find the coherence functions.
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6.2. Linearised Solutions

The relevant solutions of the boundary conditions are discussed in the appendix, we already
discussed them in detail in chapter 3 for the point-contact geometry. This leaves us with
the solution of the transport equation.

We only consider the clean limit, where the Riccati equation inside the FM takes the
simple form:

2i€nyy + thvp, oy, = 0. (6.2)

Here, n € 2,3 is again the band index and p = cos 6 refers to the impact angle 6 of the
quasiparticle trajectory with respect to the z-axis. The equation has a simple analytical
solution:

(&) = Byl — 2) (=), Balz) = exp (— 2en ) (6.3)

hvpy ‘

Obviously, 3, can be understood as a propagation-factor that is simply multiplied with
the initial value of « at an interface or surface to obtain the incoming value at the next
interface or surface. There, the boundary conditions have to be solved and the next
propagation takes place. It is therefore obvious that the solutions can be assembled by
summing over all possible paths through the structure that contribute to the amplitude
of v at a given point.* We also observe that (3, is real and smaller than 1, i.e. the more
propagations a path contains, the stronger its contribution will be suppressed. One may
hence also adopt the standpoint that this sum over paths is an expansion of the solution
in powers of /3, in which higher order terms are exponentially suppressed. We hence
adopt an iterative scheme for calculating the coherence functions which is designed so that
after a given number n of iterations, all paths up to order n in 3, are taken into account.
This is achieved by iterating the solutions of the boundary conditions and of the transport
equations along certain loops through the structure, details are provided in the appendix.
At T — 0 the modulus of the propagation factors approaches 1 for the lowest Matsubara-
frequency. lL.e., the coherence functions do not decay inside the FM. In this case, inelastic
scattering must be taken into account to ensure convergence.b

In the presence of impurities, the Riccati-equation must be solved numerically and the
impurity self-energy has to be determined self-consistently. Other than that, the basic
scheme remains the same.

The equation from which we calculate the current inside the FM-layer can be simplified
to:

fn(}_f, t) = 4eNp,kpT Z <17Fn(ﬁFn)Re [97]7\4]>

€n>0

" (6.4)

by exploiting the symmetry relations and the fact that the Green’s functions inside the FM
are spin-scalar. Again, (), denotes an FS-average over trajectories whose momentum
projection on the z-axis is positive.

6.2. Linearised Solutions

If the proximity effect inside the FM-layer is weak, we can obtain analytical solutions for
the coherence functions in the clean limit. This situation is typically realised when the
transparency of the interfaces is small. The approximation consists in retaining only those

#This is not to be confused with the summation-over-paths reasoning that applies to the diagrammatic
technique and the boundary conditions.
PThe same is true if real frequencies are considered.
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Figure 6.2. — Paths contributing to the solutions of equation 6.6. The terms corresponding
to these paths are A} (left) and p}B3p55B2.4% (right).

terms which are maximally second order in ¢, where ¢ is any of the transmission elements
of the S-matrix. This allows us to separate the solutions of the boundary conditions at
an SC-FM interface into a ’source-term’ part, which depends on the incoming coherence
function from the SC-side only, and a reflection part, which arises from reflections of
quasiparticles on the FM-side of the interface. The source-terms can easily be assembled
with the diagrammatic technique, by neglecting all paths which contain incoming coherence
functions from the FM-side:

Ay = TpnTuy + ZTnl’ﬂRl(’?1R1’Y11%1)"713171T1n
n

= TyuiTiy + Tyyi Ri(1 — 31 Ry Ry) ™ 4 Ri Ty (6.5)

These source-terms are identical to the solutions of the outgoing coherence functions for
the point-contact geometry that were discussed in chapter 5. Moreover, the reflection
amplitudes are given by the trivial paths r,2v272,, and r,37373,. All other paths are
neglected in this approximation.

In combination with the propagation through the FM-layer, this yields the following set
of linear equations [51, 52]:

T) = A} + [[ro]'BoT8 + [rogris) BT, T = AL + [raorss] BoT5 + [|rs]?]' 85T, (6.6)
T8 = AV + [|ro[2J"BoTh + [rosrie]" BsTh,  TH = AY + [rsards]" o) + [75]*]" 51,

for the outgoing amplitudes at interfaces I and II. These equations can be solved explicitly,
the solutions are stated in the appendix. However, these explicit solutions are not very
instructive. Again, more insight can be gained by understanding them as a sum over paths
through the structure. Such an interpretation is obvious. Each of the above equations
states that the outgoing coherence functions at a given interface are the sum of a source
term and contributions arising from outgoing coherence functions at the opposite interface
which propagate through the structure and undergo reflection. Thus, every such path
starts with a source-amplitude that propagates and reflects an arbitrary number of times.
Two such paths are illustrated in Fig. 6.2, the left path is the elementary contribution
to I'}, i.e. simply the source term. The right path is a contribution to I'}, arising from
the same source term. This reasoning will prove to be useful for understanding the exotic
current-phase relation that we discuss in the next section and the Josephson effect in
multi-domain junctions.

6.3. Current-Phase Relation

We first investigate the exotic current-phase relation of a SC/FM/SC Josephson junction
with a single ferromagnetic domain, depicted in Fig. 6.3. We shall see that a very important
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6.3. Current-Phase Relation

Figure 6.3. — Sketch of the single domain junction illustrating the orientation of quantisation
axes in the system. The relative misalignment between interface quantisation axes, Ay =
w11 — 1, implies important modifications of the current-phase relation.
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Figure 6.4. — 7-parameters as defined in the text and spin-mixing angle 9 as a function of
parallel momentum for the interface parameters stated in Fig. 6.5.

quantity in this regard is the relative misalignment of the interface quantisation axes,
given by Ay = @11 — @1 here. To avoid a large 'zoo of angles’, we assume that both
interface quantisation axes rotate in the x-y-plane, while that of the FM is aligned with
the z-axis. This implies that the second spherical angle characterising the misalignment
is a = 0.57 for both interfaces. In the tunnelling limit, the functional dependence of the
critical current on « is o sin(ag) sin(arr), i.e., the critical current is maximal if the interface
quantisation axes are perpendicular to that of the bulk — which is what we assume. The
calculations done here are in the clean limit and for high-transparency junctions, since
we are mainly interested in higher harmonics contributions to the current-phase relation
(CPR). In Fig. 6.5, we consider a junction with a thin interface layer, a = 0.25 Ap /2.
We assume that the interfaces are exactly mirror symmetric, which implies that the -
angles are identical, i.e. Ap = 1 — @1 = 0. Moreover, we have chosen V; = 1.05 Ep,
Vem = 0.3 Ep and h = J = 0.2 Er. This implies that the interface layer is not fully
insulating but half metallic. This has some influence on the spin-mixing angle ¢/, which
we define here as ¥ = arg[(Ri1)11 - (R1)3,] here. 9 is plotted on the right-hand side of
Fig. 6.4, and is found to be negative for this choice of parameters. The sign of the angle
has no relevance for the Josephson effect, what is important, however, is that is enhanced
for larger values of k. As can be seen from inspecting the solutions of the boundary
conditions for I} and T'}, the 'injection’ of superconducting correlations from the SC to
the FM is proportional to m = Thi0,17, and 73 = T31i0, 175, respectively. We plot these
quantities on the left-hand side of Fig. 6.4 as a function of parallel momentum and observe
that 79 is enhanced for half metallic trajectories. The reason for this counterintuitive
enhancement at high-impact angles was discussed in chapter 4. It is important here, as it
helps to understand the different contributions to the supercurrent in the following. While
the absolute values of 75 3 suggest that the junction is in the low transparency limit, we
still find a current-phase relation with substantial contributions from higher harmonics at
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Figure 6.5. — Current phase relation of a high transmission junction (¢ = 0.25 Ap/2m)
for T = 0.1 T, (top panel) and T = 0.5 T (lower panel) and Ay = 0. The parameters
defining the normal state dispersion are Vi = 1.05 Ey, Ve = 0.3 Er and the exchange fields
J =h=0.4 Eg. The junction length is L = 0.5 & (&0 = hvp1/2wkgT.). The right plots show
the odd Fourier-components, the even ones are 0 for Ay = 0.
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Figure 6.6. — Current phase relation with the same parameters as in Fig.6.5, but with

Ap = 0257, T = 0.1 T (left) and T'= 0.5 T (right).
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T = 0.1 1T, as shown in Fig. 6.5. The junction is in a m-state, which is a ubiquitous feature
of the long range triplet Josephson effect. We plot the total current and the individual
contributions from the HM-trajectories ([rv) and the majority (I4+) and minority (7))
band part of the FM-trajectories. The current-phase relation (CPR), being a 27-periodic
function, can be expanded in the complete basis set {sin(nAy),cos(nAx)|n € N}. The
even Fourier-components are strictly zero for the Ay = 0 junction. The first 10 odd-
components are shown for 7' = 0.1 T, and T' = 0.5 T.. At T = 0.5 T, higher harmonics
are almost completely suppressed. A first observation that we make is that the odd-
components alternate in sign, which can likely be attributed to the w-state behaviour, i.e.,
when n Cooper-pairs travel coherently across the junction, the additional phase is n - .
As far as the individual contributions are concerned, we see that their CPRs are very
different at T' = 0.1 Ic. The HM-contribution has no higher moments, the reason for this
is that trajectories with high impact angles contribute to this part of the current. Their
effective path-length through the junction is a lot longer than that of trajectories with
almost perpendicular impact angle and consequently, the decay of the coherence functions
after one passage through the junction is stronger. Higher harmonics of the current-phase
relation arise from trajectories traversing the junction at least two times. The long path-
length suppresses these contributions. The contributions from the FM-trajectories, I+ and
I, both show higher harmonics, but are still different from one another. Surprisingly,
higher harmonics are more important for the minority band than for the majority band.
This could be related to the fact that 7o is strongly enhanced for trajectories with high
impact angle, leading to an enhanced injection of correlations from the SC, which then
decay faster due to the longer path-length and hence contribute little to higher harmonics.
73, on the other hand, stays almost constant, implying that trajectories with perpendicular
impact, being the most relevant for higher harmonics, have a higher relative weight in I
compared to I4+. Generally, one can conclude from this that the Fermi-surface geometry
and scattering properties at the interfaces are of utmost importance for understanding the
Josephson effect of such junctions in the clean limit.

We now turn to the more interesting case of a junction where the magnetisation directions
of the two interfaces are rotated against each other in the x-y-plane, i.e. Ag # 0. In the
simplest case, this angle results in a phase-shift of the CPR [40], a situation which has
also been referred to as ¢-junction [17]. There are different proposals for realising such a
phase-shift of the CPR,* we shortly comment on the case of triplet superconductors at the
end of this section.

If, however, higher harmonics are present, the situation is more complicated, as can clearly
be seen in Fig. 6.6, where we plot the CPR for Ay = 0.257. While still being 2m-periodic,
the CPR acquires a highly irregular form. In Ref. [52], we showed that this CPR can be
well approximated by:P

I, (Ax) = Ip(2Ax) — 1,(2A) - sin(Ax — o Ayp), (6.7)

where o = + for the majority /minority band and I, was called crossed-pair-transmission
contribution. The intuitive picture is the following. The higher harmonic contributions
to the CPR in nAy are usually interpreted as the coherent transfer of n Cooper-pairs
across the junction, i.e., Ay acts as a counting field for the number of pairs. Obviously,
the first contribution to the approximative relation (6.7) is an even function of Ay and
therefore all processes contributing to this term involve an even number of pairs. Secondly,
this contribution is the same in both spin-bands and independent of the phase difference
Agp. These facts led us to the conclusion that this term must be interpreted in terms of

*See, for instance, Ref. [17] and references therein.
PNote that there is a sign change again, since the definition of Ay is different in the original article.
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Figure 6.7. — Sketch of the crossed-pair transmission process (right), where two triplet pairs
with opposite spin-orientation are transmitted coherently across the junction. This process
can be understood as the analogue of the singlet Cooper-pair transmission in a normal-metal
junction (left), which is suppressed here due to the exchange field. Figure from Ref. [52].
Copyright 2009 by the American Physical Society.
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processes where the same number of Cooper-pairs is transferred in both spin-bands, as
illustrated in Fig. 6.7 — we thus called it crossed-pair transmission contribution.  The
second contribution to eq. (6.7) is an odd-function of Ay and only contains first order
harmonics in Ayp. In line with the above discussion, we interpret this as a contribution of
processes that involve an odd number of pairs which depends on Ay, since these processes
are not spin-neutral. Ay enters with opposite sign for opposite spin, which is immediately
clear from the structure of the scattering matrix.

To get to the bottom of this, we analyse the CPR for a single trajectory as a function of
Ax and Ae. It is convenient to rewrite the current density in terms of the dimensionless
quantity

jn(enapH) = Re[gé\/[(empﬂapz > 0)] (6'8)
We then consider:
jn - 4kBTZjn(€n7p|| = 0) (69)

to analyse the CPR of the perpendicular trajectory, for which the contribution of higher
harmonics is maximal. Note that the respective Fermi-velocity does not enter this expres-
sion. The reason for this is:

J2(en, ) = Jalen,p)))s Yo = (Ur2(Pr2)ja(en, )2+ = (Ora({P¥3)i3(en, p)))3+, (6.10)
L.e., j2.3 being identical for all p| is equivalent to total currents being identical.

In Fig. 6.8, we present the Fourier-analysis of J(Ax, Ay). It indeed turns out that the
CPR can be written as:

Ty = Z jc ) sin(2nAx)+ (6.11)
n>1
+ Z T2 nl sin((2n — 1)Ax) cos(Ap)+
n>1
(2n—1)
Z odd.n ) cos ((2n — 1)Ax) sin(Aep).
n>1
Where jc(g)Q = jc(; % within our numerical accuracy. Moreover, ~7even2 = j d2 and
\Z%(\}e)mg =J O(é()i 4, but the odd moments in Ay are suppressed a lot faster than the even

ones. Higher order harmonics in Ap are completely suppressed.

To fully understand this behaviour, we analyse the solutions of the linearised equations,
eq. (6.6), discussed in the previous section. For simplification, we choose x1 = ¢ =
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Figure 6.8. — The upper left plot shows J5 as a function of Ay for various values of Ay.
The lower plots show the non-vanishing Fourier-components of J5 (left) and J3 (right). The
upper right plot shows the jc(; ) components of the majority and minority band. 7" = 0.1 T¢,
other parameters are the same as in Fig. 6.5.

0 and xi1 = Ay, ¢ = Ap. Regarding the dependence on Ay and Agp, this implies
Al oc e/BX=2¢) - AL oc UBXHA9) and pll oc e 289 pll oc €A%, Thus, although it is
immediately clear from these equations that higher harmonics in Ay are not possible in
this weak proximity effect limit, the same is not true for the Ay phase. Still, we did not
find higher harmonics in Ay even for a junction which is not in the tunnelling limit.

We are interested in the current, whose dependence on the coherence functions can be
approximated at z = 0 by:

. 1+7]" N .
infenope > 02 =0 x 1 |17 — 1 23 763)" ~ i 24381 > 0
n

n=1

=2-Im I} B,[T}]", (6.12)

if the proximity effect is weak. Insight can now be gained by invoking the sum-over-paths
perspective for the solution of the linearised equations (6.6). The terms contributing to
the solutions of the linearised equations up to second order in path length are listed in
table 6.1. One thus finds the leading order term contributing to the current at interface I
(2 = 0) with a higher order harmonic dependence on Ay to be:

m B2 ([ A2 A]" - [PBR]" - €229 + [Ag A)T -l - €229 ) o sin(2A¢), (6.13)

where a hat implies that the dependence of the given quantity on Ay and Ay was factored
out.
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Table 6.1. — All contributions to the solutions of equation (6.6) up to second order in path
length.
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Figure 6.9. — Leading order terms contributing to I'y 5 [I'!]* with a higher harmonic depen-
dence on Agp.

The leading order contribution to the current reads, on the other hand:

Im B A} [AY]" o sin(Ax — Ayp), (6.14)

which contains one less propagation factor and also no additional suppression from re-

flection. This leading order term is contained in the J e(vlgn odd ;- terms of equation (6.11),

and since the corresponding contribution in band 3 is proportional to sin(Ax + Ag), the
(1) d j(l)

an even,3

relations j Ven 2 = ~Joad2 = g4 od d 3 are now obvious. Moreover, the fact that

\76(\2112 < 0 and jeven3 < 0 is consistent with the observation that the junction is in a
m-state for Ap = 0.

Higher moments in Ay can obviously not be explained in terms of the linearised equations.
By combining the sum-over-paths reasoning for the boundary conditions with that for
propagations through the structure, we can identify the leading terms that generate a
higher order dependence on Ay. To this effect, we consider the graphical solution of the
boundary conditions presented in appendix D. From the structure of the graph, we infer
that any path contributing to the solutions is either proportional to 7,, where n = 1,2, 3,
or to (Y5, %1 -8, Yvw ) ¥y if the path passes n-times through a sub-loop of the graph.® On
that basis, it is now easy to identify the higher order terms in Ax. We consider the solution
at the second interface, where the phase is picked up, i.e., we have v; o e!®X. The leading
order contributions to 723 propagated only once through the interlayer, which implies
that they originate from the SC-electrode at the first interface and are thus independent
of Ax. To find the path that gives us a second order moment in Ay, we now look for
the contribution that depends on 4%, which we find in the first branch of the graph. Its
contribution to I'} reads:

[To1v1T13)" B3 AL [T3171 T1a] ™, (6.15)

*We assume 4, = 71ioy here, i.e., y; is scalar.
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6.3. Current-Phase Relation

where Bgflé is the leading order in S contribution to 7y§1. The leading order contribution
to the current is thus proportional to:

Im 52«4%{[TQl'lelg]Hﬁ:;Ag[Tgl’}’lTlQ]H}* X sin(2Ax). (616)

We hence identified the first contribution to the crossed-pair transmission. Obviously, it
is identical to the corresponding contribution in band 3, which is obtained by replacing
2 <» 3, in agreement with our numerical findings.

In regard to the current contribution of the process described by equation (6.15), it will be
second order in S-factors, since an additional propagation enters in the current expression.
Thus, it is of the same order in § as the sin(2Ay) contribution described above. Still,
the latter seems to be suppressed here. This is because it is proportional to ps3, which is
necessarily small if the transmission of the junction is high.

To make the sin(2A¢) term appear, we may introduce an asymmetry in the junction by
increasing the thickness of the second interface. That this works can easily be understood
from eq. (6.13) and Fig. 6.9. Apparently, the processes contributing to this term couple to
one of the SC-electrodes only, which is also why they are independent of Ax. So if one of the
two electrodes is decoupled from the interlayer by making the interface a perfectly reflecting
barrier, all terms that contain contributions from this second electrode are suppressed,
while one of the two terms contributing to (6.13) remains. Obviously, there must be
an identical contribution with opposite sign in the other spin-band to maintain charge
conservation — a net charge current cannot flow through the junction if one interface is
perfectly reflecting. This situation is illustrated in Fig. 6.10, where we plot 7, for different
widths of the second interface, starting from a symmetric junction and arriving eventually
at a junction where the second superconductor is fully decoupled from the FM-layer (a =
20 Ap/2m). While the symmetric junction has only a first harmonic contribution, the
second harmonic increases as the second interface becomes thicker and the first harmonic
decreases. When the second superconductor is fully decoupled, the dependence on Ay is
governed by the second harmonic and the total current vanishes (J2 + J3 = 0), which is in
agreement with current conservation. This corresponds to the pure spin-supercurrent in
a SC/FM-bilayer that we discussed in Ref. [52]. While we focused on the Ay dependence
here, it is also clear that the current is strongly suppressed as the thickness of the second
interface increases. This cannot be seen in Fig. 6.10, since the currents were normalised
to their maximum value there. We discuss the critical current in these junctions in the
following section.

Fig. 6.11 shows how this spin-supercurrent can be understood in terms of Cooper-pair
transport. A singlet pair entering from the superconductor is converted to a triplet pair
in the FM and travels through the junction to the opposite surface, which is now perfectly
reflecting. Since this surface still allows for spin-flip scattering, some of the triplet pairs
undergo spin-flip and travel back in the opposite band. The phase difference Ay which
corresponds to the total scattering phase difference picked up by the Cooper-pairs at the
interface to the superconductor and the surface plays the role of the order parameter phase
difference.

An analogous effect in triplet superconductors was predicted by Brydon et al. (see Ref.
[16], for instance). In this case, the spin-quantisation axis of the triplet order parameter
plays a similar role as the interface magnetisation does here.

The fact that the CPR of a single-domain junction depends on ¢ and ¢ only through
Ay is a fundamental requirement of the junction symmetry and can be proven rigorously
in a fashion similar to what we discuss in the last section of this chapter (see appendix G).

89



6. Long Range Triplet Supercurrents

—d =0.25 \p/27
—d =10 Ap/27
d =20 \p/27

0.57

j/Jc,Z
(=]

0 0.2 0.4 0.6 0.8 1
Ay /27T

Figure 6.10. — Supercurrent for the perpendicular trajectory (p = 0) for the majority (solid
lines) and minority (dashed lines) band as a function of Ag and for Ay = 0. The thickness
of the first interface is kept constant at a = 0.25 Ap/27, while that of the second interface is
varied and shown for ¢ = 0.25, 5, 10, 20 Ap/27. T = 0.1 T, other parameters are the same
as in Fig. 6.5.
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Figure 6.11. — The spin-Josephson effect in a SC/FM bilayer — Triplet Cooper-pairs propa-
gate in opposite direction through the FM-layer and flip their spin at the opposite interface.
Thus, there is no charge-current due to this process.
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Figure 6.12. — Left: Critical current of a SC/FM/SC Josephson junction as a function of
the spin-polarisation P of the FM layer (blue) and the corresponding normal state resistance
of the contact (red). Right: Maximal spin-supercurrent in a SC/FM-bilayer (blue) and the
corresponding normal state conductance of the SC/FM-interface (red) as function of P. Pa-
rameters (left): a =1 Ap/2m, o = /2, Ap =0, L = 0.5 & (mistakenly 1 & in the original
article), pro = 1.18pp1, prs is varied, P = P(pr3). Jr = Jrm (is also a function of pr3) and
Vi —Jr/Er = 10e~* (dotted line), 0.2 (solid line), 0.5 (dashed line). R, A is plotted in units of
(e?Npyvp1)~t. A =1.76 meV, T = 0.5 T.. Parameters (right): the same as in the left figure,
but the thickness of the second interface is set to infinity (perfectly reflecting barrier). Figure
from Ref. [52]. Copyright 2009 by the American Physical Society.
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6.4. Critical Currents as a Function of Spin-Polarisation

Now that we have a theory of the triplet Josephson effect that is valid for a wide range
of spin-polarisations, an interesting question to address is the dependence of the critical
current on the spin-polarisation P [52]. Recall that P was defined as P = (ppa—pr3)/(pr2+
pr3), where ppo 3 are the Fermi-momenta of the two spin-bands. We plot the IR, product
of a SC/FM/SC junction as a function of P on the left side of Fig. 6.12. To vary P,
we varied the Fermi-momentum in the spin-down band. This implies that the normal
state properties of the junction change as well, which is why we also plot the normal state
resistance of the junction.? It is obvious from the plot that the behaviour of I. cannot be
attributed to the variation of R,. The shaded regions indicate values of P for which the
assumptions underlying the quasiclassical approximation are in principle ill-founded. For
very small P, the exchange energy cannot be considered to be large compared to the SC
gap. This implies that singlet-correlations will not be fully suppressed in that case, but they
are generically eliminated in our quasiclassical model. For large P, the Fermi-momentum
in the minority band approaches zero, and the oscillations on the kp-scale, which are
integrated out, are thus not 'fast’ anymore. Not surprisingly, the current is suppressed
for small P. This is because the spin-mixing angle is suppressed for small exchange fields
and the singlet-triplet conversion thus becomes ineffective. That the current is maximal
for about P =~ 0.3 and approaches a constant, smaller value for P — 1, is a bit harder to
understand. The reason is that the triplet-current carried by the ferromagnetic trajectories
is larger than that carried by the half metallic ones. This is because the spin-mixing
phases 12 3, that control the magnitude of the spin-mixing effect for these trajectories, are
enhanced compared to the mixing angle ¥/2, which is relevant for the half metallic ones.

On the right side of Fig. 6.12, we plot the maximal spin-supercurrent for the bilayer
geometry discussed before. In this case, R, refers to the resistance of the single SC/FM
interface. The spin-supercurrent is suppressed for both small and large P. The explanation
is obvious, the singlet-triplet conversion is suppressed for small P, while for large P, the
minority band is eliminated and a half metallic ferromagnet can obviously not support the
transport process shown in Fig. 6.11.

6.5. Multi-domain Junctions

We now turn to multi-domain junctions and study critical Josephson currents in these
systems. As explained in the introduction, investigating this problem is very relevant for
recent experiments where triplet Josephson currents were measured in Co-junctions with
an anti-ferromagnetic domain structure enforced by Ru interlayers [68, 71, 70, 69]. The
Ru-layer will be ignored here, we simply assume that anti-ferromagnetic domains exist,
which implies backscattering due to wave vector mismatches all by itself. The transparency
of the domain boundary thus depends on the wave vector mismatch between the majority
and minority band in our model and consequently, the effect of backscattering at the
domain boundaries will be most important for strongly spin-polarised materials. The
solutions of the boundary conditions and the numerical implementation of this calculation
are discussed in the appendix. What is important here, is the general structure of the
S-matrix at the domain boundary:

S:(ﬁrg), R:(Si),T:(_Oté). (6.17)

#*The normal state resistance was calculated by solving the transport equations for the distribution func-
tions in the normal state. In the clean limit we consider here, it is exclusively determined by the
interfaces. Technically, we thus calculated Gn/A = 1/(RnA). For the spin-supercurrent setup, Rn
refers to the resistance of the transparent interface.
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Figure 6.13. — Critical current vs. temperature for a single domain junction (left) and a two
domain junction (right). The junction parameters are: a = 2 A\g /2w, Vi = 2 Ep, Vem = 0.5 Ep,
J=h=0.9 Ep, L=0.5 &, Ap =0.
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Figure 6.14. — Correlations switch channels at an anti-ferromagnetic domain boundary

(right).

The anti-parallel magnetisation and the neglect of other scattering effects implies that
there is no spin-flip scattering and that the domain boundary does not break pairs, but
the minority and majority band are interchanged. In regard to the coherence functions,
this means that they have a chance of being reflected at the domain boundary into the
band they originated from, or be transmitted across the boundary into the other band (see
Fig. 6.14).

In regard to the dependence of the critical current on temperature, an anomaly, i.e., a non-
monotonical functional dependence on T', was predicted for half-metallic junctions [40], and
later also for ferromagnetic junctions with high P [52]. From our analysis, we concluded
that this anomaly is due to the half-metallic trajectories, and therefore appears in the
total critical current if these dominate transport. If the FM-interlayer has at least two
domains with opposite magnetisation, these trajectories cannot contribute to transport,
as quasiparticles travelling in these channels will be perfectly reflected at the domain
boundaries. One would hence expect a suppression of the anomaly in such junctions even
if P is high.

Thus, the presence of domain boundaries implies a suppression of the critical current for
two reasons. On one hand, the contribution of half-metallic trajectories is fully absent
— a substantial part of the states on the Fermi-sphere does not contribute to transport.
Secondly, the domain boundaries cause backscattering even for those trajectories that can
pass through. This increases the effective junction length and thereby further suppresses
the current. Furthermore, the fact that any quasiparticle travelling through the junction
must spend some time in the minority band is important for understanding the suppression
of the critical current in long junctions, L > &g.
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Figure 6.15. — Critical current vs. junction length on a logarithmic scale at T' = 0.5 T¢.

All other parameters are the same as in Fig. 6.13. The dashed lines indicate exponential fits
to the data. The inverse decay length « is k = 0.52/ for the single domain, x = 1.43/&; for
two domains, and k = 1.135/&, for three domains.

In Fig. 6.13, we plot the temperature dependence of the critical current for a single-
domain and a two-domain junction. The junction parameters are chosen so that we are in
the tunnelling limit, meaning that the CPR of these junctions contains no higher Fourier-
components in Ayx. The critical current is thus obtained for Ay = 3/27 in the single
domain junction, since the junction is in a w-state. An important finding is that this is
not true for the two-domain junction, which we find to be in a O-state, i.e., the critical
current is found at Ax = 1/27, while the three domain junction is in a w-state again.
Le., if the number of domains is even and there is an odd number of band switchings, the
junction is not in a w-state. Note that one must be cautious in regard to the definition
of the p-phases when the number of domains is even. In that case, the orientation of the
bulk-magnetisation will be along —Z rather than Z at the second interface. By mapping
—Z +— 2z with a rotation of the coordinate system around the z-axis, we see that ¢ must
be replaced with —¢y;. We show in the appendix that the CPR still depends on Ay
only, since an even number of domains implies an odd number of band-switchings, which
effectively undoes the sign change of ¢r.

The temperature anomaly predominantly arises from the half metallic contribution in the
single domain junction and is strongly suppressed in the two domain case. Moreover, we
see that the critical current is reduced in the latter scenario compared to the first. The
junction is in a strongly polarised limit (P=0.63), which is why I is very small in the
single-domain case. Note also that the current contributions of I+ and I} are identical in
the two domain junction. This is because the junction is now symmetric with respect to
an exchange of the bands. The current due to the ferromagnetic trajectories only is, as
expected, smaller in the two domain case. This is understood from the fact that, due to
the band switching, all coherence functions are suppressed by /5233 after one propagation
through the interlayer in the two domain case. Since 83 < (s, as a result of the different
Fermi-velocities, this implies a reduction of the current in band 2 and an enhancement in
band 3.
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In Fig. 6.15, we plot the total critical current as function of junction length. If we appeal
again to the path-expansion of the current expression, we can arrange terms in orders of
(B2, B3), that is, the total length of the paths associated to the two coherence functions
which enter the current expression. The leading order contribution to the current is given
by the shortest path through the junction at the lowest Matsubara frequency. If the
junction is very long, this will be the only surviving contribution, since the exponential
suppression of all other terms is faster. Thus, if by = Ba(eo, k| = 0) and bs = S3(e€o, k) = 0),
we expect that the critical current depends on the junction length as by in the 1 domain
case, as v/bab3 in the two domain case and as (b%bg)l/ 3 in the three domain case if L > &.
These are the fastest paths in the majority band, the fasted minority band path will be
slower in all but the 2 domain case, since the Fermi-velocity is smaller in this band. For
the parameters used in Fig. 6.15, we obtain 0.513, 1.375 and 1.087 as the respective inverse
decay lengths from this reasoning. The values that we fitted to our data agree quite well
with that, but are all a bit higher. This is likely due to the Fermi-surface average, i.e.,
transport channels with small but finite k| still give a non-negligible contribution at the
lengths that we calculated.

That the decay seems to be super-exponential for short junctions is easily understood
from the fact that longer paths with different decay lengths also contribute in that case.
For short junctions, we also observe that the single domain current is substantially larger
than the multi-domain one, while the latter differ little. This can be attributed to the
elimination of the half-metallic contribution as explained above.

The somewhat counterintuitive result that the fastest decay of the current occurs in the
2 domain junction is hence understood as an effect of the different Fermi-velocities in the
two spin bands. In the two domain junction, the shortest path must travel through half
of the junction in the minority band, while in the 3 domain case, it is only one third.
While backscattering at the domain boundaries does imply an additional suppression of
the current, the scaling law in the long junction limit is insensitive to it, as the current is
carried by the shortest path anyway, which does not undergo backscattering.

In regard to the experimental observations of Khasawneh et al. [70], it is clear that
the model we investigated here cannot explain their results. They find an exponential
suppression of the critical current as the number of Ru-interlayers is increased, while the
total length of the junction is kept constant. We conclude that this behaviour cannot be
accounted for by spin-conserving backscattering at the domain boundaries and different
Fermi-velocities in the spin-bands of the FM. Including spin-flip scattering at the domain
boundaries would likely allow us to model this data, since such scattering effects would
break triplet pairs rather than just reflecting them. In terms of our formalism, this can
straight-forwardly be included in the scattering matrix of the domain boundary.

6.6. p, £1p, State induced by a Rashba-Interface

In this final section of the chapter on the triplet proximity effect, we shortly comment on
a proposal that is related to what we discussed so far, but has quite different implications.
More precisely, we discuss the triplet proximity effect induced by an interface whose spin-
activity arises from spin-orbit coupling rather than a ferromagnetic exchange field. That
this works is easily understood. The Rashba-term can be considered as an exchange
field whose orientation depends on kj. Thus, the only formal difference with respect
to a ferromagnetic exchange field is that the misalignment of the quantisation axes is
k-dependent. Specifically, the Rashba term has the structure:

H%C = agy - &, (6.18)
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Figure 6.16. — Bilayer structure with a Rashba-interface.

with
o kxz 1
N ]kxé]_k%—i-kg

Jx (ky, —kz,0) = (sin @i, — cos p, 0), (6.19)
since the structure in grown in the z-direction. Thus, the quantisation axis of the spin-orbit
term rotates in the x-y-plane. This implies that only the p-angle acquires a k-dependence.
In fact, we can simply replace ¢ — ¢k, as shown in appendix B. This problem was first
considered by Lofwander and Eschrig for half metallic junctions, but they did not publish
their results so far [41]. Recently, the idea was investigated by Chung et al. [22], using a
different method. They argue that this scenario may allow to engineer an instance of the
spin-less p; + ip, state in the half metal. We will see in a second that this is in fact a very
obvious result. As we pointed out in the introduction, p, + ip, superconducting states
attracted a lot of attention recently in the context of topological quantum computation
[93], and we will be concerned with another proposal of this type in the second part of this
thesis.

As discussed at length in chapter 5, the symmetry classification of pairing correlations
is based on analysing the symmetry of the anomalous Green’s function f,(R,pr,e€n,t),
which, in the context of our formalism, is given by:

2,

_ 6.20
1- TnTn ( )

fn = —sgn(ep)im

If the dependence of f,, on ¢y is given by ek then it has a p, + ipy-symmetry. Recall
that 5, (en, k) = 7 (—€n, —k). Hence, if v,(e,, k) depends on @y as e, then v, (€, —k)
depends on it as e!?<+™) and 7, (e,, k) as e {#<F™) Thus, f, has a p, + ip, symmetry if
7n has this ¢y dependence. What we will prove in the following is that fo has a p, — ip,
symmetry and f3 a p, + ip, symmetry.

To this end, we consider a SC/FM bilayer structure terminated by a spin-inactive surface,
as shown in Fig. 6.16. This implies that the boundary conditions at the surface are trivial,
we have

I =y (6.21)

The reasons for considering a finite FM layer are the following. First, it is easy to see
from the definition of the DOS, N « Tr(g), that there will not be a an energy gap in
the single particle DOS if the FM layer is infinite. In that case, the coherence amplitudes
propagating towards the SC/FM interface would be zero, as they originate from the FM
bulk. In the diagonal entries of g, the coherence functions enter in 4 pairs, which, for a
given momentum, have opposite group velocities. Hence, for any momentum, one of the
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two would be zero and thus N(e) = Np = const. Secondly, we would like the engineered
Pz + ipy state to be effectively two-dimensional, i.e., as homogenous as possible in the
z-direction and confined to a thin layer. From our previous discussion of the current-phase
relation, it is not obvious that v, (k) o< e¥** and that there are no higher moments in py
appearing.

The prove of this assertion is fully analogous to the one we discuss in appendix G in
regard to the Josephson current. We start by writing the boundary conditions in a matrix
notation [37]:

=Ty, T=T—-T306k, (6.22)
¥ = Wbk, y = SoxyoS, (6.23)

where o denotes a matrix product including ’channel’-space. The boundary conditions
read [37]:

=~ +Toq0~. (6.24)

As discussed in chapter 4, the scattering matrix S(kj|, ¢x) is related to S(kj,0) by:

(6.25)

—i0. 0K /2
Sk, px) = @S(ky,0)@%, @ = < ¢ « O2x2 ) .

02x2 e~ io=%/2

To achieve consistency with the boundary conditions at the opposite surface (6.21), we
assume vz, = € "Pkyp and 3, = e'¥kv3. Moreover, 71, = 71 and it is easy to see that:

y=0"0y,00", F=0oF,00. (6.26)
Some simple algebra then shows:
T, = ’y/—i—foﬁ/o'y/}(p —®o |y + 0 0T, 00" 050y 0, (6.27)
which implies

L', =®"0oTo®" (6.28)

This result is consistent with the initial assumption and therefore proves that it is indeed a
valid solution. The proofis completed by the fact that eq. (6.28) stays the same when v, 3 =
0 and the observation that the coherence functions inside the FM must have originated
from the SC at some point.

We hence showed that a pure p, & ip, state is induced in a clean FM-layer by the triplet
proximity effect, where the different spin-bands have opposite chirality. Whether the
+/- state is induced in the majority /minority band or the other way around depends on
whether the orientation of the magnetisation in the FM is in the z or —z direction [22].
However, the assumption that the device is in the clean limit is crucial here, as disorder
would destroy the bijective correspondence between ¢ and k when quasiparticles scatter
between different momentum states inside the FM.
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Part II.

On the Superconducting Proximity
Effect in Surface States of
Topological Insulators
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7. The Discovery of Topological
Insulators

Topological insulators represent a new phase of matter which was first proposed on theo-
retical grounds by Kane and Mele in 2005 [64, 65]. While the concept of the ’topological
insulator’ state is very general, their specific proposal was that it may be realised in
graphene. However, the spin-orbit interaction which usually drives the transition from the
‘trivial’ band insulator to the 'topological’ one, turned out to be to weak in this material
[13]. In 2006, Bernevig et al. [13] predicted that this state may be realised in HgTe/CdTe
quantum wells and this finding was experimentally confirmed by Koénig et al. [72], who
fabricated (Hg,Cd)Te/HgTe/(Hg,Cd)Te wells and tuned the chemical potential to lie in-
side the band gap. As predicted by Bernevig and coworkers, they found the longitudinal
conductance to be suppressed when the thickness of the HgTe layer was smaller than ap-
proximately 6.3 nm, but a conductance of about one conductance quantum was observed
when the width exceeded that threshold. It was demonstrated that this value hardly
changed for different widths of the well, from which the group concluded that the current
must indeed be carried by edge states. The emergence of these edge states at a certain
HgTe layer thickness can be understood from the fact that the valence and conduction
band of HgTe are inverted with respect to CdTe and that this inversion also happens in
the quantum well if the HgTe layer is thick enough. This band inversion, which is driven
by spin-orbit coupling, signals the transition from the trivial to the topological insulator
[13, 56] and comes along with the edge states that were observed in the experiment.

The fundamental symmetry of the topological insulator is time-reversal invariance. In this
regard, another important observation made in the experiment of Konig et al. was that the
residual current could be destroyed by a small magnetic field, confirming the theoretical
understanding that the edge states of a topological insulator are protected from elastic
backscattering by time-reversal symmetry only [72].

It is instructive to compare this state to the Quantum Hall state [131], as shown in Fig. 7.1.
In the Quantum Hall state, edge states counterpropagate on different sides of the sam-
ple. The longitudinal current through these states is dissipationless, since backscattering
would imply that a quasiparticle must tunnel to the other side of the sample to reach the
counterpropagating state. The topological insulator, on the other hand, is time-reversal
invariant and this symmetry must hence also apply to its edge states. Consequently, the
edge states come in Kramer’s pairs of counterpropagating states with opposite spin on
both sides of the sample and the robust protection from backscattering does not exist in
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Figure 7.1. — Edge states of a two dimensional topological insulator (Quantum Spin Hall

state (QSH)) on the left and of the usual Quantum Hall state on the right. The edge states
of the QSH insulator come in pairs on either side of the sample, where states with opposite
spin-orientation counterpropagate. In the QH state, the states are spin-polarised due to the
magnetic field and counterpropagate on opposite sides of the sample. Figure adapted from

Ref. [99].

this case. However, one can show that as long as time-reversal symmetry is maintained, at
least elastic backscattering is prohibited [13]. If this symmetry is broken by, for instance,
magnetic impurities or a magnetic field, the protection is lost, as demonstrated in the
experiment.

Bernevig et al. argued that this state can essentially be understood as two copies of the
Quantum Hall state with opposite magnetic field direction [14]. This restores time-reversal
symmetry and implies that for any state contributing to the Hall conductance, there is a
partner with the opposite contribution, and consequently, the Hall conductance vanishes.
Yet, these partners also have opposite spin, which means that the spin-conductance is finite
and this state was therefore dubbed Spin Quantum Hall (SQH) state [64, 65, 14]. Naturally,
a spin-effect is harder to measure than a charge-effect, but this reasoning does fortunately
not apply to the longitudinal current through the edge states which was measured in the
experiment.

This initial discovery triggered a massive research activity over the past four years which
we are utterly unable to review here. Instead, we refer the reader to two extensive re-
view articles on the subject, authored by Kane and Hasan [56] and Qi and Zhang [101]
respectively.

In the following, we will strictly focus on those parts of the story which are relevant to
the problem we wish to discuss. Specifically, that is the proximity effect in the surface
states of three-dimensional topological insulators. Naturally, these surface states are now
two-dimensional and can be characterised as a "helical metal’ with a Dirac cone dispersion
at small energies [56]. As stated in the introduction, the interest in this problem is based
on the conjecture that proximity induced superconductivity in these states may create
an instance of the much sought after (p, + ip,)-superconductor, which hosts Majorana
excitations at vortex cores [47].

To this end, we shortly discuss what the topological order of the topological insulator
actually is. We choose the band theoretical approach to this problem [64, 48, 90], which
we deem to be the most transparent and — from a practical point of view — most relevant,
but also the least general perspective on the matter. Band theory is naturally restraint
to the single-particle picture. The interacting case can be covered by the more abstract
topological field theory approach [14, 100]. Subsequently, we discuss the nature of the
surface states and eventually review existing work on the proximity effect.

7.1. Topological Order in Bloch Theory

Understanding in what sense topological insulators are 'topological’ is a rather subtle issue
but again quite analogous to the Quantum Hall state, where the connection to topology
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was first established by Thouless et al. [125].

In both cases, the physical problem at hand is mapped onto a differentiable manifold which
belongs to the special class of fibre bundles. They can be understood as a 'product’ of two
sub-manifolds, called the base and the fibre. The bundle is then constructed by gluing one
copy of the fibre to each point of the base [92]. In the context of our problem, the base
is the Brillouin zone (the magnetic Brillouin zone in the case of the Quantum Hall Effect)
and the fibre a Hermitian matrix whose dimensionality is given by the number of bands
that are considered. For each point k of the base, the copy of the fibre glued to it is the
Bloch-Hamiltonian H (k) [90].* The topological order of the physical state can then be
understood by analysing the topology of this manifold. Any property of the system which
depends only on this topology is robust in the sense that it is invariant under changes of
the system’s Hamiltonian which result in a smooth deformation of the associated manifold.

Therefore, finding such robust quantities is identical to the mathematician’s quest of identi-
fying topological invariants. These have been studied intensively, as they can (not always)
provide an answer to the prominent question whether two given topological spaces are
equivalent, i.e., can be continuously deformed into each other. To this effect, one tries to
find a prescription that associates certain mathematical objects, which do not change un-
der such continuous deformations,’ to a given topological space. In regard to fibre bundles,
an important class of topological invariants are so-called Chern-numbers. In analogy to
the Gauss-Bonnet theorem, they are obtained by integrating a certain relation, the Chern-
form, over the base of the manifold [92]. In the case of the Quantum Hall effect, the first
Chern-number characterises the topological order and has a very immediate connection to
the physical problem — it is the quantised Hall conductance [6].¢

In the case of topological insulators, the relevant manifolds — given by the Bloch-Hamiltonian
over the Brillouin zone — are characterised by time-reversal symmetry. For fermionic parti-
cles, the time-reversal operator is an anti-unitary operator, and if applied to a time-reversal
invariant Bloch-Hamiltonian implies the symmetry [90]:

H(~-k)=0H(k)O0 !, (7.1)

where © is the time-reversal operator. Using nothing but this constraint, a topological
classification of time-reversal invariant Bloch-Hamiltonian has been provided in arbitrary
dimensions, and can also be extended to disordered systems through the classification of
replica sigma-models [105]. The topological classes are characterised by Zso-invariants, i.e.,
the cyclic group with two elements. In 2 dimensions, a single invariant of this type provides
the classification scheme [64, 65], while 4 are required in the 3-dimensional case [90]. This
implies that there are 2 topologically distinct classes in 2 dimension and 16 in 3. However,
only half of the classes in the 3D case are stable against disorder and therefore called strong
topological insulators, while the other half can be deformed to a trivial band-insulator if
translational invariance is broken [48].

7.2. Bulk-Boundary Correspondence - Topological Surface
States

That time-reversal invariant band insulators fall into different classes whose band struc-
tures cannot be deformed continuously into each other would be a highly academic question

*The fibre at k can also be considered to be the Hilbert-space spanned by the Bloch-states at k [56].

PThis formulation is a bit vague, but in fact, these ’objects’ are not always numbers, they may be more
complicated algebraic entities. The most prominent example is the homotopy group.

“From a pedagogical point of view, this reference is an excellent introduction to the topological perspective
on the Quantum Hall effect.
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to pursue, if there were no physical phenomena associated to it. As discussed in the be-
ginning of this chapter, the principal feature setting aside the non-trivial from the trivial
insulator is the existence of edge or surface states. This can be understood in an intuitive
way from the fact that spin-orbit interaction leads to a band inversion of valence and con-
duction bands in topological insulators, if the band structure without spin-orbit interaction
is taken as a reference [13, 141].* If an insulator with such an inverted band structure is
brought into contact with a non-inverted one — as the vacuum, for instance — the inversion
must be undone at the interface, i.e., the bands cross and create states inside the bulk gap
that are localised at the surface [56]. Due to time-reversal symmetry, these states always
come in pairs of time-reversed partners. The surface states of a three-dimensional topolog-
ical insulator thus form a two-dimensional metal and were first observed in Bi;_,Sb, by
means of ARPES measurements [58]. The strong topological insulator in three dimensions
is characterised by an odd number of surface state dispersions, 5 were observed in the case
of Bij_,;Sb, [58], while BisSes features only one [137]. Generally, one can show that an
even number of surface states can always be lifted, i.e., merged and deformed so that the
spectrum is fully gapped again, without destroying time-reversal symmetry or closing the
bulk-gap. This provides an intuitive understanding of the even/odd-classification, formally
encoded in the Zg-invariant [56].

The low-energy dispersion of these states can be approximated by a Dirac-cone for small
energies, whose Dirac-point is pinned to one of the time-reversal invariant points in the
Brillouin-zone (the I'-point, for instance) [56]. An effective surface state Hamiltonian can
be derived which has the same structure as that of graphene and describes the surface
states close to the Dirac-point. The difference is, however, that the Pauli-matrices appear-
ing in this Hamiltonian now refer to real spin instead of pseudo-spin [56]. This implies
that the dispersion of a single-pair of surface states features spin-momentum locking, i.e.,
for every momentum k = (k;, k), there is only one state with a definite spin-orientation
and the state at —k has opposite spin-orientation. This was demonstrated experimen-
tally by measuring a suppression of backscattering in the surface states [60]. We will
demonstrate the derivation of this surface state Hamiltonian in chapter 10 in terms of the
k - p-Hamiltonian that we introduce in chapter 8.

To conclude, the bulk topological order of topological insulators gives rise to conducting
states at their boundary. An odd number of surface state pairs indicates a robust topo-
logical phase. The surface states of three-dimensional topological insulators realise a new
type of low dimensional conductor, dubbed ’helical metal’.

7.3. The Proximity Effect at the Surface of 3D Topological
Insulators

The proximity effect in the helical metal realised at the surface of 3D topological insulators
was first investigated by Fu and Kane on the basis of the following model-Hamiltonian
[47]:P

[ Ho(k)  Aioy B B
Hsurface = < —A*ioy —Hg(—k) ) s Ho(k) = pr(kxal + kyO'Q) . (7.2)

Here, Hy is the normal state effective Hamiltonian of the surface states, Aioy, is a singlet,
s-wave gap and k = (kg, k). This phenomenological model of the proximity effect is
essentially inspired by the theory of McMillan [85], who proposed that the superconducting
proximity effect in a thin normal layer can be described by a self-energy. The crucial

#Switching spin-orbit interaction 'on’ or ’'off” in a given material is of course only possible in theory.
PNote that the Hamiltonian is adapted to our definition of the Nambu-spinor.
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Figure 7.2. — Spectrum of the Fu-Kane Hamiltonian stated in eq. (7.3) for hvg = 4, u = 1.0,
A =1.0.

point for this model to work is that the itinerant states are localised at the interface
to the superconductor, only then an effective, homogeneous pair-potential arises due to
permanent interactions with the SC.* This condition is realised in the original McMillan
theory by the assumption that the normal layer is thin. In the case of topological insulators,
the relevant states are confined to the interface because they are surface states. The
spectrum of the above Hamiltonian is given by [47]:

:Ee:t(k) = \/A2 + (,LL + h’l)FkH)2, (7.3)

with k| = |k| and plotted in Fig. 7.2. We will use it later on to compare this model to our
numerical results. Fu and Kane argued that the state characterised by this Hamiltonian
is an instance of a topological superconductor. To see this, one rewrites the Hamiltonian
in a basis that diagonalises Hy(k) and finds that the pairing-term acquires the form of a
Pz + 1py order parameter, the Fu-Kane Hamiltonian thus corresponds to a time-reversal
invariant p, + ip, superconductor [47]. Topological superconductors can be classified in
full analogy to topological insulators if a mean-field perspective is adopted [110, 105].
According to this general classification scheme, their defining property is that they feature
protected boundary modes which cannot be localised by disorder, too. However, Fu and
Kane argue that their model was already the boundary of a 3D material and could therefore
not have a boundary of its own [47]. Instead, they pursue a number of different proposal
for creating Majorana quantum wires and bound states by manufacturing different types
of junctions on the TI. Majorana fermions play an important role in topological quantum
computation [93], and the Fu-Kane proposal attracted a lot of attention in this context.
The question we address here, namely whether the model of the proximity effect assumed
at the outset of this argument is valid, is certainly more modest but nonetheless important,
as a proper understanding of the superconducting proximity effect in such surface states
is a prerequisite for any ulterior proposal based on it.

Stanescu et al. [121] were the first to consider a microscopic model of this problem based
on a three-dimensional tight-binding Hamiltonian of the TI-SC heterostructure. The spec-
trum of this Hamiltonian was then calculated with exact diagonalisation. This is obviously
only possible for a finite sized system of relatively small dimensions, which implies that
finite size effects cannot be avoided unless the interface states are strongly localised. The

#Note that this reflects our current understanding of this model and not necessarily that of Fu and Kane,
who did not comment on that question in their original article.
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localisation of these states on either side of the interface is controlled by the magnitude
of the respective gap. While the band gap of topological insulators can be larger than 0.1
eV [58], the gap energy of conventional superconductors is a lot smaller than that. This
implies that the interface states will extend on the scale of the coherence length into the
SC. Stanescu et al. did, however, assume a superconducting gap of the order of the TI
band gap, and thus avoided this problem in their calculation. They also showed that the
proximity effect can indeed be understood in terms of McMillan-theory by explicitly cal-
culating the effective self-energy of the superconductor from a Green’s function formalism.
A general analytical discussion of this procedure was provided at about the same time by
Sau et al. [108].

A second analysis was performed by Lababidi and Zhao [74] in the BdG-framework. They
used the k-p-Hamiltonian of BisSes as a model for the TI. We shall see in the next chapter,
that this is a two-orbital model. Hence, they also had to assume a second band in their
superconductor model to maintain the same Hilbert-space dimensionality throughout the
structure. The interface was then simply modelled by a step-function crossover from the
TI to the SC. Rather than matching wave functions at the interface, they employed the
numerical method of Halterman and Valls [55] to solve this model. At least the starting
point of this investigation is quite similar to our approach and we will thus get back to this
work when discussing our approach. Lababidi and Zhao assumed a realistic energy scale
for the SC gap and also carried out a self-consistent calculation of the gap profile inside
the SC. They also claim that their study was complementary to that of Stanescu et al.,
since the latter was restrained to the tunnelling limit. We do not quite agree with that,
since a transfer-Hamiltonian approach is not necessarily a tunnelling theory. That is only
true if the coupling through the transfer-Hamiltonian is treated as a perturbation, which
is not the case in the work of Stanescu et al., given that they used exact diagonalisation.

The model we consider here is based on a real space discretisation of the k- p-Hamiltonian
of BisSes, BisTes and SbyTes [80] and the BCS mean-field Hamiltonian. Thanks to trans-
lational invariance in the contact plane, this discretisation must only be carried out in the
z-direction, since k|| = (kz, ky) is a conserved quantum number. The coupling between the
two materials is modelled by a transfer-Hamiltonian and we employ the recursive Green’s
function technique to solve it [54]. This is a non-perturbative approach which allows us to
consider an infinite tight-binding model and hence avoid potential finite size effects. This
comes at the expense of not being able to calculate the eigenstates of the tight-binding
model, but only the spectral function. This is, however, sufficient to obtain the dispersion
of the surface states and calculate the effective self-energy that enters the phenomeno-
logical model. In agreement with the earlier studies discussed above, we find that the
Fu-Kane model is a reasonable low-energy theory if the coupling between the SC and the
TT is small or intermediate and that it can be recovered from our theory if the coupling to
the superconductor is approximated by the zero-energy and zero-momentum value of the
superconductor self-energy. However, the phenomenological model is not valid at energies
close to the superconducting bulk-gap, and we also show that if the coupling is strong,
the Fu-Kane model breaks down completely. In that case, the energy and momentum
dependence of the self-energy must be retained as first argued by Sau et al. [108].* The
spatial profile of the interface states is analysed and, not surprisingly, we find that they
extend on the scale of the superconducting coherence length into the SC. We also discuss
how a self-consistent calculation can be carried out in this formalism.

Finally, we shortly comment on the few experimental achievements that have been reported
so far in regard to superconductivity in topological insulators. Very recently, BisSes with
intercalated Cu was found to be a superconductor with a 7¢ of about 3K [107, 73]. While

If, Er > A, the momentum dependence can still be ignored.
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specific heat data was interpreted to point towards a fully gapped order parameter [73],
recent point-contact measurements found a zero-bias conductance peak [107], which must
be taken as an indication of unconventional superconductivity and the presence of an
Andreev bound state at the interface. The authors claim that this in-gap state was a
signature of helical Majorana Fermions at the surface of the SC. These are exciting findings,
but further investigations are necessary to understand the superconducting order in this
material.

Concerning the proximity effect, Josephson currents were very recently observed at the sur-
face of BiaSes [106, 140]. While Sacepe et al. report a gate-tunable supercurrent through a
thin BiaSes crystal contacted with Al/Ti electrodes [106], Zhang et al. investigate BiaSes
nanoribbons with tungsten as the superconductor [140] and find a Josephson coupling
over a distance of ~ 580nm, which, they argue, points towards a supercurrent carried by
ballistic surface states.

We did not investigate transport so far, but this is evidently an important question to
address and we do believe that the method used here to study a microscopic model of the
proximity effect in topological insulators can be of use in this regard, too.
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8. The Model Hamiltonian

In this chapter, we introduce the tight-binding Hamiltonian that we use to model the
superconductor-topological insulator heterostructure. The tight-binding models of the
respective bulk-materials are obtained from a finite differences discretisation of the con-
tinuum models, being a k - p-Hamiltonian for the topological insulator and the stan-
dard mean-field BCS-Hamiltonian for the superconductor. The interface is modelled by a
transfer-Hamiltonian. The whole Hamiltonian is extended to Nambu-space, which allows
us to apply the recursive Green’s function technique to it in a straight-forward manner.

8.1. k-p-Hamiltonian of Bi,Se;, BisTe; and SbyTe; in Nambu-
space

We consider a specific class of 3D topological insulators which are binary compounds
made of Bi or Sb as the first and Te or Se as the second element. These materials were
first predicted to belong to the topologically non-trivial class in [141] on the basis of first
principle band structure calculations. In the same article, a k - p-Hamiltonian fitted to
the DFT band-structure was provided, which involves only those orbitals that are relevant
for the topological surface states. In a later publication [80], this model Hamiltonian was
further elaborated on, and we shall use it as the starting point for our model of the TI-SC
device. We call it the Zhang-model in the following.

The Zhang-model is a low energy-theory fitted to the band structure around the I'-point
up to third order in k. The relevant states are the hybridised p. orbitals of Bi or Sb and Se
or Te, respectively. These have definite (and opposite) parity and the basis can hence be
labeled as [+ 1), |— 1), |+ 1), |—{), where & denotes the orbital and 1, ] the spin [141].
In addition to that, including superconductivity will require to extend this Hamiltonian
to Nambu space. Thus, we consider a Hamiltonian acting on a 8 dimensional vector space
given by the direct product particle-hole®spin®orbital, in this order. As a basis of the
8 x 8 matrices above this space, we define

{Tj®0k®yl ‘ i7j7k€{0717273}}7 (81)

where i, j, k = 0 refers to the respective 2 x 2 identity matrix and the other values to the
corresponding Pauli-matrices. We define the Nambu-spinor as:

Ce= (e b7, (8.2)
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with

bie = (cer 1) epp(l) ey (k) e (k)" (8.3)

The Nambu-Hamiltonian Hry(k) is then defined by demanding:
1
Zk: bl Hop (k)b = 5 zk: Ci Horr (K)Cae, (8.4)

where Hrr(k) is the Zhang-Hamiltonian. It is important to understand that the k - p-
Hamiltonian describes only the subset of Bloch-states with momentum k. The total
Hamiltonian of the system is hence given by the left-hand side of the above equation.
The right-hand side then implies that Hry(k) corresponds to two copies of the original
Hamiltonian once the sum is taken over all k. This is because we consider two copies of
the system, one from the 'hole’ and one from the ’particle’ perspective. In his original
proposal [91], Nambu was able to exploit the particular structure of the BCS-Hamiltonian
to avoid this double counting by considering spin-up quasiparticles from the particle and
spin-down quasiparticles from the "hole’-perspective only. The structure of the Hamilto-
nian in particle-hole space is now straightforwardly derived from eq. (8.4):

Hr(k) 0 )
Hri(k) = 8.5
TI( ) < 0 _H%‘I(_k) ( )
What remains is, obviously, the k - p-Hamiltonian itself. In terms of the matrices:
Yo=00R@vy, Y1=00Q@V3, Y2=03RU, (8.6)
V3=01QVv1, Ya=028V, 75=00X UV,
the Hamiltonian reads [80]:
Hri(k) =eo(k)yo + M(k)y1 + B(kz)kzv2 + A(k)) [kays + Kyl (8.7)
Ri(k +K2) Ry(k3 — k)
- V5 — 1 Y2,
2 2
with the following parameters:
ki = ke tiky, ki =k +k; eo(k) = Co+ CikZ + Cakf (8.8)

M(k) = My + Mk + Mzkﬁ A(ky) = Ao + AQkﬁ B(k.) = By + Byk?.

It contains terms up to third order in k. We will mainly be interested in very small values
of k. Thus, keeping terms up to second order only will be sufficient for our purpose. The
Hamiltonian can either be obtained from k - p-theory or from the theory of invariants,
i.e. the representation theory of the relevant crystal point group [80]. The values of the
constants are given in Ref. [80], the model may be used for BisSes, BisTes and ShyTes and
was shown to provide reasonable fits for small values of k [80]. To keep the length of this
thesis within reasonable limits, we refrain from an extensive discussion of the theory and
material properties behind this model Hamiltonian and refer the reader to Ref. [141, 80]
for further details.

8.2. Tight-binding Discretisation

With Hrr(k), we now dispose of a continuum model of the topological insulator which
is sufficient for the energy scale that we are interested in and directly connected to real
materials. However, when considering a TI-SC heterostructure, we break the translational
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invariance of the crystal in at least one direction. If we assume a layered structure in the
z-direction, translational invariance in the x-y-plane can be assumed to be maintained and
kg, ky are still good quantum numbers. For k. on the other hand, we need to make the
replacement [80]:

k., — —id,, (8.9)

which simply results from tracing back the action of the original differential operator on the
plane wave ansatz ¢*=. This obviously implies that Hry(k., ky,0.) becomes a Hermitian
differential operator in the z-direction, while k, and k, can still be treated as parameters.
We now discretise this operator on a 1-dimensional lattice following the standard procedure
[27]. The Hamiltonian contains first-order and second-order derivatives with respect to z if
we consider terms up to second order in k only. We define the action of the corresponding
discretised operators on the lattice wave function by:

9.4, — M’ O = Ynt1 — 29 + 1%—17 (8.10)

2a a?

where a is the lattice spacing. Note that to obtain next-neighbour couplings only, we
implicitly used a lattice spacing of a/2 rather than a for discretising 92. As long as a is
chosen sufficiently small, this is of no relevance and only means that the approximation
for 02 is a bit better than for 9,.

We hence obtain the following tight-binding (TB) Hamiltonian, if terms up to second order
in k are kept:®

Moy (ke ky) =Y Or1(ke, ky)|n) (0] + Virln + 1) (n] + Vij|n) (n + 1], (8.11)
with:
Ori(ke, ky) =(Co + C2k‘ﬁ)70 + (Mo + Mlk‘ﬁ)% (8.12)
+ Aolkays + kyva] — 82 [Miy1 + Ciyo),
Vrr =tBoya + 4t*[Mim + Ciol,
and t = —i/2a. Analogously, a discretisation of the standard BCS-Hamiltonian in Nambu-
space,”
[ &k) —Aioy

with & = h?k?/2m, is obtained:

HSC(kH) = Z Osc(kH)‘n> (n[ + Vsc|n + 1)(%’ + V%LC‘TLMTL + 1’. (8.14)

Here, we have:

h2
Osc(ky) = %(kﬁ — 8t%) 13 ® 0g + ATy ® 09, (8.15)
21212
Vsc = T3 ® 0p-

#Note that the tight-binding approach proposed here was also used by Zhao et al. [145] to obtain the
spectral function and S-Matrix of a topological insulator/normal metal interface.
P Also called Bogoliubov-de-Gennes Hamiltonian.
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The final step of our modelling now consists in coupling the two tight-binding Hamiltonians
Hri(kz, ky) and Hsc (k) at the interface. This is done by specifying the hopping-elements
between the final site of the TT tight-binding chain and the first site of the SC tight-
binding chain. One thus obtains a Hamiltonian of the complete SC-TT heterostructure,
i.e., instead of solving the two systems individually and matching the solutions by means
of boundary conditions, we will solve the entire structure and such conditions are not
required. Evidently, this comes at the expense of having to choose a transfer-Hamiltonian,
that is, the aforementioned hopping elements.

8.3. Interface Model: Transfer-Hamiltonian Approach

So far, the individual tight-binding Hamiltonians of the respective subsystem have been
derived from the corresponding continuum models, and in principle, these can be recovered
when the lattice constant is tuned to zero. The standard way of describing an interface in
the tight-binding framework is to introduce a tunnelling or transfer-Hamiltonian, that is to
say, specify hopping elements that connect the two tight-binding Hamiltonians describing
the respective bulk-systems. In this section, we introduce such a transfer-Hamiltonian for
our model. The choice is in principle ad hoc, but it allows us to describe both strong and
weak coupling between the TT and the SC, as we will show in the results section.

An alternative but comparable approach to this problem was considered by Lababidi and
Zhao [74]. It’s starting point is a continuum Hamiltonian of the SC-TI structure. It
consists of the Zhang-Hamiltonian on the TI-side and a SC-model, which is obtained from
the Zhang-Hamiltonian by putting By = Ag = 0 and assuming a singlet-pair potential in
the '4’-orbital. This effectively corresponds to a two band Hamiltonian with a conduction
band formed by the ’4’-orbital and a split-off valence band formed by the ’—’-orbital.
This ’trick’ is required since the TI and SC part of the structure must share the same
Hilbert-space in this approach. The Fermi-energy is then chosen so that it lies deep inside
the conduction band, and the valence band is essentially irrelevant. As in our case, the
model is transformed to a real space coordinate in the z-direction and the transition from
the T1I to the SC part is simply modelled by a change of the Hamiltonian with a functional
dependence proportional to ©(z). The solution of this problem is then calculated with
the method of Halterman and Valls, which relies on expanding the eigenfunctions of the
Hamiltonian in a complete basis set of wave functions in a certain energy range [55]. In a
sense, this corresponds to a discretisation in k-space, while we discretise in real space.

Irrespective of the specific model used to the describe the interface, there will be a spatial
variation of the Hamiltonian. If this only applied to those parameters which are inde-
pendent of k., this would not pose a problem at all, as only the on-site components of
the TB-Hamiltonian acquire a z- or, equivalently, n-dependence in that case, while the
hopping elements are the same everywhere.?

In the case we consider here, however, the switching between the two Hamiltonians requires
a symmetrisation of the terms containing the derivative 0, to maintain the hermiticity of
the Hamiltonian. We hence have to deal with symmetrised operators of the general form:

1
X(2)0: = 5 (X(Z)az + 8zx(z)> (8.16)
where x can be assumed to be a real function. The symmetrisation of the operator con-

taining the second derivative is only unique if x(z) is linear in z. Otherwise, there is an
infinite number of choices. Note that Lababidi and Zhao circumvent the symmetrisation

#This is, for instance, true for the model we used to describe the SC/FM interface, cf. appendix C.
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8.3. Interface Model: Transfer-Hamiltonian Approach

of the second derivative operators by assuming that the corresponding parameters of the
Zhang-Hamiltonian do not change at all (only By and A change).

If x(z) is a smooth function, we can obtain a discretised Hamiltonian of the whole structure
which has a proper continuum limit. In this case, the discretised operators read:

S0X(2) +x(002) = 5= S In+ V{n © X, + he. (8.17)

0.x(2)0: = 25 37 (In+ 1) (0l = Im)nl = |+ D+ 1]+ I+ 1]) @ X,

with x,, = %(Xn—i—l + Xn).* Such a continuum model can be used for studying structures
where an interface region of finite size is included. However, we found that this generically
yields a weak coupling and is hence less interesting. We can still use this result to propose
a choice for the hopping elements between the final TI-site N and first SC-site N + 1
within our model. Inspired by the fact that the arithmetic average ,, enters the hopping
elements between neighbouring sites, we propose the transfer-Hamiltonian [54]:

Hr = T|N + 1)(N| + TTNY(N +1], (8.18)
with
T = % (PV11 + VscP) . (8.19)

Here, we introduced the projector P, which projects the single band of our SC-model onto
the '4’-orbital of the Zhang-Hamiltonian. More precisely, we have:

(8.20)

o O O
o O O O
O O = O
o O O o
o= O O
o O O O
o O O
o O O O

This is required to match the different on-site Hilbert-spaces of the two semi-infinite tight-
binding chains. Alternatively, one may use the same superconductor model as Lababidi
and Zhao, but including a ’"dummy’ band is not necessary in our approach and changes the
results only quantitatively. The same is true if a coupling to the second orbital is included
in the choice of P. Lababidi and Zhao argued that coupling the SC to the '+’-orbital would
correspond to using Cu doped BisSes as a superconductor. However, the superconducting
order in this compound is still under investigation and the order-parameter symmetry is
not clear as of yet [107].

The dimensionless parameter ¢ allows us to tune the coupling between the SC and TI.
We will see that with this choice of T, the system can be tuned from the weak-coupling
to the strong-coupling regime as a function of . We call Hy transfer-Hamiltonian rather
than tunnelling-Hamiltonian to underline that our approach is not perturbative in 7 and
therefore not restrained to the weak-coupling limit. It may also be possible to derive such
a transfer-Hamiltonian from the step-function switching assumed by Lababidi and Zhao.
In that case, a d-function would appear in the symmetrised operators, which one could,
for instance, approximate by a box.

* Here again, a lattice spacing of a/2 was used to discretise the second operator. This results in x,41/2
rather than ,, appearing in the second equation — but the first can be approximated by the latter.
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8. The Model Hamiltonian

Figure 8.1. — Sketch of the tight-binding model used here to describe the SC-TT heterostruc-
ture. The two semi-infinite tight-binding chains of the TI and SC are coupled by a transfer-
Hamiltonian. Eventually, we consider only a small number of sites explicitly, which are coupled
through self-energies (Xgc, Xr1) to semi-infinite leads. Figure from Ref. [54].

8.4. Transformation under Rotations in the x-y-Plane

The tight-binding Hamiltonian depends parametrically on (k, k) = k. To ease numerical
effort, it is advantageous to exploit the symmetry of the Hamiltonian under rotations
in the x-y-plane.” All terms depending on k|| only are obviously invariant under these
rotations, but terms proportional to k4 transform non-trivially. In polar coordinates, we
have ki = k:Heiw. These terms only appear in OTI(k‘H, ©), and it is easy to see that:

Ori(ky), @) = Urr [Or1(ky), 0)] U:}I, (8.21)

with
T0 + T3 To — T3

5 (8.22)

Ut = 1y @ e %73 © + 1 ® ¥ @
holds. Uy is unitary and the transformation in equation (8.21) is a similarity trans-
formation. From this 'local’ relation, we must now construct a transformation of the full
tight-binding Hamiltonian. Since V1 = UTIVTIZ/{%I, the TB-Hamiltonian of a finite TI-slab

abides the following transformation rule:

Hru(ky), @) = UniHri(ky, 0) ULy, Uri =Y Uni|n)(n]. (8.23)

The SC-part, on the other hand, is in principle fully invariant under these rotations. Still,
to obtain a global unitary transformation that leaves the transfer-Hamiltonian, which is
independent of k|, invariant, we have to apply a transformation here, too. Specifically, we

propose:
T0 + T3 " (i3 2 T0 — T3

U _ ,—ipo3
sc=e ® 5 5

(8.24)
We then have:

Hsc(k) = UscHsc (k) Ule,  Usc =Y Uscln)(n], (8.25)
n

for a finite SC-slab, i.e., the transformation leaves the SC-Hamiltonian invariant as re-
quired. We now straightforwardly define:

J N
U= ZUTIWW + Z Usc|n)(nl, (8.26)
n=1 n=J+1

2This reasoning is inspired by Lababidi and Zhao, who applied it to their continuum model.
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where J is the site of the TI next to the interface. Since T = USCTU%I, we then have:
H(ky, ) = UH(k, 0)U". (8.27)

A consequence of this symmetry is that the spectrum of the Hamiltonian is invariant under
rotations in the x-y-plane. When calculating the dispersion of the surface states, it is thus
sufficient to consider a single cut along any axis in the plane. All quantities we calculate
will be obtained from the retarded Green’s function of this Hamiltonian:

g(ea k|\7¢) = (5"‘“7_7'[(]‘7”:@))71; (828)
for which the above relation implies:
G(e Ky, @) = UG(e, Ky, 0)U". (8.29)

Note that this symmetry only pertains to the second order Zhang-Hamiltonian. If the third
order in k terms are retained, the surface state dispersion will show hexagonal warping.

8.5. Choice of Parameters

For our calculations, we choose the parameters of BisSes for the k - p-Hamiltonian. These
are [80]: Cy = —0.2343 eV, C1 = 5.74 eVA2, Oy = 30.4 eVA2, My = —0.28 eV, M, = 6.86
eVA2, Mo = 44.5 eVA2, Ay = 3.33 eVA, By = 2.26 eVA. The value of Cy was shifted from
its literature value of —0.0083 eV to move the chemical potential to the Dirac-point of the
surface state. A lot of topological insulators are actually not insulators when naturally
grown, i.e., their chemical potential is in the conduction band and must be tuned to lie
inside the band gap by gating [20] or chemical doping [59], if one wishes to access surface
state physics in transport. Our results only depend quantitatively on that choice, as long
as the chemical potential lies inside the gap.® As we shall see, the proximity coupling will
shift the surface state dispersion anyway.

For the superconductor, we choose a Fermi-energy of EFr = 0.4 eV, to model a metal.
The effective mass of the conduction electrons is chosen to be the free electron mass,
h%/2m = 3.81 eVAZ, Changing these parameters only affects our results quantitatively. In
particular, the value of ¢ in the transfer-Hamiltonian for which ideal coupling is achieved
depends on these parameters.

#One may object that as long as we consider a band structure only and not its occupation, there is no
point in talking about a chemical potential. However, the BCS-Hamiltonian that we couple to the TI
implicitly introduces a chemical potential by specifying the position of the superconducting energy gap.
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9. Recursive Green’s Function Technique
in the Superconducting State

9.1. A Quick Tour of the RGF-technique

The Recursive Green’s Function (RGF) technique is a standard tool for transport calcu-
lations in mesoscopic physics [44]. It is based on the finite differences method for solving
the Schrodinger equation [27], i.e. tight-binding discretisations as the one discussed in
the previous section. We use a recent extension of this method [86, 87], that allows us to
calculate the local spectral function and also adopt the notation of Metalidis [86]. The
fundamental object of this formalism is the retarded Green’s function of the tight-binding
Hamiltonian, which can formally be defined as [86]:

GE)=(E+in—H) L. (9.1)

We omit the 'R’, since the retarded Green’s function is the only one we need, G* is simply
obtained from G* = [GR]f. This definition of the Green’s function is only sensible for a
single-particle Hamiltonian, i.e., if interactions are ignored or described at the mean-field
level, as it is the case here.

Obviously, G has the same size as the Hamiltonian H. However, for the calculation of
observables like the current density or the density of states, only certain matrix-elements
of GG in site-space are required:

Gnm = (n|G|m). (9.2)

Specifically, these are the elements G, ,, for the spectral function and if currents are to be
calculated within the Landauer-Biittiker framework, the matrix elements between sites on
the respective leads are required [86].

We now turn to the fundamental equation which makes this formalism tick. Consider
H=h+V, g=(E+in—h)"! (9.3)

i.e., we assume that H is the sum of a Hamiltonian h, of which we know the Green’s
function, and some perturbation V. Some simple algebra then shows that the Green’s
function of the full Hamiltonian can be obtained from [44]:

G=g+gVGQ. (9.4)
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9. Recursive Green’s Function Technique in the Superconducting State

Figure 9.1. — The sketch depicts the calculation of G%+1,n+l' Grey sites are sites that have
already been connected, the dark grey site is the site j of the connected subsystem of which
we know G;j. Figure adapted from Ref. [86].

This is a Dyson-type equation that one can use to successively obtain the desired elements
of G by gluing together disconnected parts of the system, which is the fundamental idea
behind the RGF technique [44, 86].

We are interested in spectral properties of the system and the local spectral function is
obtained as usual:

An(l, ) = ——Tm Tel{nlGn)], Ky = (ke By, (9.5)

assuming that the system is discretised in one dimension only, as it is the case here. The
factor 1/a stems from the fact that the projection of G on the site n is not perfectly local,
i.e., the site carries a spatial weight, which is exactly the lattice constant in one dimension.
One can check that if the factor 1/a is included, A, (k),€) is invariant under changes of a
in an infinite system and coincides with the local spectral function of the corresponding
continuum model.

Consequently, only the diagonal elements in site-space G, , are of interest, and the recur-
sive scheme for their calculation is the following. First, one calculates the Green’s function
of the isolated individual sites [86]:

GEl — (e 4 in—0,) L. (9.6)

Here, O,, is the on-site part of the TB-Hamiltonian at site n.

Subsequently, Green’s functions Ql;m and GY, are calculated by starting from the left
or the right end of the TB-chain respectively and adding single sites successively.? The

recursive scheme for their calculation is [86]:

L _ isol L —1 visol
Gn+1,n+1 - [1 - Gn+17n+1Vn—i—l,nGn,ann—i-l] Gn+1,n+17 (97)

R _ isol R —1 ~isol
Gn,n - [1 - Gn,nVTLerlGn—l—l,n—s—anJrl,n] Gn,n'

These relations can easily be proven from equation (9.4) by projecting it on the relevant
sites. A subtlety hereP is that G%,n always refers to the Green’s function of the subsystem
that has been connected so far, i.e., in G%,n and G%+1,n+1 the G* are not the same, they
refer to different Hamiltonians (see Fig. 9.1). The notation is still unique in the sense that
for each subsystem, we only know the Green’s function at its final site.

Eventually, we obtain G, ,, from the relation [86]:

L R —1~L
Gn,n = [1 - Gn,nVn,n+IGn+1,n+1VnJrl,n] G

n,n’

(9.8)

2This obviously implies that the chain is finite. Eventually, we will couple this finite chain to semi-infinite
leads via self-energy terms.
POne may also say: a deficiency of this notation.
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which can also be derived from (9.4). The point is that for each subsystem constructed
from the left, we also constructed the complementary subsystem from the right; and if we
want to join them to construct the full system, we only need the respective surface Green’s
functions - and those were calculated in the previous step.

This scheme is easily extended to two dimensions. In that case, one adds up slices rather
than single sites and the local Hilbert-space is spanned by the sites of an individual slice
[44, 86]. This implies that the matrices which need to be inverted by standard means in the
above relations grow with the size of the system in the second dimension. Consequently,
the scheme is best suited for systems which are small in this second dimension and can only
be used for rectangular lattices. Alternatively, one can devise recursive schemes based on
adding single sites even in two or three dimensions. However, this involves more elaborate
book-keeping.?

Coupling to leads

A particular advantage of the RGF technique is that it effectively allows us to consider
infinite tight-binding models by coupling a finite 'device’ region to semi-infinite leads via
self-energy terms [86]. Again, it is eq. (9.4) which makes that work.

We illustrate this for a single, semi-infinite lead attached to a finite TB-chain. Let g be
the Green’s function of the Hamiltonian where the coupling V between the final site IV
of the central device and the first site N + 1 of the lead is turned off. We thus have a
Hamiltonian with two independent blocks, one of them being the central device and finite
dimensional. We are only interested in the central device, i.e. matrix elements (i|G|j)
with i, 7 < N. Exploiting that V' = Vp|N + 1)(N| + VJ\N}(N + 1|, we obtain:

(iG15) = (ilglg) + (il N) Vg (N + Llg|N + 1)Vo(N|Glj), (9.9)

from the Dyson-equation.

Inspecting this result shows that the only matrix element of g on the lead is the surface
Green’s function (N + 1|g|N + 1). If we limit G and ¢ to the central device, we can hence
write:

G=1+g¢%G. (9.10)

with 3 = \N}VJ(N + 1|g|N + 1)V (N| independent of the central device Green’s func-
tions. This Dyson-equation is equivalent to defining G with respect to the renormalised
Hamiltonian H.q + 3, i.e. the central device Hamiltonian with the self-energy added to
the on-site term at site N [86].

We now still have to calculate the surface Green’s function of the lead. It turns out that
due to its semi-infinity and translation invariance, this can be done very efficiently with a
recursive algorithm that basically doubles the size of the lead at each step [86].” Since this
scheme does not exploit the structure of the Hamiltonian in any kind of way — apart from
the fact that it must have next-neighbour coupling only — it applies to superconductor or
topological insulator leads without any limitations or extra effort.

9.2. Nambu-Gor’kov-Green’s Function on a Lattice

The RGF technique is traditionally used in transport calculations for low-dimensional
mesoscopic conductors like semi-conductor quantum wells [44] or graphene flakes [31], but

#Personal communication from T. Lofwander.
PThis scheme is explained in detail in the appendix of Ref. [86].
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9. Recursive Green’s Function Technique in the Superconducting State

has also been used to describe superconducting structures [122, 123, 5]. This extension
is straight-forward, since — as shown in the previous section — the Nambu-notation allows
us to write the mean-field Hamiltonian of BCS-theory as an operator which is quadratic
in (Nambu) field-operators and therefore complies to the basic requirement of the RGF-
technique, i.e., the Hamiltonian in question must be a single-particle Hamiltonian.

We denote Green’s functions and Hamiltonians in Nambu-space be calligraphic letters and
define the Nambu-Gor’kov Green’s function by:

G=(e+in—H)", (9.11)

where H is a tight-binding Hamiltonian in Nambu-space. Naturally, G has a matrix struc-
ture in particle-hole space, and the familiar Gor’kov Green’s functions are:

Gn,m Fn,m
(nIGlm) = < Cpm - T ) 7

in this context. Let us now assume that we know all eigenfunctions 1) of H with eigenvalues
€x. Generically, they have the structure:

alky) = Z“nkk\l)®7p®|n>+vm( k) @7 ® [n). (9.13)

(9.12)

Here, 7p, v, are the canonical basis of particle-hole space, and w, x(kj), vpa(—k) are
vectors in spin- and potentially orbital-space. It is then straight-forward to show that:

T
Up U, Vi /\Vn A
Gpn = _ =— 9.14
o z)\:e—i-in—e)\ Ze—i—m—e;\ ( )
_I.
Un AV A Vn Aun A
F = — ' A —
o ;e—i-in—e,\’ Ze—i—m—e)\

The Green’s function defined in (9.11) coincides with the usual definition of the Nambu-
Gor’kov Green’s function [3] in the absence of impurities or other self-energies.

Symmetry relations

As always, considering Nambu-space implies redundancy and thus a particle-hole sym-
metry relation. Our Green’s function is defined with respect to the BdG-Hamiltonian
H(k). Due to the symmetry of the operator in particle-hole space, for every eigenstate
Uy = (ur(k), va(—k))T with energy ey, 1y = (vr(—k),ur(k))T is an eigenstate of H*(—k)
with energy —ey. It is then easy to show that:

[G(—¢, —k)]" = G(e, k). (9.15)

In our case k = k|| and (k) is a tight-binding Hamiltonian, which does not change
anything about this result, since the particle-hole symmetry of H still holds.

Usually, the spectral function is defined as the trace over G only. From equation (9.14),
we see that this corresponds to the particle-like weight of the eigenstates. To extract the
full dispersion of the BdG-Hamiltonian, we will, however, consider a more unconventional
definition of A, i.e., take the full trace over G. In this case, the above symmetry relation
implies:

Ale,k) = — %Im [T (e k) — T G 10| (9.16)
=— élm [Tr G(e, k) + Tr G(—e, —k)} = A(—e,—k).

We will compare both definitions in our discussion of the results.
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9.3. The Gap-equation

9.3. The Gap-equation

The gap-equation for this problem, where the z-coordinate is in real space and the x, y-
coordinates in k-space, was given in Ref. [74] in terms of the BAG wave functions:

A(z) = —g(z)/dkHZu,\,T(kH,z)vf\?i(—k). (9.17)
A

Where the accent on the sum indicates that the sum is to be taken over eigenvectors with
0 < €y < €, €. being the energy cut-off.* Using that:

1 1
lim < : — : ) — —2mid(e — €)), (9.18)
n—0 \ €+ 1M — €y €— 1) — €\

is is straight-forward to show that this is identical to

de ~
B =gln) [ diy [ S ED )+ (B e k), (9.19)
e>0 “UT

in the context of our model, where (71, /) refers to the up-down entry in the spin-matrices
Fon, Fnn. Given that 3G = [GR]T and G¥ = (G® — G*)tanh(e/2kgT), this is also
consistent with the usual definition of the gap-equation in terms of F¥ at zero-temperature.

To perform the calculation of the gap-profile in the most efficient way, one must consider
a SC tight-binding chain coupled to the TI-lead on the left and the SC-lead on the right.
The part of the TB-chain considered to be the central device must contain the whole region
of varying A(n), i.e., must extend over several coherence lengths. The self-energy of the
TI-lead is then given by:

Si(ky), ) = T(Jlgri(ky, @) | I)T T + 1)(J +1]. (9.20)

Here, (J|gT1(k||, ¢)|J) is the surface Green’s function of the TT, and J+1 the site of the SC
next to the interface. Exploiting the transformation rules under rotations in the x-y-plane
discussed in the previous section, we obtain:

Sri(ky, ¢) = Usc TURUTL{T g (K, 0)| UL U T U, (9.21)
and thus

Stk ) = UscSri(ky, 0 U (9.22)

The same holds for the self-energy Ygc from the SC-lead and we arrive at:

Gk, ) = (e +in — Hsc(ky, ) — Sk, @) — Ssc(ky, ¢) ™" = UscG k), 0)ULs. (9.23)

This relation can be used to reduce the numerical effort for the calculation of the dkH =
k| - dkj dp-integral, since only G (kH, 0) must be calculated with the RGF-technique.

*In their definition of the BCS mean field Hamiltonian, Lababidi and Zhao choose the sign of the pairing
terms to be positive, as opposed to us. This leads to an additional minus sign in the gap-equation
stated here.
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10. Results

We briefly discuss the results obtained from our model and first show that our one-
dimensional TB-Hamiltonian correctly reproduces the bulk band structure of topological
insulator and also the surface states by comparing our numerical results to the solutions of
the continuum model. We then turn to the TT/SC heterostructure and discuss the induced
superconductivity in the interface states in terms of the spectral function which provides
their dispersion. Finally, we briefly comment on the spatial profile of the interface states,
which, not surprisingly, extend far into the superconductor, as already noted by Lababidi
and Zhao [74].

10.1. Analytical Discussion of the k-p-Model and Comparison
with Numerical Results

We first provide an analytical solution of the k-p-model at a vacuum boundary. Specifically,
we derive the surface state solutions and their dispersion. While this has been done already
[141, 80], we repeat the analysis here — the purpose being to check the validity of our tight-
binding model. We show that so-called hard wall boundary conditions for the TB-model,
i.e., simply terminating the tight-binding chain, implement the open boundary condition
(¥(z = 0) = 0) of the continuum model, and that the analytical solution of the surface
state dispersion and the spatial profile of these states is reproduced.

First, we need to obtain the plane wave solutions of Hry(k) for a given k| and €, ie., we
have to solve the Schrodinger equation for k.. Since we have second order terms in k, that
is a non-linear problem, but a system of linear equations can be obtained by introducing
the auxiliary vector &' = k,® [145] and:

I:IT[ = iLo(km, ky) -+ ilez + ilgk‘g (10.1)

The Schrodinger equation Hrp(k)® = e® then becomes [145]:

< —’52‘1(%0 —¢) —ﬁg%l ) < c%)/ ) = k- ( ;I,)/ ) (10.2)

i.e., an eigenvalue equation for k.. The solutions for k. and the corresponding eigenvectors
are easily inferred from this equation. Analytical expression can be obtained [79], but they
are cumbersome and will thus not be stated here. All we need to know at this point, is
that there are four eigenvalues for k, with k, = +k; 2. We are looking for states inside the
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band-gap of Hry(k). For energies € inside the gap, the solutions for k, will be complex, and
a surface state solution satisfying ¢)(z = 0) = 0 can be obtained from a linear superposition
of the corresponding eigenvectors. Assuming a semi-infinite crystal implies that only two
of the possible k, solutions allow for normalisability of the wave function. These are both
twofold degenerate, i.e., have a two dimensional eigenspace. We hence have the ansatz:*

U(ky,2,¢) = 1% o B (ky ) + - @52)} e [V @5 (ki) + - <I>§2)(’fu7€)]’
(10.3)

where ((CI”LQ)(LQ) @glf))T form a basis of the eigenspace of k; 2 in eq. (10.2). We know that
eigenspaces of different eigenvalues are necessarily orthogonal. The boundary condition
can however only be fulfilled with the above ansatz, if < @gl), <I>§2) > and < <I>(1), CI>§2) >
share a common subspace which is at least one-dimensional. This is not a contradiction,
since they are not eigenspaces of equation (10.2).> This condition provides an additional
constraint, resulting in the surface state dispersion e(ky, ky). The dispersion can hence be
obtained from:

0 = Det([@}", @?, & &), (10.4)

since these vectors need to be linearly dependent for the surface state to exist.

Surface state Hamiltonian

The surface state Hamiltonian can be obtained by solving the problem outlined above for
k)| = 0 and projecting the full Hamiltonian Hri(k) on these solutions [80]. This provides
a reasonable description of the surface states for small values of k. For k| = 0, the
Hamiltonian reads:

Huy(ky = 0) =(Co + C1k2) - Lasa+ (10.5)
My + Mlkg Bk 0 0
N Bok. —(Mg + Mk?) 0 0
0 0 My + Mlk'g — Bk, ’
0 0 —Bok,  —(My + Mk?)

i.e., is block-diagonal, and we have solutions with the structure WUy = (14 0, v, =
(0 ;)T [80]. We consider the upper block, the eigenvalue equation fITI(kH =0)Uy = ey
can be rewritten as [80]:°

[(Co — e+ C1k2)vn — (Mo + Mik2)ivs| ¢ = —Bok.ty. (10.6)

Diagonalising the matrix yields two solutions for v, which we call ¢+, since they are the
same for the lower block (note that the difference between the upper and the lower block
is only a sign change on the right side of equation (10.6)). The equation then becomes:

1/2

+ [(—&+ C1k2)* — (Mo + M1k2)?] '~ 1 = —Bok.px, (10.7)
with € = —Cy + €, which yields an equation for k,:
(—&+ C1k2)* — (Mo + Mik2)? = Bik2, (10.8)

#This ansatz implicitly assumes that ki o are the decaying solutions. This assumption can be made
without loss of generality, since the solutions come in +-pairs.

®Only the spaces spanned by the full eigenvectors (&', ®)7 are.

“Recall that 11,23 are the Pauli-matrices in orbital-space.
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that has the same solutions as above, i.e. k, = £k,. From (10.7), we now see immediately
that if k, is a solution for ¢4, then —k, is a solution for ¢_. ¢ are given by:

T
(—é:-l- Clkgé) — (Mo + Mlk(%)
_= ]_ 1 .
e (\/(—5+ C1k2) + (Mo + M;k2) ’ (10.9)

T
. (—€+ Cﬂﬂ%) — (Mo + Mlk‘g) 1
¥- (—€+ C1Kk2) + (Mo + M;k2) ’

where ¢ is a normalisation constant. The existence condition of the surface state implies
that ¢4 must be the same for o = 1, 2, which gives an implicit equation for the energy of
the surface state:

&= My — (C1 + M)y /K32, (10.10)
This equation is quadratic in € and hence has two solutions:
~ CiMy
My
but there should only be one. Plugging £; into (10.8), however, shows that either kj or ko

is zero, which does not allow for the construction of a surface state, i.e. 9 = &9 4+ C is
the energy of the surface state. The surface state hence has the structure:

§1=My &= , (10.11)

Pr = (aei® 4 Be)p, 4 (yem 17 1 gemik)p (10.12)
Due to normalisability, we have § = v = 0, and consequently:
1 . A
Pp = §(€Zklz —e*P)p,, (10.13)
fulfils the boundary condition. This implies on the other hand:
1 . .
vy =4[ 5™ — e (10.14)

Thus, we fully solved the edge states for k = 0. One may now try to construct the
solutions for finite k) from these states. To this end, we separate Hpp = ﬁ(@z) + fz(kgc, ky)
and observe that the states constructed above solve h(8,) since h(k, = 0, ky,=0)=0. For
the states ¢ we introduce the notation:

pr=clx D o =c(—x 1T, (10.15)
Now that WeAknow ki,ko and e, x only depends on model parameters. Projecting the
Hamiltonian h(ks, ky) on the states ¢4, p_ then results in [80]:

o,
+ 13 w4+ _ £2 +~C2k;|‘ ZAO]f_ 101
(h eD)h(ke, ky) < o ) ( Cidoks ert Okt | (10.16)
with
Cy = |c[* - [(Ca + M) |x|* + (Co — My)], Ao = —|c|* - 2Im - Ap. (10.17)

In the special case of Cy = C; = 0, we have €5 = 0 and x = 7, resulting in C’l = 0, the
surface state Hamiltonian reduces to [80]:

Hgurtace = _AO(kyUm - kxo'y)7 (1018)

which agrees with the standard model Hamiltonian that enters the Fu-Kane model after
the transformation:

Ag(0pks + 0yky) = UHgutacoU', (10.19)

with U = e~io=m/4,
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Figure 10.1. — Left: Dispersion of the surface states calculated from (10.4) (blue) and from
the effective surface state Hamiltonian (10.16) (dashed-green) and the pair of bulk-bands for
k. = 0 (solid-red) and k, = 0.21A~! (dashed-red). The parameters of the k-p-model are those
of Ref. [80] for BiySes, but Cy has been shifted so that the crossing-point of the surface state
dispersion lies as € = 0. The dispersion is plotted along the cut k, = k,. Right: Dispersion of
the bulk states for k, = k, = 0 as a function of k..

Numerical results and comparison

In Fig. 10.1, we compare the dispersion of the surface states obtained from the effective
surface state Hamiltonian in equation (10.16) to that inferred from the general existence
condition (10.4). The agreement is perfect, even far away from the I'-point. This is
surprising, since the solutions k1,2 do in general depend on kj, which should imply a
renormalisation of the surface state dispersion. We also plot two pairs of bulk-states. At
k, = 0, we have the band-minimum of the conduction band and at k, = 0.21A~! the
maximum of the valence band. The dispersion of the bulk bands as a function of k, is
plotted on the right-hand side of Fig. 10.1. Note that the valence band has a very flat
dispersion around the band maximum.

For comparison, we plot the numerical result obtained from the tight-binding model we in-
troduced before in Fig. 10.3. We consider a semi-infinite topological insulator, the spectral
function Ap(k|j,€) is evaluated at site n=200. We see that the dispersion of the surface
states agrees exactly with the analytical model. The spectral weight of the surface states
is, however, not homogenous, which implies that their spatial profile in the z-direction
changes as a function of kj|. The spectral density of the bulk-states also agrees well with
what one would expect from the analytical solution. The band maxima and minima are
consistent with the analytical solution and the enhanced spectral weight in the valence
band agrees with its flat dispersion. The spectral weight of the conduction band is small
in comparison and decreases for higher energies. Given the steep dispersion of this band,
this is not surprising.

In Fig. 10.4, we compare the spatial profile of the surface states at k; = 0. The local
spectral function is proportional to the square modulus of the wave function and must
thus be compared to:

X(2)P = [eF1® — eth2 )2, (10.20)

with k1 = 0.5237iA~1 and ko = 0.0779iA~! for the given set of parameters. We normalise
both quantities to their maximum value and find that the spatial profile agrees perfectly
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Figure 10.2. — The tight-binding model used to calculate the spectral function for a topo-
logical insulator with a single surface.
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Figure 10.3. — Left: Spectral function at site n=200 for a = 0.1A and n = 0.005eV. Right:
cut along k, = 0 and k, = 0.0065A~'. k, = k, was assumed for these calculations.

if 2z = n - a is assumed, where n is the site number and a the lattice constant of the TB-
model.* We also checked this for finite values of k|, using equation (10.2) to obtain the
values of k2. We find that the spatial profile of the states indeed changes with k|| and
that the negative energy states decay faster than the positive energy ones. This can be
understood from the fact that the negative branch moves deeper into the bulk-gap, while
the positive branch approaches the conduction band. The agreement with the TB-model
is again perfect (not shown here).

To conclude, we established that the tight-binding model we put forward reproduces ma-
terial specific properties, i.e. the band structure, correctly and that terminating the tight-
binding chain implements the vacuum boundary condition. Both the dispersion and the
spatial profile of the surface states are found to be in perfect agreement with analytical
results.

10.2. Interface State Dispersions

In the following, we discuss how the dispersion of the surface states is renormalised when
the TI is coupled to the superconductor. If we are interested in the dispersion only, the
most effective model to consider is a single TI-site coupled to semi-infinite leads on the left
and right (see Fig. 10.5). This single site is the one sitting right next to the interface. The
spectral weight is relatively small here, since the states reach their maximum amplitude
deeper inside the TI. The relevant energy scale is given by the superconducting gap, this
implies that compared to Fig. 10.3, we stay very close to the I'-point. Note that the spectral
function is calculated from the full trace over the Nambu-Gor’kov Green’s function G, in
order to obtain the full dispersion of the BdG-Hamiltonian. Usually, the trace is taken

#This implies that the first site of the semi-infinite TB-chain does not correspond to the surface, i.e. z =0,
but to z = a.
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Figure 10.4. — The spectral function A, (k| = 0,e = 0) was calculated for a = 0.1A and
n = le~%eV. Both |x(2)|? and A,, are normalised to their maximum value. z = n - a. Note
that n = 1 corresponds to z = 0.1A, not to z = 0.
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Figure 10.5. — Model used to calculate the interface state dispersion. A single TI-site is
coupled to semi-infinite leads on the left and right. The green line indicates that the surface
Green’s function of the superconductor couples through the transfer-Hamiltonian to the site.

over G only. We will consider that case later on. The surface state dispersion is plotted in
the top panel of Fig. 10.6, i.e., the coupling to the SC is turned off. In the other plots, we
show the result for finite coupling (¢ # 0). We observe that a gap opens in the dispersion of
the interface states and the spectral function is symmetric both in energy and momentum.
Two pairs of dispersions appear due to the doubling of states that arises as a consequence
of the Nambu-space construction. The spectral weight of the states is enhanced for energies
smaller than the bulk-gap of the superconductor. This is because truly localised states
exist only for these energies. For energies exceeding |Agc|, the surface states of the TI
hybridise with the continuum of bulk-states of the superconductor. The size of the induced
gap increases with the coupling parameter ¢ that enters the transfer-Hamiltonian (8.19)
until the point of ideal coupling is reached at about ¢t = 0.85 for this choice of parameters.
At this point, the interface states merge fully into the DOS of the superconductor, and
there are basically no states left inside the superconducting gap. As t increases further,
the coupling becomes weaker again and the induced gap eventually closes. For large ¢, the
superconductor is effectively decoupled, but the surface state dispersion is shifted in energy
compared to the t = 0 case. The plot shown for ¢ = 20 in Fig. 10.6 is a bit confusing in
this respect, since a second pair of states appears that is shifted in the opposite direction.
Again, this is a consequence of the fact that we trace over the whole Nambu-Gor’kov
Green’s function. For clarity, the spectral function calculated from the trace over G only
is plotted in Fig. 10.7. Obviously, the I'-point of the surface state dispersion is shifted to
negative energies. In terms of the Fu-Kane model, this corresponds to g > 0. This shift
increases with the coupling strength and is maximal for ¢t = 0.85.2

At energies smaller than Agc and for intermediate couplings, the dispersion looks indeed
very similar to that of the Fu-Kane model, which we plotted in Fig 7.2. We shall discuss

*Note that the momentum scale is larger by a factor of 10 in the t = 0.85 plot.
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Figure 10.6. — The spectral function A, (kj,¢) for a = 0.1A and n = 5e %eV. The blue
dashed lines indicate the bulk-gap of the superconductor. Top-left: ¢ = 0; top-right: ¢ = 0.65;
middle-left: ¢t = 0.75; middle-right: ¢ = 0.85; bottom-left: ¢ = 1.05; bottom-right: ¢t = 20.
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Figure 10.7. — The spectral function A, (kj|, €) with the trace over G only for a = 0.1A and
n = 5e~%eV. The blue dashed lines indicate the bulk-gap of the superconductor. Left: ¢ = 0.65;
right: ¢ = 0.75.

this in more detail in the next section.

An important question to address is the dependence of these results on the lattice param-
eter a. As shown in the previous section, the spectral function is invariant under changes
of a and reproduces the continuum model, provided that a is small enough. This does,
however, only hold if the tight-binding model has a proper continuum limit, as it is the case
for the semi-infinite T1 we considered before. The model we consider here does not have
a continuum limit. The transfer-Hamiltonian was chosen ad-hoc and does not increase in
size when a is reduced. Consequently, our results depend quantitatively on the choice of
a, but the conclusions we draw from our analysis do not. For two different choices of a,
we find two choices of ¢t which give us the same coupling strength. This is illustrated in
Fig. 10.8, where we plot the position of the minimum (€min, kz min) of the interface state
dispersion as function of ¢ for two values of the lattice constant. The point where the
coupling is maximal is almost invariant at around ¢ ~ 0.845 — 0.85, but is suppressed more
quickly for a = 0.01A than for a = 0.1A. In fact, for two different lattice constants a2,
we find that if the curves for as are rescaled with the formula:

a
t, = (t - tmax) : ;; + tmaXa (10.21)

where tp,.x is the position of the maximum, they agree relatively well around the maximum,
but not for large t. For t — oo, a shift of the dispersion in energy remains, which is
different for different values of a. In the context of a real system, the transfer-Hamiltonian
is supposed to model the interface coupling of the two materials and should in principle
be calculated from overlaps of atomic orbitals. In the ad-hoc model we chose, t has does
not have the meaning of a transmission coefficient as in the scattering matrix approach we
considered in the context of quasiclassical theory. It rather serves to interpolate between
the band dispersions of the adjacent materials. Thus, there is some ideal value of it, which
depends on the material parameters. Other choices for this transfer-Hamiltonian have been
considered in the literature, as, for instance, the mean-square of the hopping elements [123].
But in any case, our choice allows us to model the superconducting proximity effect in the
surface states of a topological insulator both in weak and strong coupling limits, and the
conclusion we draw from it for the validity of the Fu-Kane model are independent of the
lattice-parameter choice.
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Figure 10.8. — Position of the minimum enin, bz min Of the interface state dispersion as
inferred from the spectral function for n = 5e_5ey and an energy resolution of Ae = 4e=%eV
and a momentum resolution of Ak, = 3.33¢°A~! and k, = k,. Blue: a = 0.1A; green:
a = 0.01A; red: @ = 0.01A with ¢ rescaled as ¢t = (t —0.845) - 10. The position of the minimum
was determined from the maximum of the spectral function at the bottom of the interface
state dispersion, which lies slightly above the SC bulk-gap for ideal coupling. The values of
€min N the range of weak coupling (emin < 0.1Agc) are not very accurate, as it is hard to tell
in these cases, whether the gap already closed or not.

10.3. Comparison with the Fu-Kane Model

In Fig. 10.9 , we plot the spectral function for a = 0.1A and t = 0.65, 0.75 and fit the
dispersion of the Fu-Kane Hamiltonian (7.3) to our numerical data. The fit-values are
stated in table 10.1. Naturally, the Fu-Kane model does not capture the fact that apart
from the gap induced in the interface states, Apk, the bulk-gap of the superconductor
does also play an important role. Thus, it is not surprising that this theory does not
describe the dispersion correctly at energies comparable to Agc. As long as the interface
states do not merge completely into the bulk-DOS of the superconductor, it is, however,
always possible to obtain a reasonable fit to the Fu-Kane model around the minimum of
the interface state dispersion.

Fu-Kane theory assumes a singlet-gap which is independent of momentum and energy. In
the context of McMillan theory, this pair-potential must be provided by the self-energy Ygc
of the superconducting lead coupled through the transfer-Hamiltonian to the topological
insulator. While it is easy to show that with our choice of the transfer-Hamiltonian,
this self-energy does indeed have the spin-structure of a singlet pair potential in its off-
diagonal terms in particle-hole space, it also depends on energy and momentum. However,
this dependence is weak for small € and k||, and one is thus tempted to approximate:

Esc(k”, 6) ~ ZSC(kH = 0, € = 0). (10.22)

In the bottom row of Fig. 10.9, we show the spectral function calculated from our model
with this approximation. In regard to the plot for ¢ = 0.65, we observe that (a) the
spectrum is in reasonable agreement with the one using the correct self-energy for small
energies and (b) it can be perfectly fitted with the Fu-Kane model. In the case of stronger
coupling, however, the approximation does not make any sense at all; the induced gap
in the interface states would be even larger than the bulk-gap of the superconductor, as
shown in the plot for ¢ = 0.75.

In conclusion, one may say that the phenomenological Fu-Kane model provides a reason-
able description of the proximity effect in surface states of topological insulators if the
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Figure 10.9. — Top row: spectral function for ¢ = 0.65 (left) and ¢ = 0.75 (right), a = 0.1A,
n = be ?eV, with fitted dispersions of the Fu-Kane Hamiltonian. Bottom row: spectral
function for the same parameters but with the approximation Xsc(kj|, €) = Xsc(k) = 0,¢ = 0).

Apg/ meV | p/ meV | hvp/ eVA
t =0.65 0.385 0.46 1.2
t=0.75 0.83 0.37 0.4
t=0.65, Ssc = Ssc(k = 0,e=0) | 057 0.73 19

Table 10.1. — Fit-parameters for the fits shown in Fig 10.9.

coupling to the SC is weak to intermediate, i.e., Apx ~ 0.5Agc, but is not a valid ap-
proximation if the coupling is strong. In the latter case, the proximity effect is properly
described if the energy and momentum dependence of the self-energy Ygc is taken into
account. From the structure of the self-energy:

Ssc = Tlgsc(ky, e)T, (10.23)

we also see that the induced gap is not necessarily of the singlet type if 7 contains spin-flip
elements.

These results are in line with the general argument of Sau et al. [108], who derived an
analytical expression for this self-energy assuming a general basis of normal-state wave
functions for the superconducting lead and directly included it in the surface state Hamil-
tonian of the TI.

10.4. Spatial Profile of the Interface States

Finally, we shortly discuss the spatial profile of the interface states shown in Fig. 10.10
for the states at the bottom of the interface state dispersion and ¢ = 0.65, 0.75. We
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Figure 10.10. — Spatial profile of the interface states for ¢ = 0.65 (blue) and ¢ = 0.75
(green), a = 0.1A and n = 5e %eV, at the bottom of the interface state dispersion, i.e.,
ky = k, = 0.00273A7!(blue), = 0.00657A~*(green) and ¢ = 0.38meV (blue), = 0.83meV

(green). The interface is at z = 2A, the left plot shows the profile inside the TI, the right
plot the profile inside the SC. The oscillations on the kp-scale are very fast and not properly

resolved in the plots shown here.

observe that most of the spectral weight of the states still resides inside the TI, even for
relatively strong coupling and that the states are well localised on the Tl-side. In the
superconductor, the local spectral weight is a lot smaller, the wave function oscillates on
the interatomic scale and decays on the scale of the superconducting coherence length.
We also observe that the decay is stronger for ¢ = 0.65, which can be understood from
the fact that the corresponding state lies deeper inside the gap than the state we plot for
t = 0.75. Thus, the interface states are in fact not well localised inside the SC, which
is not surprising, since the relevant energy gap, Agc, is two orders of magnitude smaller

than the band-gap of the TI.
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Conclusion

In the first part of this thesis we presented a comprehensive study of the triplet proximity
effect at superconductor-ferromagnet interfaces, focusing on two prominent problems: the
Andreev spectra of point-contacts and the Josephson effect. This analysis was carried
out with the quasiclassical Green’s function method using a generalisation of its boundary
conditions at interfaces and surfaces.

We derived a theory of conductance spectra that fully accounts for effects due spin-
dependent scattering and Fermi-surface geometry in the ballistic limit and showed that
it contains earlier theoretical models of this problem as limiting cases. In this context,
we also analysed the scattering effects responsible for the creation of triplet-correlations
in terms of various models for interface potentials. The theory was directly compared to
experimental data on CrOy and (Ga,Mn)As. We were able to show that these cannot only
be fitted with our theory, but that our model also provides new physical interpretations
that we believe to be more sound than the conclusions inferred from extended BTK-theory.

In regard to the Josephson effect, the most prominent prediction resulting from our analysis
is the emergence of exotic current-phase relations (CPRs) that arise from the magnetisa-
tion of the interfaces. An implication of this is the prediction of a spin Josephson effect
in superconductor-ferromagnet heterostructures with only one superconducting electrode.
The Fourier-analysis of the current-phase relation shows that there are two dominant pro-
cesses of Cooper-pair transfer. The first is the spin-neutral crossed pair transmission, with
an equal number of triplet pairs transferred in both spin-bands, and the second one are
the spin-polarised contributions that depend on the first harmonics in Ap.* This addi-
tional handle, which is provided by the relative misalignment of interface magnetisation
directions, may offer interesting perspectives for controlling the CPR through magnetic
fields. However, experiments on the long range triplet Josephson effect focused on crit-
ical currents so far, while current-phase relations have, to our knowledge, not yet been
investigated.

We showed that the presence of anti-ferromagnetic domain structure in the interlayer
implies additional backscattering of quasiparticles and hence an additional suppression of
the supercurrent. We also found that this domain structure may imply a 0-7 switching
behaviour of the current-phase relation. We provided a comprehensive study of the critical
current as a function of junction length and temperature. In particular, we investigated
the temperature anomaly predicted for half metallic junctions in the ferromagnetic case
and in the presence of domain walls. Additional pair-breaking at the domain boundaries,
which would be provided by spin-flip scattering, was neglected here, but must be included
to explain the observations of Khasawneh et al. [70], who refer to it as ’spin-memory loss’.

The idea of creating a p, + ip, state by means of the triplet-proximity effect, where the
singlet-triplet conversion is caused by spin-orbit coupling, was briefly commented on. We
showed that if a ferromagnet is considered instead of half metal, two such states with

Ay is the relative angle between the quantisation axes of the two interfaces.
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opposite chirality can be induced and are stable against backscattering at a surface. We
therefore conclude that such states could be engineered in thin ferromagnetic layers, if the
samples are clean.

In the second part, a numerical analysis of the superconducting proximity effect in the
surface states of topological insulators was presented and compared to the phenomenolog-
ical model of Fu and Kane. In agreement with earlier work on this problem, we found
that the phenomenological model can be understood in terms of McMillan’s theory of the
proximity effect in the regime of weak to intermediate coupling. If the effective self-energy
of the superconductor is approximated by its zero-energy and zero-momentum value, its
anomalous part has exactly the same structure as a singlet pair-potential if the interface is
not spin-active. This picture breaks down if the coupling to the superconductor becomes
strong and the energy and momentum dependence of the self-energy must be retained in
that case. While this problem has been studied before, the numerical method that we de-
scribe and employ is very efficient and allows for material specific calculations by starting
from multi-orbital tight-binding models. We believe that it can be useful in the future for
transport calculations in topological insulator nanostructures.
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Appendix

A. Parameterisation of U(4) matrices

The boundary conditions discussed in chapter 3 are formulated in terms of incoming Riccati
amplitudes and the scattering matrix for quasiparticles in the normal state. The only
fundamental symmetry of this matrix is unitarity. Other symmetries may be implied by
symmetries of the physical problem under consideration. In the case we consider here,
i.e. an N/I/FM interface, the only remaining symmetry is translational invariance in the
x-y-plane, implying the conservation of parallel momentum. Spin-rotation symmetry is
fully broken if the quantisation axes of the interface and the ferromagnet are misaligned.

A general unitary 4 x 4 matrix has 16 free parameters, a 3 x 3 matrix has 9. Thus, to
facilitate the interpretation of results, it is highly desirable to find a representation of the
S-matrix that supplies a set of parameters with a clear physical meaning, and, if possible,
eliminate at least some of them. The latter is indeed possible, since we are free to choose
the spin-quantisation in the superconductor (normal metal here), and because the region
which we define to be the interface can extend into the asymptotic regions (N and FM
parts) without changing physical results. Eventually, the considerations we discuss here
lead to the parameterisations stated in egs. (4.2) and (4.3).

It is a well-known result of linear algebra that any n x n matrix possesses at least one
singular value decomposition (SVD):

A=UAVT, (A1)

where A = diag(A1, A2, ..., \p), with \; real and > 0 and U, V unitary. Our starting point
is a 'partial’ singular value decomposition of the S-matrix, i.e., a SVD is computed for the
transmission and reflection sub-blocks independently [40, 53]:

t Al
S:<URV WTZ > (A.2)

W1zt —URVT
where U, V, W, Z, W, Z, U and V are unitary 2 x 2-matrices, while R, T T, R
are diagonal, real matrices with positive entries. These singular values can be identified
with generalised transmission and reflection parameters, while the outer unitary matrices
contain all scattering phases and rotations in spin-space implied by the spin-activity of the

interface. As explained above, the SVD is general, which means that we did not exploit
the unitarity of S so far. The unitarity relation SST = 1 provides us with the equations:

U(l-RHUT=wrTW', V(1 -R)V =2T"TZ, (A.3)
Ul -RHU =wTT'Wi, v(1-R)VI=2TTZT,

which are the diagonal parts of StS = 1 and SST = 1. The first of these equations can
be written as WTU(1 — R2)UTW = TTT. Obviously (1 — R?) and TTT are related to
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one another by what is called a similarity transformation. A similarity transformation
preserves the eigenvalues of any matrix. In this case, both matrices are diagonal and one
may erroneously infer that they should thus be identical. However, it is clear that while
the eigenvalues are the same, a similarity transformation still allows for a permutation, so
(1—R?) = TT' does not hold in general. Then again, permuting the eigenvalues of a 2 x 2
diagonal matrix corresponds to the similarity transformation > — 0,¥0, and we may just
redefine the matrices W, Z, W, Z by X — Xo, if needed to exclude this possibility. Note
that such a redefined matrix is again unitary, which implies that this construction does not
cause any contradictions to the SVD that we started with. To sum it up, we can assume
without loss of generality that

(1-R)»=TT" =TT, (A.4)
(1-R)) =TT =TT". (A.5)

Since both T and T are real with positive eigenvalues, we can infer T' = Tand R=R =

V1 —T? from this.

To proceed, we need to assume that the matrices ® = WU, U = Ztv, & = WU and
¥ = Z'V are diagonal. This is necessarily the case if the eigenvalues of T, R are not
degenerate. Since we consider a ferromagnetic interface, this is generically true. If they
are degenerate, i.e., R and T" are proportional to the unit matrix, the following argument
holds as well. Namely, it follows from the remaining unitarity conditions

URVIZT'WT = WTZVRUT, (A.6)
VRUWTZ' = zTTWTURVT (A7)

that
oIy = 0o, (A.8)

This can be used to simplify the partial SVD [53]:

g_ [ URROVT wTZzt aZ R T vioo (A.9)
- wrTzt  —UUtROVY ) T\ 0 U T —R 0o Vi)’ ’

with the definitions U®T — ¢, U¥T — ¢4, ®VT — VI and UV — Vi, This means that the
partial SVD is first redefined for the diagonal blocks and the equation then follows from
(A.8) and the fact that either, ¥, @, T, P are diagonal, or R and T are proportional to the
unit matrix. Thus, we arrived at a decomposition with an appealing structure. The central
part is a block-diagonal scattering matrix with real entries that can be identified with
generalised reflection and transmission coefficients. The outer matrices define rotations in
spin-space and phase factors for incoming (V, V) and outgoing (U4,U) scattering states on
either side of the interface. One may continue to decompose them in matrices containing
scattering phases and matrices belonging to SU(2), i.e., rotations in spin-space. We do
not discuss further details of this and simply state the final result [53]:

s= (0 a0
X(W UT >
o —1-TT

(T A)E ) e
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A. Parameterisation of U(4) matrices

The matrices Q, Q, Y, Y € SU (2) are the rotations in spin-space. They can be parame-

terised as:
_( cos(e/2)  —sin(a/2)e”
rot(o, ) = ( sin(Oé/Q)ew COS(a/Q) ) . (A.11)

The matrices ®2, &2 and U2 contain the scattering phases (¥ = (\IJ%)Q) They can be
written as: o
phase(n, ¥) = ¢"e'=Y/2, (A.12)

For reasons that are obvious from our discussion of the spin-mixing effect, we choose a def-
inition where 7 is a global phase and 1 a relative phase [53]. Note that this decomposition
has exactly 16 independent parameters and thus describes a general U(4) matrix.

On the basis of this decomposition, we may now try to reduce the number of free parameters
using the ’gauge’ freedom that we have. To this effect, we exploit the fact that we are
free to choose a spin-quantisation axis in the normal region, since the scattering states on
that side of the interface are invariant under spin-rotations. We thus assume @ = 1 [53].
Moreover, as explained in chapter 4, we may assume that the quantisation axis rotates in
the x-z-plane only, since an additional rotation in the x-y-plane can be accounted for by
the transformation stated in eq. (4.4). We hence have YT = YT Yi=Y7T, Qf = QT and
U is real [53].

The second ’gauge’ freedom we have arises from the fact that the choice of an interface
region is arbitrary in the sense that all physical results must be independent of how far
we define the interface to extend into the asymptotic regions.* This results in a gauge
transformation that accounts for the additional propagation of the scattered waves inside
these asymptotic regions [53]:

S =nSn (A.13)

with
e 0
n= < 0 eilmtns+(nz—nz)o:)/2 ) : (A.14)

By plugging the transformed S-matrix into the boundary conditions, one can show that
both the outgoing coherence and the distribution functions are indeed invariant [53]. The
additional phases 1,792,713 can be used to obtain exactly the structure of the S-matrix
shown in eq. (4.2) [53]. Finally, we discuss the relation of this decomposition to the spin-
mixing phases. For reflections on the left side of the interface (superconductor side), the
only complex phase that remains is the relative phase in @é, which must thus be identified
with the spin-mixing angle [53]:

¥ =dgp. (A.15)

It is also clear that the rotation angle « entering the reflection block on the SC side, is
due to Y, which is why we refer to it as ay in chapters 4 and 5. Unfortunately, there is
no simple relation for the mixing phases 95 3.

We focused on the more complicated case of ferromagnetic trajectories here. The 3 x 3 case
relevant for the half metallic ones is fully analogous, but also simpler, as all ~-matrices
above are just scalar phases [40]. This also implies the important relation [53]:

U2 = Vo /2, (A.16)

that we refer to in chapter 4.

#Obviously, the interface must still be a lot smaller than the coherence length.
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B. Scattering Matrix of the Box-Potential

The normal-state scattering matrix entering the quasiclassical boundary conditions cannot
be obtained within QC theory itself. In the case of a box-potential, we calculate it from
plane wave matching in the normal state, using the model described in chapter 4.

We will consider two types of interface Hamiltonians, either containing a ferromagnetic
exchange field:

S
H' =3 (68 + 5 - F)eia (B.1)
kuv
or a spin-orbit coupling term:
H' =" el (&b + afic - 7). (B.2)
kuv
Here, the g-vector is given by [41]:
kx2 1
G - kg, 0) (B.3)

9k = = = (ky,
x| Rk
= (Sincpk,—cos @kao)'

Accordingly, the normal state Hamiltonians of the ferromagnet and the superconductor
read:

J
HFM = Z CLM(&EM&HV + 5 : O)Ckuv (B4)
kuv
75 =3 " (6% ) cn (B.5)
kuv

Obviously, H5C is invariant under rotations in spin-space, while both H' and H¥M break

. . I,SC,FM . . .
spin-rotation symmetry. For &/ , we assume a parabolic dispersion with the same
effective mass in all cases. The dispersions 511{ and and fEM are, however, shifted by a
constant energy V1 and Vg respectively compared to fﬁc. No matter whether an interface-
layer with spin-orbit coupling or with a ferromagnetic exchange field is considered, for any
wave vector k, there is a unitary matrix Uy mapping the spin-eigenbasis of the interface
to that of the ferromagnet:

ox _ qin %k ik
COS 2 S 28 )

Uy = . .
k sin Fee’¥k cos %

(B.6)

The k-dependence arises only in the spin-orbit case and is the crucial mechanism leading
to p-wave superconductivity in the FM layer.

The scattering matrix is obtained by diagonalising the Hamiltonians and inferring the
respective values of k, at the Fermi-level for a given kj|. The corresponding wave-functions
in the three layers are then matched at the SC/I and the I/FM interface, respectively,
assuming that the spin-quantisation axis in the SC is aligned with that of the interface,
while at the I/FM interface, the rotation Uy must be taken into account [53, 51]. Solving
this problem is an exercise in elementary quantum mechanics, we presented a solution of
it in Ref. [51].

As explained in chapter 3, the requirement that k| be conserved across the interface
implies that even if the ferromagnet is not fully spin-polarised, some trajectories will have
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B. Scattering Matrix of the Box-Potential

an evanescent solution in the minority band of the FM, corresponding to the half metallic
case. In the case where this minority band solution is propagating, we obtain a 4 x 4
scattering matrix. If it is evanescent, the matrix is 3 x 3.

The plane wave ansatz for the normal metal (more precisely, the superconductor in the
normal state) is [53]:

ik ) s 4 A 4
\I/SC — € 1+ ezlﬂz + 1+ efzklz (B7)
ol (S Ea O

with ‘EHP + k? = 2mEp/h%. The plane waves inside the interface have imaginary wave
vectors if the interface potential is larger than the Fermi-energy. We thus have [53]:

s Bief+* 4 Cpe ™ +?
ol = chImipy, ( Bire“—z N C’te_”—z ) . (B.8)

The values k+ depend on the interface Hamiltonian. In chapter 6, we also considered the
case where some of the interface plane waves are propagating. The interface spinor must
be rotated onto the quantisation axis of the FM, which is why Uy appears here.

Finally, the ansatz for the FM reads [53]:

M i %6_“‘72('3_0‘) %eikz(z—a)
\I] = 62 14l jfgje—ikg(z—a) + \’/473*261']’33(3_“) 5 (Bg)
V3 Vs

where |ky|? + k3 = 2m(Ep — Vs + J/2) /8% and [ky|? + k3 = 2m(Bp — Ven — J/2)/12 if
both solutions are propagating (FM-case), and

3726—7;]92 (z—a) ﬂeikz(z—a)
Vv L ve2
0 Dge "3 (z—a)

where |l;:)|||2 + k3 = 2m(Ep — Vem + J/2)/h? and |EH|2 — k3 = 2m(Ep — Vem — J/2)/h2, in
the half metallic case.

PFM _ ik ) : (B.10)

The scattering matrices are then defined by the relations [53]:

Avy o Ay S1+

A S1—

Al =Sem | |, A | =Suu | s |, (B.11)
2 52 A s

Ag 83 2 2

for these two cases.

Spin-rotation matrix

We discuss the spin-orbit coupled case first and introduce a spin-rotation mapping the
quantisation axis of the interface onto the Z-axis [41]:

1 1 —je ik
Uy = 7 ( i . > . (B.12)

If the quantisation axis of the FM is not aligned with the Z-axis, a second rotation, mapping
the FM-quantisation axis onto the Z-axis, must be considered:

D—(COSQ —51112>7 (B.13)

: (0% (0%
S1n b COS b
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Figure B.1. — Definition of angles for the spin-orbit interface (left) and the ferromagnetic
interface (right).

assuming that the rotation is in the x-z-plane. We then have Uy = Dl.

In the ferromagnetic case, Uy is independent of k and given by:
a —gin Qe
U—( cos 5 sin Se >’ (B.14)

in Qet® a
sin 5e COS 5

where a and ¢ characterise the misalignment between Ji and J.
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C. Scattering Matrix of the Smooth Potential

C. Scattering Matrix of the Smooth Potential

The scattering matrix for the smooth potential model is obtained numerically with the
Recursive Green’s Function technique. Since the effective mass is assumed to be the same
throughout the structure, we do not have the problem of having to introduce a transfer-
Hamiltonian, as in the case of the topological insulator-superconductor interface. Instead,
the hopping elements of the tight-binding model are the same everywhere and read:

2h2¢2
V pu—

00, (C.1)

with ¢ = —i/2a. The on-site Hilbert-space only has a spin degree of freedom, since we
consider a single band and the normal state of the system. The on-site term reads:

2

O(n, kH) = f

%(kﬁ —8t% oo + V(n), (C.2)

where V'(n) is a matrix in spin-space that accounts for the interface potential whose spatial
variation is stated in chapter 3. We couple a central device region, where V' (n) varies, to
semi-infinite leads on both sides, where V' = 0 (left lead) and V = Vin + 5073 (right lead).

The scattering matrix is calculated from the Green’s function by means of the Fisher-Lee
relations:

Ry, Tir
S(ky) = , C.3
o= e ) (€3)
with:
Ry, = —0p + Z'UlGl,l, Tir = i\/lel,NV (C4)

Try = iy/v1vGpN, Rr = —09+ivGynv,

where v; is the Fermi-velocity of the normal metal and v? = diag(ve, v3), with vg 3 the
Fermi-velocities of the FM-bands. 1 and N are the sites at the endpoints of the central
device, and G = G(k||,e = Ep). As discussed in the section on the parameterisation of the
S-matrix, it is irrelevant how far the central-device region extends into the region where
V = const.
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D. Solution of the Boundary Conditions for the Josephson
Geometry
Solutions at the SC/FM-interface

The solutions of the boundary conditions for FM-trajectories read:

Lo = vy + Do 191712 + Doc373752,  I's = Y33 + Tsc171713 + Tae2¥2793, (D.1)
with the auxiliary amplitudes:
Toc1 = (y91 + Tacs¥3y31) - N1, Taen = (931 + Taea¥2yy) - M, (D.2)
Dac3 = (a3 + 701 N171713) - N3, Tzeo = (132 + 131 N191712) - Na,
and
Ny =(1—=%m) (D.3)
No = (1= 32732 — 4215 Ni71712) 7 N3 = (1= 3733 — 375 N191713) ™
These solutions hold for both retarded and Matsubara amplitudes. We do not state the
solution for I'y, as it is irrelevant here.

The diagrammatic representation of these solutions can be cast into a finite graph, as
demonstrated in Fig. D.2 for I'y. The graph is to be understood in the following sense:
The complete solution is obtained by summing over all paths that can be generated by
walking through the graph, starting at one of the three ’entrance’ diagrams in the topmost
row and ending at on of the three ’exit’ diagrams shown in the second row. Obviously,
there are loops in the graph through which one can pass an arbitrary number of times,
and thus the number of paths contributing to the solution is infinite.

For HM-trajectories, the solution simplifies to:
Ty = 5 + Do 191712, (D.4)
with the auxiliary amplitude:

F2<_1 = "yél . Nl. (D5)

Solution at the anti-ferromagnetic domain boundary

We need to match four transport channels in this case, as we have a FM-layer on both sides
of the interface. In the most general case, this would imply a very cumbersome solution.
However, since we consider an anti-ferromagnetic orientation of the magnetisation, the
scattering matrix, which in this simplified picture is determined by wave vector mismatches
only and spin conserving, has the following structure:

5:<TRT ;) (D.6)

with

and

kr — k 2./ k+k
r = il £ t= T4 (D‘S)
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Figure D.2. - Diagrammatic solution of the boundary conditions for I's. The terms corre-
sponding to these diagrams are (always left to right): (top row) v17T12, Y2722, Y3732; (second
row) To1, 722, T23; (third row) 43751, Y1 R11, Y3732, Y1112, Y3733, V11135 (fourth row) ~yaias,

Y3733, Y1113, V1 R11, Y2151, v3131. Red circles indicate the endpoints of finite sub-loops.

Note the off-diagonal structure of T, which implies that quasiparticles change bands when
transmitting through the boundary. The structure of the S-matrix implies that the bound-
ary conditions decouple into two sets of independent equations, each involving two of the

four channels:

Ty =~ + DrewaYyns,
Iy = '75'2/ + F2’<—3”3’3”Y§,/2/7
Dy = vy + Dy oYy,
Ly = Yyy + Lo,

with the auxiliary amplitudes:

e

(

(1= Ay
(1= A3y
(1= A2y

/
Piew =1y

/ 1
Lyerr =y

)

)

Doy = Yorgy )71
/ -1

F3/(_2/ = Y31/ ) B

(D.9)

(D.10)

We included an accent in the channel labels to express that these labels do not correspond
to the convention followed otherwise in this thesis. Specifically, we have 1/ =1 (left),

2" =| (left), 3 =1 (right) and 4’ =] (right).
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Figure E.3. — TIteration loop for the 1 domain (top left) 2 domain (top right) and 3 do-
main (bottom) junctions. Red arrows indicate simultaneous propagations. At the end of
each propagation, the boundary conditions are solved at the respective interface or domain
boundary.

E. Numerical Scheme for Multilayer Junctions

In the multilayer geometries discussed in chapter 6, we obtain the coherence function
numerically by iterating the boundary conditions and propagations through the FM-layer.
The iteration steps are shown in Fig. E.3. Every iteration starts by solving the boundary
conditions at all interfaces and domain boundaries. We use the incoming bulk-coherence
functions in the SC-electrode, while those inside the FM-layer are initialised with 0 at the
beginning of the iteration. We repeat the iteration steps two times in the 1-domain and in
the 2-domain case, and three times in the 3-domain case before we check the convergence
condition:

|’y;’new(6n, I{ZH = 0) — ’}/;()ld(en, k” = O)|
L Lold
"72new(6n, k” = 0) + ’}’20 (En, k” = 0)‘

<, (E.1)

and update 'y;’OId(en, kj=0)= yé’new (€n, k| = 0). This is to avoid a spurious termination

of the iteration caused by the initialisation of the FM-coherence functions.

Apart from 7, the Matsubara sum cut-off and the number of k-points considered for the
FS-average control the numerical precision of our calculation. These parameters were
generally chosen so that all plots are free of perceptible imprecision.
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F. Solution of the Linearised Equations
In this appendix, we briefly state the solutions of the linearised equations (eq. (6.6)) for

the Josephson geometry.

We first define the quantities:

A = AN+ pUBo AL 4 plh g AL, AN = AN+ i g AL + pll B3 AL (F.1)

and

~11

P2 = PQP2 52 + P23P32ﬁ253a P3P3 3 + P§12P12353»327 (F.2)
1 1

P23 = P2 stﬁzﬁz + P3P 53a P32 = P3 P3253B2 + P%P%BS-

~11
P3

In the next step, we define:

A = A+ (1 - )TN, A = (- ATl + A (F.3)

In terms of these parameters, the solutions read:
8 = () = 0 A T, (F.4)
= Ab + phBal'y + phs sy, Th = Ay + phyBaly + py T3

155



Appendix

G. Invariance of the CPR under Rotations in the x-y-Plane

The Josephson-geometry is invariant under rotations in the x-y-plane. Obviously, such a
rotation implies a shift of the spherical angles that characterise the interface magnetisation
direction in the interface plane, ¢r11 — ¢ + 0. Naturally, all observables must be
invariant under such rotations and therefore independent of §. This is true if the current-
phase relations depends on Ap only. We provided a general, but not very elegant proof
of this in Ref. [51]. We propose a more compact proof here and extend it to the case of
multi-domain junctions. Only the ferromagnetic trajectories are discussed, it is easy to
convince oneself that the simpler half metallic case follows from our proof by eliminating
the minority band.

To this end, we consider the matrix notation of the boundary conditions [37]:
=T, T=TI- Fk5kk’7 (Gl)
v =Y,y =Sovyo0S, (G.2)

where o denotes a matrix product including ’channel’-space. The boundary conditions
then read [37]:

=~ +To~o0~. (G.3)

As discussed in chapter 4, the scattering matrix S, of a trajectory with finite ¢ is related
to the matrix of the trajectory with the same kj, but ¢ = 0 by a spin-rotation in the
x-y-plane:

6—i02g0/2

S, = BSD*, = (
02x2

0
S22 ) (G.4)

We now make the following ansatz for the incoming coherence functions at the two inter-
faces:

v = bhe Uy =bget ) = byetP gy = bye I, (G.5)
A plleier 7;)1 _ bglezlpl’ FA_ plier ,%I _ Eéle_wl,
where all b quantities depend on 117 through Ay only. The incoming amplitudes from
the superconductor are the bulk-coherence functions, and — as such — independent of the
p-phases. We now prove that this ansatz is consistent with the solutions of the boundary

conditions at both interfaces in the single domain case. Adopting the matrix notation for
the incoming coherence functions, we observe that

[(I)* oo (I)*]I,II’ [(I) o ;5, ° (I)]I,II (GG)

depend on ¢ 11 through A only. In combination with equation (G.4) and the particle-hole
symmetry of the S-matrix this implies that

[(I)* O'y/ ° (I)>n<]I,H7 [<I) o ;5// o @]I,H (G?)
also depend on Ay only.

In what follows, all quantities refer to one of the two interfaces, which one does not matter.
We thus omit the interface index in the following. In regard to the boundary conditions
at this interface, we then have:

I'=+"+To~qo0 (G.8)
=do (I)*o*y’o(I)*—|—<I)*ofo<1)*o<1>o:yo(1)o<1>*o7’o<1>*] o®,
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and thus
P*oTod* =P 0y 0d* 4+ P* 0T 0P 0 PoFoPod*or 0 d*. (G.9)

This is an implicit equation for ®* o I' o ®*. Tt follows from the above that all parts of this
equation save ®* o I' o ®** depend on Ay only. However, since the latter is determined
by the equation, it must depend on Ay only as well. This, in turn, implies that T
itself has exactly the same structure as the ansatz we made for the incoming coherence
functions. And thanks to the particle-hole symmetry relation, the same holds for T'. Since
the propagation through the interlayer cannot change anything about the ¢-dependence,
the incoming coherence functions at the opposite interface are also consistent with the
ansatz. We thus proved that our ansatz is a self-consistent solution for the coherence
functions in the SC/FM/SC structure. In principle, this is only a necessary but not a
sufficient condition. But obviously, the conclusion remains true if the incoming coherence
functions from the FM are assumed to be zero. Since any particle-hole coherence inside
the FM layer must have been induced by the superconductors, we can assume that this
was indeed the case at some point in time, which completes the prove.

In the case of multi-domain junctions with the domain boundary scattering matrix that
we assume, the rotational invariance of the junction in the x-y-plane is maintained and
our conclusion for the ¢-dependence must remain true. This is obviously true if the
number of domains is odd, nothing changes in that case. There is an even number of
boundaries, and the propagation through the bulk will thus not change the ¢-dependence
of the coherence functions. Secondly, the orientation of the bulk-magnetisation is the same
at both interfaces, and the p-angles are thus not modified compared to the single domain
case. If, however, the number of domains is even, the propagation through the bulk will
interchange the coherence functions and the orientation of the bulk-magnetisation will be
opposite at the two interfaces.

We begin by discussing the consequences of the first modification. We propose the ansatz:

7% = bgewn, 7:13 = bge_“"n, ’yé = bIQe_WH, '?;I), = bgewn, (G.10)

M 10 M T —i ST G —i T 7T
Yo =bge, 3 =bye ", Ay =bye N, 3 = bye',

where all b quantities depend on ¢ 11 through o1+ @11 only. The remainder of the prove is
fully analogous to what we discussed before, just that ®*I'®* is now shown to be a function
of 1 + w11 rather than Ap. The consistency of the ansatz then follows if the scattering
at the domain boundary is properly taken into account.” To complete the prove, we now
recall that ¢ must be replaced by —pr1 in the scattering matrix, due to the orientation
of the bulk magnetisation at the second interface. Thus the ansatz is mapped back onto
the one we had for the single domain case.

To show that the supercurrent depends on Ap only, we inspect the diagonal entries of
g™ (prp, > 0) at interface (I) and observe that they depend on the coherence functions
through [I'3]!. From the structure of the solutions, we then infer that this quantity depends
on 117 through Ay exclusively.

#Note that ®* o T' o ®* is just a part of ®* o T o ®*.

PWe do not discuss this in detail here. It follows from the solutions stated in the previous section and
e tPLII — piviLT | p—i(ertenn)
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