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Zusammenfassung
Die Möglichkeit, unterschiedliche Materialien auf möglichst kleiner Skala elektrisch leitend zu verbinden, spielt eine wichtige Rolle bei der Entwicklung neuer
elektronischer Bauelemente und Speichermedien. Der Informationstransport
geschieht durch elektrische Signale, zu deren Erzeugung und Verarbeitung
Energie aufgebracht werden muss, die als Wärme wieder abgegeben wird.
Dies führt zum Aufheizen der Elemente und macht komplexe Kühlungssysteme notwendig. Durch die zunehmende Miniaturisierung bei weitestgehend
gleicher Signalstärke und Wärmeerzeugung wird dieses „Energie- und Wärmemanagement“ zunehmend zu einem Problem. Deswegen wird weltweit daran geforscht die lokale Wärmeerzeugung zu verringern. Ein Ansatz besteht
darin supraleitende Elemente zu verwenden, bei denen elektrische Ladungen
ohne Wärmedissipation fließen können. Zur Informationsspeicherung werden
vorwiegend magnetische Materialien verwendet. Deshalb, und weil magnetische Information im Prinzip auch dissipationsfrei übertragen werden kann, in
dem man die magnetischen Eigenschaften der Elektronen, den Elektronenspin,
ausnutzt, erhofft man sich durch die Kombination dieser beiden Eigenschaften
grundsätzlich neue Funktionalitäten für eine zukünftige Informationstechnik.
Ein grundlegendes Problem dabei besteht darin, dass in konventionellen Supraleitern der supraleitende Zustand durch Elektronenpaare getragen wird,
deren Spin entgegengesetzt zu einander ist, wo hingegen der ferromagnetische
Zustand dadurch gekennzeichnet ist, dass die magnetischen Momente parallel
zu einander ausgerichtet sind, was den Elektronentransport für die „falsche“
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Spinausrichtung unmöglich macht bzw. erschwert. Dadurch kann dissipationsfreier Suprastrom nicht weit durch ferromagnetische Materialien geleitet werden, sondern er klingt nach wenigen Atomlagen ab. Seit kurzem hat man aber
Hinweise darauf gefunden, dass in Kombinationen von Supraleitern mit bestimmten ferromagnetischen Materialien Supraströme über viele Mikrometer
transportiert werden können, was für den Aufbau elektronischer Bauelemente
völlig ausreichend wäre. Die grundlegenden Mechanismen dieses Phänomens
zu studieren, ist Gegenstand meines Promotionsprojekts. Um dies vorzustellen, führe ich zunächst in die physikalischen Grundlagen der Wechselwirkung
zwischen Supraleitern und Nichtsupraleitern ein.
Wird insbesondere ein Supraleiter (S) in Kontakt mit einem normalleitenden
Metall (N) oder einem Ferromagneten (F) gebracht, kommt es zu einer Konkurrenz der unterschiedlichen elektronischen Wechselwirkungen in S, N oder F.
Der Proximity-Effekt (PE) zwischen S und F eignet sich hervorragend, um die
konkurrierenden Grundzustände (Ferromagnetismus und Supraleitung) zu untersuchen. Konventionelle Supraleitung wird durch die Paarbindung von Elektronen mit entgegengesetztem Spin zu sogenannten Cooper-Paaren erklärt,
was den PE (bedingt durch die Aufspaltung des Leitungsbandes in zwei Spinbänder) in F sehr kurzreichweitig machen sollte. In den letzten Jahren hat man
jedoch zahlreiche experimentelle Hinweise auf einen langreichweitigen PE in
F gefunden. Diese könnten durch die theoretisch exotischere Kopplung zweier
Elektronen mit gleichem Spin erklärt werden. Wie genau jedoch diese parallel gekoppelten Elektronen-Paare erzeugt werden, wird kontrovers diskutiert.
Da ein Großteil der experimentellen Ergebnisse im Feld des langreichweitigen
PE zurzeit auf der Messung der Abhängigkeit des Cooper-Paarstroms (Josephsonstroms) von der Dicke einer ferromagnetischen Tunnelbarriere basieren,
besteht ein großes Interesse am direkten spektroskopischen Nachweis dieser
parallel gekoppelten Elektronen. Zusätzlich ermöglicht die Sensitivität der Supraleitung gegenüber magnetischen Korrelationen die Bestimmung elektronischer Eigenschaften von magnetischen Nanostrukturen sowie zahlreiche Anwendungen, die auf der Kombination von Magentischen Nanostrukturen mit
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dissipationsfreiem (supraleitendem) Transport beruhen. So erlaubt z.B. die
Untersuchung des elektronischen Transports durch S/F-Tunnelkontakte die
Messung der Spinpolarisation des transmittierten Stromes, eine wichtige Kenngröße für Anwendungen in der Spin-Elektronik. Die elektronischen Eigenschaften in solchen Hybridstrukturen hängen von charakteristischen Längen ab, die
im Bereich 1-100 nm liegen. Auf dieser Größenskala ist die lokale Tunnelspektroskopie (STS) mit dem Rastertunnelmikroskop (STM) dazu prädestiniert,
die lokalen elektronischen Eigenschaften mit einer Ortsauflösung unterhalb 1
nm zu bestimmen.
In Rahmen dieses Promotionsprojekts wurden deshalb verschiedene planare
S/F/N und F/S/N-Hybridsysteme mit Hilfe der ortsaufgelösten STS bei tiefen
Temperaturen und in Magnetfeldern untersucht. Es wurde durch die Kombination experimenteller und theoretischer Verfahren Antworten auf die Fragen
gefunden, durch welche Signaturen die Präsenz von langreichweitigen supraleitende Korrelationen in Ferromagneten nachgewießen werden können, durch
welche Mechanismen diese Korrelationen induziert werden können, und ob diese Effekte steuerbar gemacht werden können.
Um diesen Fragen auf den Grund zu gehen werden wir damit beginnen, den
aktuellen Stand der Forschung kurz zusammenzufassen, und zeigen sowohl die
theoretischen Vorhersagen, die unsere STM Experimente motiviert haben, als
auch die experimentellen Befunde, die unseren Messungen voraus gehen. Als
nächstes werden wir in Kürze die theoretischen Hintergründe abhandeln, um
die relevanten Effekte, die zur Diskussion unserer Ergebnisse notwendig sind,
erklären zu können. Wir werden dann den experimentellen Aufbau und die angewendeten Methoden beschreiben, beginnend mit dem Herstellungsverfahren
unserer S/F Mehrschichtsysteme, gefolgt von der Beschreibung des selbstgebauten Tieftemperatur Rastertunnelmikroskops und des Kryostaten in dem
es verbaut ist. Danach werden wir wir die verschiedenen Kategorien, in die
die aufgenommenen Tunnelspektren eingeteilt werden, beschreiben. Besonders
wichtig sind hierbei die Spektren, die spektroskopische Merkmale innerhalb
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der supraleitenden Energielücke aufweisen. Interessant sind hierbei vor allem
Spektren mit einem scharfen lokalen Maximum an der Fermikante und symmetrisch um diese Energie verschobene Doppelmaxima, da diese spektroskopischen Charakteristiken als Signatur für Spin-Triplet Supraleitung gelten. Da
Spektren aus dieser Kathegorie bei ortsaufgelösten Messungen (während derer
sich die Spitze des Mikroskops über die Probe bewegt) als stark Ortsabhängig
gezeigt haben, waren jedoch weitere Messungen an den Mehrschichtsystemen
notwendig, um die laterale Zusammensetzung der Proben aufzuklären. Zu diesem Zweck werden wir die Ergebnisse der Transmissionselektronenmikroskopie
zeigen, wodurch Variationen in den ferromagnetischen Filmen als Ursache der
Ortsabhängigkeit ausgeschlossen werden konnten. Als nächstes werden wir die
elektrischen und magnetischen Eigenschaften der verschiedenen Mehrschichtsysteme vorstellen, da speziell die Signatur der Spin-Triplet Supraleitung eine
ausgeprägte Abhängigkeit von der magnetischen Ordnung an der Grenzfläche
zwischen S und F erwarten lässt. Nachdem die magnetischen Eigenschaften
dieser Mehrschichtsysteme bestimmt sind, werden wir externe Magnetfelder
nutzen, um diese magnetische Ordnung von außen zu verändern, um nach
Änderungen in den Tunnelspektren zu suchen. Die Beschreibung und Interpretation dieser Veränderungen in den Tunnelspektren mithilfe der Circuit
Theory wird dann den Hauptteil dieser Arbeit einnehmen. Das hohe Ausmaß
an Übereinstimmung zwischen Theorie und Experiment wird es uns ermöglichen, die genaue spektroskopische Signatur der Spin-Triplet Supraleitung zu
identifizieren und klare Aussagen darüber zu machen, ob Cooper-Paare mit
parallel oder anti-parallel ausgerichteten Spins erzeugt werden. Zusätzlich zur
direkten Zuordnung verschiedener spektroskopischer Signaturen zur jeweiligen
Art der Elektronenkopplung ermöglicht es unser Modell auch, genaue Aussagen
darüber zu treffen, wie die magnetische Konfiguration des Mehrschichtsystems
aussieht: die nicht kollineare Anordnung zweier Magnetisierungen resultiert
in der Erzeugung von Cooper-Paaren mit parallelem Spin, die an der Öffnung einer kleinen Energielücke innerhalb der Supraleitenden Zustandsdichte
identifiziert werden kann. Zwei (anti-)parallel zueinander angeordnete Magne-
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tisierungen führen stattdessen zur Erzeugung von Triplet Cooper-Paaren mit
anti-parallelem Spin, was an einem scharfen lokalen Maximum an der Fermikante in der supraleitenden Zustanddichte identifiziert werden kann. Zuletzt
werden wir die historische Entwicklung unseres Theoriemodells erläutern und
einige bis jetzt nicht endgültige geklärte Phänomene diskutieren, wie z.B. die
Möglichkeit, dass EuS supraleitende Eigenschaften aufweisen könnte.
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Chapter

1

Introduction

1.1. Motivation
The possibility to connect different materials on the nanoscale plays an important role in the development of new electronic components and storage devices.
Today, digital information is transmitted by electrical signals which results
in energy dissipation during information processing and signal transmission,
which is radiated as heat. In order to cope with this heating of components,
complex cooling systems are required. The ever advancing miniaturization
of electronic devices combined with constant signal strength and heat dissipation means this energy and heat management is becoming an increasingly
insurmountable problem. For that reason, there has been significant interest
in reducing local heating. One approach consists of using superconducting
devices, in which electric current can be transported without heat dissipation.
Because digital information can easily be stored in the the magnetic configuration of ferromagnetic devices, and because magnetic information can be
transmitted dissipationless by using the magnetic property of electrons, their
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1.2. State of the art
spin, combining these two concepts promises access to an entirely new type of
information technology. An essential problem to solve is that in conventional
superconductors, electrons are bound into pairs with opposing spin, while ferromagnetism is defined by magnetic moments that are oriented in parallel.
This does not allow for transport of electrons with the “wrong” spin direction
in a ferromagnet, as electrons of that spin direction cannot find a transport
channel and Cooper pairs experience departing before penetrating more than
a few nanometers inside the ferromagnet. Also, because conventional Cooper
pairs always contain electrons of both spin directions, the net spin of a pair
is always zero, meaning conventional Cooper pairs carry no spin information.
But recently, new evidence has been obtained that hints at the possibility
of combining superconductivity and ferromagnetism to allow the transport of
Cooper pairs over several micrometers through ferromagnetic devices. This
would be more than sufficient for the design of new microelectronic devices
using these equal-spin Cooper pairs. Gaining insight into these exotic phenomena is the goal of this dissertation project.

1.2. State of the art
Since superconductivity was discovered by Heike Kammerlingh Onnes [1] more
than a century ago (1911), the field has grown immensely and has been the
subject of very successful research. Eight Nobel prices have been awarded
within the field, starting with Onnes himself in 1913 (“for his investigations on
the properties of matter at low temperatures [...]”) and for now ending with
Abrikosov, Ginzburg and Leggett (“for pioneering contributions to the theory
of superconductors and superfluids”) in 2003. Today, interest in studying this
phenomenon is far from declining, with new physics being discovered in the
sub-fields of high-temperature superconductors [2], topological insulators [3]
and superconductors [4], and various forms of unconventional superconductivity [5, 6].
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Figure 1.1.: Proximity amplitudes induced at an S/F interfaces (a) and the
creation mechanism of spin-triplet amplitudes (b). A strong interface
spin polarization induces a considerable m = 0 triplet amplitude by spin-mixing,
which is transformed by a spin rotation into a |↑↑i (m = 1) triplet amplitude
that can penetrate the ferromagnet. The averaged interface moment has to be
misaligned to the bulk magnetization. Reprinted figure with kind permission
from [7].
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1.2. State of the art
The latter will be the focus of this dissertation thesis, as specifically the field of
odd-frequency spin-triplet superconductivity has made significant progress towards “superspintronics” [8] in recent years, promising dissipationless transport
of spin information. The core challenge in the field is the requirement to combine two competing states of matter: superconductivity and ferromagnetism.
In 2001, the long-ranged proximity effect in ferromagnets was predicted [9],
describing the phenomenon of equal-spin triplet Cooper pairs that are able
to carry spin-polarized supercurrents over sizable distances in ferromagnets.
This prediction was confirmed indirectly in 2006, when superconductivity was
shown to persist over many nanometers across the ferromagnetic layer in superconductor/ferromagnet/superconductor (S/F/S) Josephson junctions [10].
Since then, the theory of triplet superconductivity in conventional s-wave superconductors has been elaborated to cover several scenarios including multilayers or micro-scale devices [11–14]. For s- and p-wave orbital wave functions,
the Pauli principle can be fulfilled for both singlet and triplet Cooper pairs by
adjusting the symmetry in the time argument. Thus, equal-spin triplet pairs
in conventional s-wave superconductors with even spatial symmetry of their
wave function must have a pair potential that is odd in the time argument,
called “odd frequency spin triplets” [7]. Triplet pairs are created at interfaces
between superconductors and ferromagnetic materials. Figure 1.1 shows this
creation mechanism of spin-triplet correlations in S/F heterojuctions, where
spin singlet Cooper pairs from a conventional s-wave superconductor meet a
strongly polarized ferromagnetic interface. Here, the coupled electrons acquire
different phase shifts depending on their spin as visualized by the arrows in
Fig. 1.1b. This so-called spin-mixing results in Cooper pairs in a triplet state
with no net magnetization ( m = 0,

√1 [|
2

↑↓ i + | ↓↑ i]), i.e., pairs that still

consist of electrons of opposing spin (“mixed-spin triplet pairs”). These Cooper
pairs thus still exhibit short penetration depths into ferromagnetic materials

and decay in an spatially oscillating pattern (red curve in Fig. 1.1a). When
solely a single magnetization direction is present, only these so-called short
ranged Cooper pairs are created by spin-mixing at the S/F interface [7]. These
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mixed-spin triplet pairs can be converted into Cooper pairs with parallel spins
(m = ±1, | ↑↑i/| ↓↓i, “equal-spin triplet pairs”) by an second, noncollinear
magnetization direction, which effectively defines a new spin quantization axis
[15].
A large body of experimental work has been conducted to find evidence for this
generation mechanism of Cooper pairs in the equal-spin triplet states. Mostly
S/F/S Josephson- and tunnel junctions, which demonstrate a coherence length
in F that is much longer than predicted for the proximity effect of spin-singlet
Cooper pairs by the BCS theory, serve as indirect evidence for the presence of
equal-spin triplet correlations [16–21].
a

b

c

d

Figure 1.2.: Long range proximity effect through an S/FL /FC /FR /S Josephson junction.

a, two spin-singlet superconductors (S) are linked across a

noncollinear ferromagnetic trilayer.

b, thickness dependence of the charac-

teristic voltage Ic RN for a Nb/Ho(4.5 nm)/Co(dCo )/Ho(4.5 nm)/Nb multilayer
sample (blue) compared to a Nb/Rh/Co/Rh/Nb (black) multilayer sample,
reprinted figure with kind permission from [22].

c, similar thickness depen-

dence for a Nb/PdNi(4 nm)/Co(x)/PdNi(4 nm)/Nb multilayer (red) compared to
a Nb/Co(x)/Nb reference sample (black). Reprinted figure with kind permission
from [16].

Figure 1.2a shows the schematic of one such Josephson junction, consisting
of two s-wave superconductors linked across a ferromagnetic trilayer. When
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1.2. State of the art
the strong ferromagnet Co is chosen for FC and the paramagnetic material
Rh is chosen for both FR and FL instead of another ferromagnetic layer, the
characteristic voltage IC RN across the ferromagnet decays within only a few
nanometers (black curve in Fig. 1.2b and c, where the latter just removed
FL and FR instead of replacing it with paramagnetic materials), as expected
from the theoretical model. The oscillating nature of the decay also matches
the predictions from theory. When instead of Rh, Ho (which shows helical
magnetic order at low temperatures) is chosen for FR and FL , and Co is kept
for FC , the proximity effect into the ferromagnet trilayer persists over many
nanometers. This can be seen in the characteristic voltage IC RN (Fig. 1.2b,
blue). These experiments confirms that at least two noncollinear directions of
magnetization need to exist for equal-spin triplet Cooper pairs to be created.
And while magnetic disorder at the S/F interface can provide one of these two
magnetization directions, using a dedicated layer with magnetic disorder builtin (as is the case for the helical magnetic order in a Ho layer, Fig. 1.2b, blue) or
a layer that has its magnetization misaligned to the layer next to it (as is the
case for the ferromagnetic PdNi layer, Fig. 1.2c, red) provides more controllable
experimental conditions. If only one magnetization direction is available, no
equal-spin triplet pairs are created, and the Cooper pairs experience a quick,
oscillating decay once they enter the influence of the ferromagnet [22]. The
same thickness dependence has been reported for other material combinations
(Fig. 1.2c) [16].
More indirect evidence for spin-triplet superconductivity has been reported
from measurements of the critical temperature on S/F/F’ spin valves [23–
25]. More recently, the search for direct evidence in the density of states
(LDOS) of S/F heterostructures was suggested [26], and initial tunneling conductance measurements to directly detect spin-triplet superconductivity in the
dI/dV spectrum have found peaks in the superconducting energy gap [27]. For
p-wave bulk superconductors several experiments have shown direct signatures
of triplet superconductivity [28–30], but evidence of a spin-triplet state in swave materials has so far been elusive.
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Figure 1.3.: Normalized LDOS spectra calculated for normal metal side of
an S/F/N contact. Theoretical curves obtained by solving the Usadel equation
numerically for varying values of Gφ . The black arrows indicate an increasing
value of Gφ . a, the superconductor acts as a reservoir. b, the proximity effect is
expected to be substantial in both S and N. Reprinted figure with kind permission
from [26].

In S/F systems various spectroscopic features like zero-bias anomalies or other
subgap structures have been predicted. Linder, Sudbø, Yokoyama, Grein,
and Eschrig [26] calculated the theory plots of the superconducting density
of states based on the Usadel equation for different sets of spin-dependent
boundary conditions shown in Fig. 1.3 in 2010. Depending on which value for
Gφ is chosen, different features appear inside the gap. Since the LDOS of a S/F
system can also be measured by tunneling spectroscopy, there has been great
interest to confirm those predictions experimentally. So there is great interest
in measuring the spectroscopic features shown in Fig. 1.3 inside the BCS gap
by recording the differential conductance of different S/F/N heterostructures
across a tunnel gap.
In this dissertation project, we now present an investigation of the spectroscopic features and their significance as evidence for the formation of equal-spin
triplet Cooper pairs. We have chosen experimental systems in which we can,
first, create triplet pairs and second, are able to distinguish between equal
spin triplets and triplet pairs with other spin configuration (mixed-spin pairs).
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1.2. State of the art
To our knowledge, such a method for clearly and directly identifying which
triplet state is being observed has not been reported before. The idea that
both equal-spin and mixed-spin states go along with distinctly different structures in the quasiparticle density of states is significant. Our theoretical model
shows the formation of a subgap structure in the LDOS that is uniquely related to pair amplitude of equal-spin triplet pairs. This prediction is confirmed
by our scanning tunneling microscope based measurements on S/F multilayers
and currently not known to be mimicked by any other physical effects. This
opens up the possibility to evidence the existence of these Cooper pairs which
in turn are a prerequisite for long range proximity effect in S/F systems.
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Chapter

2

Theoretical background

The two primary ground states of matter essential for understanding the phenomenon of spin-triplet superconductivity are superconductivity and ferromagnetism. Since the two phenomena are classically excluding each other, a quick
introduction to both will be given in the following chapters to understand the
new physics that emerges when they coexist.

In order to recapitulate the basic theoretical background, this chapter will
reproduce some of the summaries of textbook physics [31, 32] presented in
the theory section of my master thesis (Chap. 2.1, Chap. 2.2, Chap. 2.3,
Chap. 2.4.1, Chap. 2.4.2) [33]. To summarize the interaction of superconductivity and ferromagnetism (Chap. 2.4), we will follow the explanations
compiled by Eschrig [15] in the review article “Spin-polarized supercurrents
for spintronics: a review of current progress” closely.

9

2.1. Basics of superconductivity

2.1. Basics of superconductivity
Superconducting materials have two specific properties: below a critical temperature Tc and bellow a critical field Hc the electrical resistance of the material vanishes (R = 0) and the interior of the solid remains completely free of
magnetic fields (perfect diamagnetism, χ = −1).
Although the effect was discovered in 1911, a fundamental understanding of the
underlying theory was not found until much later. The first phenomenological
theory was introduced by the London brothers in 1935, followed by the more
comprehensive Ginzburg-Landau theory in 1950 and the BCS theory Bardeen,
Cooper, and Schrieffer [34] in 1957.
While both the London equations and the Ginzburg-Landau theory were successful in describing superconductivity on a phenomenological level, only the
BCS theory could provide an explanation on a microscopic scale. Cooper
showed that by adding two electrons to the Fermi sea at sufficiently low temperatures, those electrons would condensate into a pair state with boson-like
behavior. His theory only requires an attractive potential between electrons
while not specifying the source or the magnitude of said potential. In conventional s-wave superconductors this potential is provided by electron-lattice
interactions, while d-wave superconductors have yet to be fully described in
the BCS theory picture.
We now seek the two-particle wave function of those Cooper pairs. We expect
the lowest-energy state to have zero total momentum, which means that two
electrons must have equal and opposite momenta. This suggests building up
an orbital wave function:
Ψ0 (~r1 , ~r2 ) =

X

~

~

gk e ik·~r1 e− ik·~r2

(2.1.1)

k

Following the arguments in Tinkham [31], this term can easily be converted
into the singlet wave function and by inserting it into the Schrödinger equation
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of the problem and applying the so-called weak-coupling approximation valid
for N (0)V  1, we get
E ≈ 2EF − 2~ωD e−2/N (0)V ,

(2.1.2)

where EF is the Fermi energy, ωD is the Debye frequency, N (0) is the density
of states at the Fermi level for electrons of one spin orientation and V is the
approximated interaction potential between electrons [35]
The arguments leading to equation
(2.1.2) already include only electrons

3

with k > kF , i.e. with kinetic energy exceeding EF . Therefore we can
see, there is a bound state with nega-

2

tive energy relative to EF , populated

Superconducting

only by electrons with higher kinetic
energy than EF . The contribution to

1

Normal

the energy of the attractive potential
V outweighs this excess kinetic energy, leading to binding regardless of
how small V is [31]. In an energy in-

0

1

3

2

terval of 2∆ around EF , all electrons
condense into this BCS ground-state, Figure 2.1.: Density of states of the
leaving no free states for single elec-

superconducting state compared

trons throughout the gap.

to normal state. All k states whose

This gap in the energy spectrum

metal are raised in energy above the

of the superconductor now prohibits

gap in the superconducting area [31].

energies fall in the gap in the normal

all changes in quasiparticle energy
δE < ∆, because no free states in
that range exist for electrons to change into. This ban on energy changes particularly prohibits all types of scattering that electrons usually experience in
accordance with the Drude model [36] on their path through a normal metal.
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Hence the Cooper pair current transport through a superconductor occurs
completely free from scattering, and therefore dissipationless.
One of the most fundamental scales in the BCS theory is the superconducting
coherence length ξ0 . It is related to both the Fermi velocity vF and the energy
gap ∆ associated with the condensation of the superconducting state. The
coherence length in the clean limit is given [31] by
ξ0 =

~vF
.
π∆

(2.1.3)

and can be understood as the minimum length scale on which the superconducting electron density can be changed without destroying the superconducting state.
For superconducting films with thicknesses of only a few nm, the coherence
length changes through dimensionality reduction to
ξs =

p

ξ0 l

(2.1.4)

in the dirty limit (see chapter 2.3). Hereby is l the mean free path, given by
l = τ vF , where τ is the interval between collisions of electrons with impurities
in the (normal state) sample [37] and vF is again the Fermi velocity. [31, 33]

2.2. Basics of magnetism
The second important property of matter that is essential for this project is
ferromagnetism. The key concept here is the so-called exchange interaction between two or more electrons. This interaction between the magnetic moments
of those electrons results in a spontaneous ordering of all magnetic moments
so they lie along a single unique direction, leading to a magnetization of the
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solid even in the absence of an applied field. The effect is entirely quantummechanical in nature, and can be described by the Heisenberg Hamiltonian
H=−

X
i,j

~i · S
~j
Jij S

(2.2.1)

~i is the spin of electron i and Jij is the exchange integral between spins
where S
i and j. If we want to take external fields into account, a Zeeman term of form
P ~ ~
gµB i S
i · B needs to be added to the Hamiltonian. In the same step we will
~j
apply the molecular field approximation, which combines all interactions S
~i into an effective molecular field B
~ mf , thereby simplifying [38]
onto a specific S
the Hamiltonian

H=−

X
i,j

= gµB

~i · S
~j + gµB
Ji,j S

X
i

X
i

~i · B
~
S



~i · B
~ +B
~ mf
S

(2.2.2)
(2.2.3)

The molecular field Bmf is given in the Weiss mean-field theory of local-moment
magnetism as [38]
Bmf = λM

and

M
= BJ (y)
MS

with

y=

gJ µB J(B + µM )
,
kB T

(2.2.4)

where MS is the saturation magnetization of the solid, BJ is the Brillouin function and gJ is the Landé factor of the magnetic moment J. The temperature
at which the transition occurs can be obtained by finding when the gradients
of the line M = kB T y/gJ µB JλMS and the curve M = MS BJ (y) are equal at
the origin. This so-called Curie temperature TCurie is thereby defined by [38]:
TCurie =

gJ µB (1 + J)MS
λ
3kB

(2.2.5)

Besides the interaction of local moments, electrons in the conductance band
of a metal can also spontaneously magnetize [39].
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In Fig. 2.2 the free-electron density
of states is plotted for both spin

E

bands. In some materials, the electron system as a whole can save

EF

energy by becoming ferromagnetic
[38]. During this spontaneous spin-

↓

splitting, electrons near (but below)
the Fermi surface move from one spin
band to the other, thus increasing

↑
Eex

n↓ (E)

n↑ (E)

their energy and flipping their spin
[39]. This situation looks energetically unfavorable, but because of the
Pauli exclusion principle, electrons Figure 2.2.: Stoner model of band ferwith the same spin cannot occupy
romagnetism: The density of states
the same quantum state. The elec-

of a ferromagnet shows spontaneous

trons therefore have to avoid each

splitting of energy bands, resulting in

other in real space, resulting in a re-

both spin bands getting shifted in en-

duced Coulomb energy due to the
greater mean distance between electrons. This excess energy is available
to those spin-flipped electrons, allowing them to transition into states

ergy relative to each other, now yielding different k-vectors and densities of
state n(EF ). As a majority of electrons
occupy the spin-down band, the material is magnetized in that direction.

with higher energy. If the density of
states of the material is high at the Fermi energy (resulting in an abundance
of free states for the electrons to change into), this gain in kinetic energy is
not enough to completely compensate for the loss of Coulomb energy - the
process lowers the overall energy of the electrons, and spin-flipping becomes
energetically advantageous - the conductance electrons spontaneously align
their spins.
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The requirement [39] for this to happen is the so-called Stoner criterion [38]
U n(EF ) ≥ 1,

(2.2.6)

where U is a measure of the exchange energy and n(EF ) is the density of states
at the Fermi energy.
This results in both spin bands getting shifted in energy relative to each other,
now yielding different k-vectors and densities of state n(EF ) for spin-up and
spin-down at the Fermi energy EF . This difference of the density of states
at the Fermi level directly influences spin-dependent properties like current
transport and is measured as polarization P [39]
Pn =

n↓ − n↑
,
n↓ + n↑

(2.2.7)

which is an important characteristic of any ferromagnet used in spintronics.
[33, 39]

2.3. Proximity effect
When a normal metal (N) is brought into contact with a superconductor (S),
the superconductive state spreads across the interface into the normal metal
over a macroscopic distance. Properties like dissipationless current transport
and the energy gap mentioned above are shared to a degree by both S and
N. While this property of S/N junctions is called the proximity effect, the
reverse is also true: the normal metal influences the density of states of the
superconductor across the interface in much the same way (inverse proximity
effect), with results such as a diminished gap in the DOS of the superconductor
[40].
We will now look at how the proximity effect can be explained within the
BCS theory picture: An electron near the Fermi energy (Ee− = EF + ε) approaching the S/N interface from the N-side cannot cross the interface into the
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superconductor because it cannot find a single-particle state with the same energy on the S-side due to the energy gap ∆. But if the electron finds a partner
with energy Ee− = EF − ε, the two electrons can enter the superconductor
as a Cooper pair (Fig. 2.3) [40]. To satisfy conservation of charge across the

entire system, this process results in the retro-reflection of a hole from the
interface into the N-region, which follows the time-reversed trajectory of the
incident electron in the limit ε → 0. This so-called Andreev reflection results

in the transfer of 2e across the interface, thereby giving a differential conductance twice that in the normal state [31]. During their motion in the normal
metal, the phase coherence of the electron-hole pair is lost due to the slight
difference in momentum 2δpx = 2ε/vF between the two. When we average
over all momentum directions, the pair correlation function decays away from
(N )

the interface algebraically ∝ ξc

(N )

/x, where ξc

= ~vF /2ε. When substituting

ε with the lowest Matsubara energy iπkB T [41], this results in an exponential decay of the pair correlation function on the length scale of ~vF /2πkB T
along each ballistic trajectory, which is precisely the coherence length from the
proximity effect [15].
While Andreev reflections describe the penetration of two electrons from the
N-side to the S-side of the contact, inverse Andreev reflection describes the
leakage of Cooper pairs from the superconducting into the normal region [40].
The wave functions of the two electrons stay in phase for a distance of up to
several micrometers, at finite temperatures the characteristic decay length of
those pair correlations in the normal metal is called the normal metal coherence
length ξN [40]. In the clean limit, this is given by
ξN =

~vF
,
2πkB T

(2.3.1)

and in the dirty limit by
r
ξN =

~D
,
2πkB T

where vF is the Fermi velocity and D is the diffusion constant [40].
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(2.3.2)

N

S

Figure 2.3.: Andreev reflection: An electron can only penetrate into the superconductor if it finds a partner of suitable energy to form a Cooper pair. Note that
this figure uses a combination of the fermionic (the electrons and holes in the
semiconductor model on the left) and the bosonic (the Cooper pair condensate
at the Fermi energy on the right) representation of electrons, which is only valid
if the condensate of electron pairs in the superconductor is included when we
consider charge conservation across the system. Figure adapted from [40].

Clean and dirty limit refer to the properties of the electronic transport, where
clean corresponds to the ballistic (l > ξN ) and dirty to diffusive transport
regime (l < ξN ). [33, 40]

2.4. Superconductivity vs.
ferromagnetism
We will now examine what happens when close spatial proximity forces the two
phenomena of superconductivity and ferromagnetism to overlap and exist in
the same physical space, summarizing the first chapters of the review article
by Eschrig [15]. As explained in chapter 2.1, Cooper pairs consist of two
electrons with opposite spin and momentum that are bound together by an
attractive phonon-mediated pair interaction. But as shown in chapter 2.2, the
unpaired valence electrons in a magnetized paramagnet or a ferromagnet create
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a significant magnetic net moment that results in the conductance band to shift
in energy depending on the spin of the electron. This spin-splitting of the
conductance band leads to the electrons in a Cooper pair to acquire different
momenta dependent on their spin (Fig. 2.5) once they enter the exchange field
of the ferromagnet, which means the Cooper pair quickly becomes decoherent.
This means that in almost all cases Cooper pairs cannot penetrate further
than a couple of nm into a ferromagnet, and that any form of magnetism
suppresses superconductivity quickly due to the exchange field decoupling the
paired electrons.
But in 1959, Suhl and Matthias [42] and later, in 1961, Abrikosov and Gor’kov
[43] worked on the development of a comprehensive theory of the influence of
magnetic impurities on the superconducting state, resulting in a dependence
of the critical temperature Tc on the impurity concentration. This theory
describes the suppression of superconductivity via the pair breaking parameter ρ in the Abrikosov-Gor’kow formula [43], and introduces the possibility
to observe gapless superconductivity in metals with paramagnetic impurities.
The Abrikosov-Gor’kov model works well for superconductors contaminated
with rare earth metals, while transition metal impurities are described by a
theory developed by Yu [44], Shiba [45], and Rusinov [46], which also explains
the appearance of free states (the so-called Yu-Shiba-Rusinov states in modern literature) inside the BCS gap by multiple scattering between conduction
electrons and those paramagnetic impurities.
When comparing this pair breaking mechanism by paramagnetic impurities to
the influence of external magnetic fields, we mainly have the orbital effect of the
penetrating field to consider, and the energy splitting through the Zeeman effect these electrons experience. Both the orbital effect and the Zeeman splitting
can also be induced by exposing the superconductor to the exchange field of a
proximized ferromagnet. Meservey and Tedrow [47] described this extensively
in general, and for Al films proximized to EuS thin films in particular. The exchange field over which superconductivity cannot persist is the Chandrasekhar-
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Clogston limiting field, which is given by HP =

√

2∆(T = 0)/gµB with the

superconducting energy gap ∆ at zero temperature, g ≈ 2 the Landé factor of

the electron and the Bohr magneton µB . [15]
Triplet

Singlet

Figure 2.4.: The spin-singlet and three spin-triplet states represented by
their quantum numbers and a spin-vector representation for better
visualization. Two fermions (spin- 21 particles, here orange and blue arrows)
can combine their angular momenta s1 and s2 into a pair with total angular
momentum spin S = 0 or into three different pairs of total spin S = 1. In the
former case, the pair is said to be in the singlet state (left), in the latter case
the pair is said to be in one of the three possible triplet states (right). These
states |S, Sz i are fully characterized by their total angular momentum spin S
and the and its projection on the z-axis Sz . The triplet pairs with Sz = ±1
are called “equal-spin” triplet pairs and the triplet pair with Sz = 0 is called the
“mixed-spin” triplet pair. Adapted from [15].

2.4.1. Spin-triplet superconductivity
A number of unconventional superconductors have been discovered, which differ from the conventional ones by the fact that they break additional symmetries. In the case of the spin-triplet superconductivity, that is the subject of
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this thesis, the spin rotational symmetry has been broken, and especially S/F
hybrid system and ferromagnetic superconductors are under suspicion of such
a pairing state, as equal-spin triplet pairing is much more robust against the
exchange field depairing the Cooper pairs than the spin-singlet pairing is. The
characteristic of these three triplet pairings is visualized in Fig. 2.4. When two
electrons form a pair and combine their individual spins s1 =

1
2

and s1 = 12 , the

resulting two particle state has either total spin S = 0 or S = 1. The former
case is called the “spin-singlet state” (Fig. 2.4, left) and in the latter case, the
pair is in one of the three possible “spin-triplet states” (Fig. 2.4, right). Among
these three states, two have spin projection with respect to the spin quantization axis (the z-axis in this example) of Sz = ±1 (these are the equal-spin
pairings) and one has spin-projection Sz = 0 (the mixed-spin pairing). This

two-particle quantum state is fully characterized by the two quantum numbers
S and Sz , which form the spin state |S, Sz i. The pair angular momenta of the
two electrons are visualized using a spin-vector representation, where the ex-

pectation value of the cosine of the relative angle q
between the two spin vectors
~ 2S
~ 2 . For the singlet state
within two paired electrons is hS, Sz |~s1 ·~s2 |S, Sz i/ S
1

the expectation value is −1, and

1
3

2

for triplet pairs. Thus, the angular mo-

menta can be visualized as antiparallel (arccos(−1) = 180◦ ) spin-vectors for
the singlet pair, and at an average relative angle of arccos( 31 ) ≈ 70.53◦ for

triplet pairs.

Since the strong exchange field in a ferromagnet destroys superconductivity
unless the pairing is of the equal-spin triplet type, a material that supports this
kind of pairing is required. Unfortunately, not many superconductors naturally
allow for spin-triplet superconductivity. Of those that do, many are typically
p-wave superconductors [48], which are susceptible to pair breaking by normal impurities (while s-wave superconductors are insensitive to scattering at
normal impurities, as shown by Anderson [49]).
Thus, there has been an increased interest [16, 17, 19, 50, 51] in studying
a system composed of s-wave or d-wave superconductors and ferromagnets.
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These combined systems incorporate the phenomena of proximity induced superconductivity, Cooper pairs with finite momenta and odd-frequency s-wave
spin-triplet pairs, and are much more common in nature than p-wave superconductors.
According to the Pauli exclusion principle, two fermions cannot occupy the
same quantum state simultaneously, i.e. they must have a total wave function
that is antisymmetric with respect to exchange of particles. Conventional
superconductivity is attributed to spin singlet correlations in the BCS theory
picture, meaning that the pair is in the |0, 0i =

√1
2

(|↑↓i − |↓↑i) state, which

obeys this anti-symmetry by being odd in spin state and even in orbital angular
momentum state (l = 0) [40]. Satisfying the exclusion principle in similar
but opposite fashion is the p-wave superconductivity seen in materials like
Sr2 RuO4 and UPt3 : They display even spin state and odd orbital momentum
state (l = 1). This |1, 0i =

√1
2

(|↑↓i + |↓↑i) state is called the “short ranged”

triplet, because the triplet correlations decay on the same short length scale
inside a ferromagnet as the singlet state does (the spins of the Cooper pair are
antiparallel as well).
In order to explain the long-ranged (and thereby evidently robust to the presence of an exchange field) proximity effect we need to look at the two other
triplet states which allow for Cooper pairs with parallel spin. The |1, 1i = |↑↑i

and |1, −1i = |↓↓i states are even in spin state as well, so we need another

anti-symmetry to satisfy the Pauli exclusion principle.

If we want to observe pair correlations that have zero (and thereby even) orbital angular momentum while still being triplets, we have to resort to another
kind of anti-symmetry in order to avoid violating the Pauli exclusion principle:
the overall anti-symmetry of the wave function is also maintained by pair correlations that are even in both spin and angular momentum, but are odd under
time reversal - hence the name “odd-triplet superconductivity” [40]. Electrons
correlated in this manner avoid each other not in real space (like when the
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orbital part of the wave function is odd) but they avoid each other in time
[52]. [33, 40]
Table 2.1.: Combinations of two-particle correlations allowed by the Pauli exclusion
principle for fermions. [33]
Spin

Angular Momentum

Time

Total Wave function

Singlet

even

even

odd

(odd)
Triplet

Examples
BCS (l = 0)
High Tc (l = 2)

odd

even

odd

Sr2 RuO4 (l = 1)

even

odd

odd

long-ranged PE

(even)
Triplet
(even)
Singlet

in S/F systems
odd

odd

odd

(odd)

possible, but
yet unexplored

2.4.2. Triplet pair creation mechanism
When a Cooper pair “leaks” into a ferromagnet, the two electrons must enter
different spin bands according to their respective spin (Fig. 2.5 b). Unlike in
a normal metal, the Fermi wave vectors of the two electrons are not equal
and opposite, but are shifted due to the exchange energy Eex the electrons
experience in the domain of the ferromagnet (Fig. 2.5). The conservation of
total energy requires
~2 k↓2
~2 k↑2
−
= 2Eex ,
2m
2m

(2.4.1)

the spin-up electron experiences an increase (and the down spin electron a
decrease) in its kinetic energy due to the potential in F [40].
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a

b

↑

Q

↓

E

Q=0

2Eex

−k

0
k

k

−k ↓ −k ↑

k↑ k↓

0
k

Figure 2.5.: Free electron dispersion relation in a normal metal (a) and
a ferromagnet (b) showing the energy-dependent wave vectors of the
two electrons bound to a Cooper pair. While both electrons have equal and
opposite wave vectors in the normal metal, they experience the exchange energy
Eex of the ferromagnet, which results in a shift between the Fermi wave vectors
and thus a finite center of mass momentum Q. Adapted from [40]

It follows for the center of mass momentum Q:
(2.4.2)

Q = k↑ − k↓ ≈ 2Eex /(vF ~)

We now have to consider a pair like the one described above together with
a pair which has the spins exchanged in momentum space. This second pair
acquires a center of mass momentum of −Q by crossing the SF interface. [33,
40]

We now see that instead of a simple singlet Cooper pair
2ε
i) exp(i ~v
x)
F

√1 (|
2

↑↓i − | ↓↑

as we would expect for a non-magnetic S/N contact, a Cooper

pair of the form
1
2ε
√ (| ↑↓i eiQx − | ↓↑i e−iQx ) exp(i
x)
~vF
2

(2.4.3)
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is created. This pair can be decomposed into a
1
spin singlet: √ (| ↑↓i − | ↓↑i) ≡ |S = 0, Sz = 0i
2
1
and a spin triplet: √ (| ↑↓i + | ↓↑i) ≡ |S = 1, Sz = 0i,
2
leading to
[cos(Qx)|0, 0i + i sin(Qx)|1, 0i] exp(i

2ε
x)
~vF

(2.4.4)

Figure 2.6.: Singlet-triplet mixtures between |S = 0, Sz = 0i and |S = 1, Sz =
0i spin angular momentum states. The exchange field (or an applied external magnetic field) is oriented in z-direction. Singlet and triplet spin states
oscillate spatially out of phase relative to each other. Within the spin-vector
representation the relative azimuthal angle between the two spin vectors within
a pair varies as π + 2Qx, and its deviation from 0 (triplet) and π (singlet) is a
measure for the degree of singlet-triplet mixing. Top row shows a top-view of the
bottom row. Reprinted figure with kind permission from [15].

So for a weakly ferromagnetic metal (where EEx ≤ EF ), the proximity amplitudes inside the F region are mixtures (thus, coining the term “spin-mixing”

for this process) of both spin-singlet and mixed-spin triplet pairs. Both components penetrate the ferromagnet over the coherence length ξF , and their
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pair amplitudes show an oscillation in space that alternates between singlet
and triplet amplitudes back and forth, as can be seen in Fig. 2.6.
These oscillating proximity pair amplitudes are shown in Fig.2.7a in the case
of a weakly polarized ferromagnet. Both the alternating nature of the oscillations between spin-singlet and spin-triplet pairs and the quickly decaying
amplitudes are clearly visible. Also shown are the different amplitudes for
the case of a strongly polarized ferromagnet (Fig. 2.7)b. This configuration
of two different, noncollinear directions of magnetization results first in the
creation of mixed-spin triplet Cooper pairs, and at a much higher amplitude
than before. Also, because of the presence of the second direction of magnetization, significant amounts of equal-spin triplet Cooper pairs are being created
through spin rotation, for which the exact conversion mechanism is illustrated
more intuitively in Fig. 2.7c:
The orange and blue arrows show the spin-dependent phase shift by again
visualizing the spin direction via the arrow orientation in the x-axis and their
phase by the relative angle between those arrows as they precess around the
unit vector of the exchange field, i.e., in x-direction. Precessing the spins of
the two electrons around the magnetization direction of the polarized magnetic interface results in two cone-shaped envelopes, where the relative arrow
position on the base of the cones corresponds to the phase difference between
those two electrons. Through the acquisition of spin dependent phase shifts
(i.e., the aforementioned spin-mixing), mixed-spin Cooper pairs (red amplitude in (a,b)) are created. These triplet correlations still are composed of two
electrons of opposing spin and thus short-ranged when penetrating a ferromagnet. The pairs in the mixed-spin triplet state (Sx = 0) are then converted
to equal-spin triplet Cooper pairs (Sz = 1) after passing from the magnetized
interface region into the bulk of the ferromagnet, which is magnetized in a
direction noncollinear to the interface moments. Here, the new direction of
external magnetization acts as a new quantization axis of the system, which
reorients the spin projection of the system so the second quantum number
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Singlet

a

Triplet
Singlet

b

Triplet
Triplet
Ferromagnet

c

z

Scattering
matrix

spin mixing
(spin-dependend
phase shifts)

Superconductor

spin rotation
(new quantisation axis
aligns with magnetization)

x

Singlet

Triplet

Triplet

Figure 2.7.: Proximity amplitudes induced at a weakly polarized S/F interfaces (a) and a strongly polarized ferromagnet (b), with the creation
mechanism of spin-triplet amplitudes (c) in spin-vector visualization.
a, A weak interface polarization induces the oscillating singlet and some mixedspin triplet amplitudes through spin-mixing. b, A strong interface spin polarization induces a considerable mixed-spin triplet amplitude by spin mixing, which is
transformed by a spin rotation into a |↑↑i equal-spin triplet amplitude that can
penetrate the ferromagnet. The averaged interface moment has to be misaligned
to the bulk magnetization. c, The first exposure to an exchange field from leads
to a spin-dependent phase shift for both electrons. This spin-mixing results in
the emergence of a strong mixed-spin amplitude, which is then exposed to a second magnetization direction which reorients the quantization axis of the system
so the second quantum number Sx switches from the projection of S onto the
x-axis to the projection onto the z-axis. Through this change of projection alone,
the mixed-spin triplet is transformed into the equal-spin triplet. Reprinted figure
(a,b) with kind permission from [7].
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Sx switches from the projection of S onto the x-axis to the projection onto
the z-axis. Through this change of projection alone, the mixed-spin triplet is
transformed into the equal-spin triplet. [15]

2.5. Circuit theory
Since a detailed description of the relevant theory - both its derivation and its
numeric application - would far exceed the scope of this thesis, we will only
give a brief survey of the core concepts involved. For a more comprehensive
explanation, the technical details, and the numeric implementation, see Peter
Machon’s dissertation thesis [53] or previous publications in the field [54–60].
In order to make quantitative statements about our S/F systems, e.g. calculate
the density of states (which is closely related to the experimental dI/dV tunnel
spectra we record in lock-in technique), we need to take a closer look at BCS
theory. With the help of a quasiclassical Green’s function formalism for spin
transport through heterostructures, we can describe our system theoretically
via the Gor’kov equation [61]. All systems considered in this work are in
the dirty limit, i.e., all electronic transport is diffusive (l ≤ ξ0 , where l is

the elastic mean free path length). This means the model is only correct
for s-wave superconductors where the pair potential ∆ is independent from
impurity scattering, since elastic scattering dominates all other terms in the
equation of motion [53]. The Usadel equation describes superconductivity in
this domain. In order to solve the discretised version of this equation under
the consideration of spin-dependent boundary conditions we will introduced
later, the quantum circuit theory was proposed by Nazarov [55] in 1999. This
theory now provides a general solution of the Usadel equation describing an
arbitrary system consisting of dirty metals, superconductors, ferromagnets,
etc., by separating it into finite elements that are small enough so that their
size remains smaller than the distance between two disordered interfaces and
so that the Green’s function stays isotropic within each element. These finite
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elements are called nodes, and in order to describe our system, different nodes
can be connected by connectors, representing the contact (tunnel barriers)
between different parts of the system. Since the resulting graph of nodes and
connectors resembles a circuit diagram, where so-called matrix currents flow
between nodes, the term circuit theory has been coined.
In the language of this theory [54–60], a ferromagnetic insulator separating
an s-wave superconductor and a normal metal can be represented by the circuit diagram depicted in Fig. 2.8a. Each conducting layer is represented by
one node, characterized by its conductance GN/S (the index N/S labels the
normal/superconductor side) and its size-dependent Thouless energy εTh,N/S .
The superconducting layer is specified by the pseudo terminal characterized by
the pair potential ∆, which constitutes a source of coherence that has to meet
the self-consistency relation [62]. The ferromagnetic insulator is described by
a connector representing a tunnel barrier with the conductance GT . The ferromagnetic nature is accounted for by parameters GP and G̃P resulting from
the spin polarization of the tunnel probabilities [58, 60], and the so-called
spin-mixing term Gφ [56], which all depend on the respective magnetization
directions. We use two Gφ terms, one in the ferromagnetic connector and one
in the superconducting node to account for the magnetic texture in the system
(which we will discuss later). Note that in order to realistically represent the
investigated circuit with this model, the layer thicknesses must not exceed the
coherence length of the superconductor.
The spin-dependent boundary condition of the Usadel equation for an arbitrary
contact depends on the transmission probability Tn , polarization Pn , the spin
mixing angle φn [63] and the magnetization axes with unit vector m
~ n , wherein
the index n labels the transport channels. The number of channels depends on
the size and the shape of the tunnel contact. For simplicity we assume a smooth
contact plane, thus the number of channels N is given as N = AkF2 /(4π), where
A is the tunneling contact area and kF the Fermi wave vector.
We work in the tunnel limit (Tn  1) and assume small spin mixing (φn  1).
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a

b
PtIr Tip
5nm Ag
5nm EuS
25nm Al

Si (thick)

Figure 2.8.: Illustration of the theoretical and experimental setup. a, Circuit
diagram representing the theoretical model. A superconducting S-node with a
∆-pseudo-terminal is connected to a normal conducting N-node (both with conductances GS/N and Thouless energies εN/S ) via a tunneling connector. The
connector has the spin-dependent parameters G̃P , GP and Gφ which depend on
the relative magnetization direction θ to the spin dependent Gφ term of the
S-node. The relative angle θ between those magnetizations is the main free parameter in our fits. b, Schematic of the tunnel contact. A PtIr tip (normal metal)
is brought into tunnel contact with a trilayer sample of an EuS layer sandwiched
between a normal conducting Ag and a superconducting Al film. Reprinted from
[33].

In this case, the combination of the discrete Usadel equation and the boundary
condition leads to two coupled equations, one for each node [55], expressing
the matrix current conservation
L
IˇS→N + IˇN
= 0 = IˇN →S + IˇSL .

(2.5.1)

The matrix currents are given by





GS
GN
L
ˇ − iGφ κ̌S , ǦS
τ3 , ǦN , IˇSL =
−iετ3 + ∆
IˇN
= −iε
S
εTh,N
εTh,S
"
#


1 GT 
G̃P 
P
φ
ˇ
IS→N =
ǦS , κ̌ κ̌ +
ǦS , κ̌ κ̌ + G ǦS , κ̌ − iG κ̌, ǦN
2 2
2
"
#
P 



G
1
G̃
T
P
φ
IˇN →S =
ǦN , κ̌ κ̌ +
ǦN , κ̌ κ̌ + G ǦN , κ̌ − iG κ̌, ǦS .
2 2
2
The equations are closed by demanding the normalization conditions Ǧ2S =
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2.5. Circuit theory
1 = Ǧ2N . The conductances are defined from the experimental interface paP
rameters. The spin-independent parameter is G = 2G0 n Tn and the spinp
P
P
dependent parameters are G̃P = 2G0 n Tn 1 − Pn2 , GP = G0 n Tn Pn and
P
Gφ = 2G0 n δφn . We defined the conductance quantum G0 = e2 /h and
κ̌ = τ3 ⊗ m~
~ σ , with τi and σi being Pauli matrices in Nambu and spin space,

respectively.

The directions of the respective magnetization directions are denoted by m.
~
ˇ = ∆τ1 . Note that the LDOS measured in
The gap matrix is defined by ∆
the experiment does not depend on the lateral system size and, hence, equations 2.5.1 can be normalized e.g. by the conductance of the connector GT ,
thus giving a solution independent of the size of the interface area. The leakage
parameters can be further related to sample parameters via GN/S /εTh,N/S N G0 =
2
8π 2 N0,S/N dS/N /kF,S/N
∼ dS,N /~vF,S/N with the thickness of the layer d,

the density of states at the Fermi energy N0,S/N and the Fermi wave number/velocity kF,S/N , vF,S/N . We also note, that the order parameter ∆ has
been calculated self-consistently according to the standard BCS relations.
Solving the coupled set of Eq. 2.5.1 allows us to calculate the LDOS in the Nnode. Changing the direction of magnetization in the ferromagnetic connector
parametrised by an angle θ, results in an evolution of features inside the gap
discussed in Chap. 5.
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Chapter

3

Methods
In this chapter, we will discuss the various experimental methods and techniques used to acquire the experimental data presented in later chapters.
Throughout the project, several different S/F multilayer systems were fabricated and analyzed, and samples from many different fabrication batches
produced a wide variety of features in the scanning tunneling spectroscopy
(STS) data. While later chapters will naturally focus on showcasing the most
interesting of these spectra (Chap. 4) and on explaining their significance for
spin-triplet superconductivity (Chap. 5), this chapter will focus on explaining
how these measurements where performed and the challenges we encountered.
First, we will focus on the sample fabrication process (Chap. 3.2), and on
the different materials chosen for making S/F multilayers. Next, the experimental techniques used for low temperature STS are introduced (Chap. 3.3),
and the resulting spectra are sorted into categories (Chap. 3.4). Since spectra displaying interesting features were the subject of further experiments,
we then introduce the different external influences (magnetic fields, changing
temperatures, changing locations, ect.) we exposed the tip-sample tunnel contact to (Chap. 3.5) and the experimental methods necessary to perform these
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3.1. Details of sample fabrication
measurements. Lastly, we will introduce the basics of transmission electron
microscopy (TEM), since our samples where characterized using this technique
(Chap 3.6).

3.1. Details of sample fabrication
3.1.1. Ho/Nb/Au multilayers
The series of Ho/Nb/Au multilayer samples investigated for this thesis was
fabricated in a cooperation with the University of Cambridge, and both sample fabrication and all other all preliminary work (surface characterization by
AFM, 4-point conductance measurements, SQUID magnetometry and transmission electron microscopy) took place at the Department of Material Science
and Metallurgy, University of Cambridge and were carried out by Angelo Di
Bernardo and Yuanzhou Gu.
We fabricated epitaxial Nb(6.5 nm)/Ho(9.5 nm)/Nb(20 nm)/Au(3 nm) (Fig. 3.1)
multilayer films on α-plane (110) sapphire substrates by magnetron sputtering. The sputtering chamber was cooled by a liquid nitrogen jacket, resulting in a base pressure of 1 × 10−10 mbar and a water partial pressure below
1 × 10−11 mbar. First, a Nb-film of 6.5 nm thickness was grown as a base layer,

forming ideal seed conditions for the growth of the subsequent epitaxial layers
[65] and as a measure to avoid oxidation of the following films. The substrate
holder was heated to a temperature of 880 ◦C and the deposition rate was set
to 0.35 Å s−1 . Because of its low thickness, it is likely that this Nb layer is
normal conducting, as suppression of superconductivity in thin films has been
reported for films thinner than 2.8 nm or 8 monolayers [66]. So any oxidation of the Nb film that reduces the thickness of the superconductor makes it
more likely that this first layer possesses normal conducting properties. On
top of the Nb film, an epitaxial layer of Ho (002) was grown to a thickness
of 9.5 nm at a deposition rate of 0.35 Å s−1 while the substrate was heated to
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3.1.2. Al/EuS/Ag trilayers
650 ◦C. Then, a 20 nm thick layer of superconducting Nb (110) was sputtered
onto the Ho film with the same fabrication parameters as the first layer. After completion, the deposition chamber is flooded with Ar to a pressure of
1.5 × 10−2 mbar in order for the sample to cool down and then another 3 nm

of polycrystalline Au are sputtered as a capping layer that protects the underlying Nb from oxidation and contamination. Au wets well to Nb and forms
an intermetallic compound with Nb that is very stable and provides excellent
tunneling conditions for our subsequent STS measurements.

3.1.2. Al/EuS/Ag trilayers
The series of Al/EuS/Ag trilayer
samples investigated for this thesis
was fabricated in a cooperation with
the Karlsruhe Institute of Technol-

Au (3 nm)

Nb (20 nm)
Ho (9.5 nm)
α-plane sapphire

Nb (6.5 nm)

ogy (KIT), and the evaporation itself as well as all preliminary work Figure 3.1.: Illustration of the
(preparing the Si wafers and optisample
composition
of
the
mizing the fabrication parameters for
Nb/Ho/Nb/Au multilayer thin
thin EuS films [39]) took place at
films. A 6.5 nm thin film of normal
the Institute of Nanotechnology in

conducting

Karlsruhe under the supervision of

a

Christoph Sürgers. Tab. 3.1 shows

a 9.5 nm film of ferromagnetic Ho

the fabrication process discussed in
[67] with all parameters in greater
detail, and we will expand it some
more in this introduction for the specific samples that resulted in most of

sapphire

Nb

is

sputtered

substrate

followed

onto
by

and a 20 nm film of superconducting
Nb.

A protective capping layer of

3 nm Au is added to avoid oxidation
and contamination of the multilayer.
Reprinted from [64]

the STS spectra shown in Chap. 4.
Fabrication starts with the common preparation methods of a Si (111) p-
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3.1. Details of sample fabrication
type (Boron doped) wafer covered by its native oxide layer (5 µΩ cm−1 to
10 µΩ cm−1 sheet resistance) for evaporation. The wafer is cut into a chip
measuring 10 mm × 20 mm, that is placed into a sample holder which can be
covered by a mechanical shutter during evaporation. This setup allows us

to evaporate thin films to different layer thicknesses on the same chip (see
Fig. 3.2), which (at least in theory) should provide us with batches of eight
thin film samples that are virtually identically to each other except for their
thicknesses d1/2/3 . However, during STS measurements we note that variations
of the spectra taken on different locations on the same sample often are more
pronounced than the differences between the various film thicknesses. This
leads to the development of our theory that the EuS film has only vanishing
magnetic influence on a proximitized superconductor when nanocrystalline,
while regions with more uniformly magnetized domain clusters or locally enlarged domains can strongly influence the superconducting state, as explained
in detail below. Thus, the lateral extent of the magnetically ordered region
seems to play a much larger role than the film thickness.
Besides cutting the chip from the wafer, it is also necessary to precut the
eight STM samples on the chip by deeply scratching the surface with a diamond cutting tool because the Bo-doped Si chips proved to be very brittle.
Even with deep cuts applied before evaporation, the risk remains high that the
10 mm × 20 mm chip shatters into many smaller pieces when it is being sep-

arated into 5 mm × 5 mm samples suitable for the STM sample holder. After
the wafer has been cut and the silicon dust has been removed by washing in

isopropyl alcohol, the chip can be mounted in the evaporation chamber where
we remove all excess water by dry baking chip and chamber for 30 min at
120 ◦C. The actual deposition process also follows the standard procedure for
e-beam evaporation, the only complication being that EuS heavily contaminates the evaporation chamber due to its S content. This requires a dedicated
evaporation chamber for sulfide compounds, as any and all other fabrication
processes in the same vacuum chamber will exhibit S contamination. Tab. 3.1
shows pressures, rates and substrate temperatures. The latter is the most
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Table 3.1.: Summary of the fabrication parameters of the EuS samples. Note the addition of an electric heater to
the sample holder between the fabrication of KN1 and KN2, which allows the deposition of the EuS film at 400 K.

KN-0

KN-1

KN-2

KN-3

KN-4

KN-5

KN-6

KN-7

KN-8

-

6 × 10−8
-

3 × 10−9
120 ◦C,
30 min

2 × 10−8
300 ◦C,
30 min

3 × 10−8
300 ◦C,
30 min

5 × 10−8
2.5 % HF,
30 s

5 × 10−9
300 ◦C,
30 min

1 × 10−8
2.5 % HF, 30 s
300 ◦C, 30 min

8 × 10−9
2.5 % HF, 30 s
427 ◦C, 20 min

layer 1
thickness d1 (nm)
duration t1 (s)
rate r1 (Å s−1 )
TS (K)
p1 (mbar)

Al
25
LN2
-

Al
25
200
1.3
LN2
3 × 10−6

Al
25
720
0.35
110
8 × 10−7

Al
25
720
0.35
77-85
-

EuS
0,5,7,10
960
0.1
700
7 × 10−7

EuS
5,7,10
1440
0.08
673
-

Al
25
300
1 - 1.5
110
6 × 10−8

Al
25
210
1.5
110
-

EuS
3,5,7
488
0.2
700
2 × 10−7

layer 2
thickness d2 (nm)
duration t2 (s)
rate r2 (Å s−1 )
TS (K)
p2 (mbar)

EuS
5
no LN2
-

EuS
0,2,5,10
760
0.07
no LN2
6 × 10−6

EuS
0,5,7,10
1290
0.08
400
6 × 10−6

EuS
0,5,7,10
1050
0.1
400
5 × 10−6

Al
25
1110
0.2
77-100
5 × 10−7

Al
25
240
1
77
6 × 10−6

EuS
0,2,3.5,5
840
0.1
300
2 × 10−6

EuS
0,2,5,6.5
740
0.1
110
3 × 10−7

Ag
10
0.7
302
8 × 10−8

layer 3
thickness d3 (nm)
duration t3 (s)
rate r3 (Å s−1 )
TS (K)
p3 (mbar)

Ag
5
no LN2
-

Ag
5
350
0.14
no LN2
7 × 10−7

Ag
5
420
0.12
300
5 × 10−7

Ag
5
85
5 × 10−8

Ag
5
210
0.24
100
7 × 10−8

Ag
5
420
0.1
77
6 × 10−8

Ag
5
330
0.2-0.3
300
3 × 10−7

Ag
65
420
0.12
300
7 × 10−8

-

X

-

X

-

-

X

-

#
p0 (mbar)
substrate
treatment

TEM
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3.1. Details of sample fabrication
important change to our fabrication process: between manufacturing sample
KN-1 and KN-2, an electric heater for the sample holder was added to the
setup. This allows for the EuS to be deposited onto a heated substrate, which
should result in films of higher overall quality. All subsequent samples had
their EuS film evaporated on a heated substrate, in cases where the EuS film
was deposited first (KN-4, KN-8) the substrate was heated to 700 K (which
has been reported to be the ideal deposition temperature [68]), and in cases
where the EuS was evaporated onto an Al film, the substrate was heated to
only 400 K in order to preserve the properties of the Al film, which always
was evaporated at liquid nitrogen (LN2) temperature. For the final Ag film,
we tried both liquid nitrogen temperatures and headed substrates, with mixed
results (see Chap. 4.3.2).
a

b

5nm EuS
5nm Ag
5nm EuS
25nm Al

0 nm EuS

10nm EuS

Si (thick)

Figure 3.2.: Composition of the trilayer sample and schematic of the fabrication process using a mechanical shutter. The individual thicknesses of
the trilayer sample (a) can be set separately for different areas on the chip by
closing a simple mechanical shutter while the evaporation process is ongoing (b).

For the Al film, we chose a film thickness of only 25 nm to limit the surface
root mean square (rms) roughness to 0.6 nm, allowing for completely continuous surfaces for the subsequent EuS and Ag layers. Before depositing the
EuS film the substrate is allowed to warm up to approximately room temperature, which provided a film with a Curie temperature of TCurie = 16.7 K,
corresponding to the transition temperature of the bulk material [69]. The
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3.1.2. Al/EuS/Ag trilayers
relatively higher temperature also allows the EuS to be deposited as a fully
stoichiometric compound. The deposition rate is set at around 1 Å s−1 , and the
final thickness of the film is varied from sample to sample (each chip holding
samples with four different thicknesses) using a sample holder with a movable
shutter that allows parts of the chip to be covered during evaporation. The
following Ag layer is deposited at a rate of around 1.5 Å s−1 and a chamber
pressure of around 7 × 10−7 mbar. EuS was chosen as the ferromagnetic layer

because of its interesting combination of being an insulator and ferromagnetic

at cryogenic temperatures. It is a semiconductor at room temperature with
an indirect energy gap at 300 K of 1.64 eV [37]. The bulk crystal has a lattice
constant of a0 = 5 Å [47]. At cryogenic temperatures, EuS becomes insulating
with resistivity of around ρ ≈ 1 × 104 Ω cm being reported for high-quality

single crystals [70]. Disorder at the atomic level and unintentional doping can
lower this resistivity by several orders of magnitude while at the same time
increasing the Curie temperature due to interactions between charge carriers

and the Eu2+ ions [70]. Due to clearly visible contamination of the EuS film in
our TEM measurements, we have to assume that the films used for this project
do not have the ideal properties that could be achieved e.g. by pulsed laser deposition [70], and ultimately cannot rule out that some of our EuS films show a
lower resistivity than anticipated. But the proximity coupling between Al and
Ag proved to be weak during measurements of the superconducting transition
temperature Tc (close to the bulk value, or higher), hinting at a high resistivity
tunnel contact between Al and Ag, as we intended. Thus, we conclude that
the contamination of the EuS layer happened after our STS studies but before
the TEM measurements, or the contaminants not effectively doping the layer.
The oxide layer between the Al and EuS films being an additional effective
tunnel barrier is also a real possibility.
We chose Al as the superconductor because of its long surface spin relaxation
time [71] and coherence length ξ0 = 1.6 µm for very low temperatures [31], allowing electrons which have experienced spin-mixing and spin-flipping at the
EuS interface to carry that information far into the superconductor. Since we
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3.1. Details of sample fabrication
are always using thin films of Al, the bulk coherence length ξ0 has to be corrected to account for the reduction of dimensionality [37]. In superconducting
films of only a few nm thickness, ξ decreases to
p
ξs = ξ0 l ≈ 90 nm

(3.1.1)

where l is the mean free path in the material, which has been reported to be
around l ≈ 50 Å for low energy electrons in 25 nm thick films of Al [72].
While its bulk critical field is approximately Hc = 10 mT, this value increases
significantly in thin films to around 800 mT in the case of an in-plane field
and 25 nm thick films [47]. The proximity effect of diffusive Al/Ag bilayers
is well understood and is reliably described by the Usadel model [35] and it
provides us with well-known tunneling conditions into the multilayer [73]. It
further protects the EuS from oxidation and contamination during the transport through atmosphere into the STM. The Al(25 nm)/EuS(5 nm)/Ag(5 nm)
(Fig. 2.8) multilayers have a critical temperature of between Tc ≈ 1.1 K and
Tc ≈ 1.8 K (see Fig. 3.6, the exact critical temperature depends on the sample

examined), the former value being similar to the critical temperature of the
Al(25 nm)/Ag(5 nm) reference sample.
The fabrication process ends with removing the sample from the evaporation
chamber and blow drying the sample with warm N2 in case water condenses on
the surface of the still cold sample. The chips were then vacuum-packed and
sent to Konstanz by mail. When mounting the samples, limiting the exposure
of the samples to laboratory air was given high priority in order to limit sample
oxidation and contamination with dust particles. The STM sample holder was
designed to hold a single 5 mm×5 mm sample, which is glued to a copper block
with silver paint. Special attention is given to making the silver paint touch
the film surface itself to ensure high conductance between the copper sample
holder and the film. The copper block is inserted into the slot of a macor disk
and the electrical connection for the sample side of the tunneling measurement
is clamped to the copper block with the aid of the same screws that also attach
the macor disk to the STM body.
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Once the sample has been loaded and both electrical and thermal connections
have been attached to the copper block holding the multilayer film sample,
the inner vacuum chamber (IVC) of the HelioxTM VL cryostat is closed and
purged with dry 4 He several times. The IVC is then pumped to 5 × 10−5 mbar

over the course of 45 min. About 1 cm3 of dry 4 He is added as exchange gas in

order to thermalize the STM and 3 He system during cooldown. The cryostat is
dipped into the 4 He bath and cooled down, while a resistive heater around the
STM body is used to heat the sample holder to around 90 K above the rest of
the cryostat. This ensures that any remaining H2 O vapor or N2 contaminants
freeze to the cryostat casing instead of to the film surface. Once the sorption
pump thermometer reaches 30 K, the sample holder heater is turned of and
the heating of the sorption pump begins while we begin pumping the 1 K plate
in order to cool the experimental stage and start condensing 3 He.

3.2. Cryogenics
The base temperature of the STM is 290 K. This temperature is reached
via a self-contained 3 He system (Fig. 3.3), cooled by a pumped 4 He system
drawing liquid helium from the bath through a snorkel that is integrated into
a HelioxTM cryostat by Oxford Instruments [74]. The circuit consists of a
sorption pump in thermal contact with the 1 K plate of the cryostat and a pot
that collects liquid 3 He below it. This 3 He pot is gravity-fed and cooled by
the condensing gas at the 1 K plate above it.
When the sorption pump is heated to about 30 K, it will not pump helium but
instead release the absorbed gas. By opening the needle valve and pumping
liquid 4 He into the coil where it evaporates, the 1 K plate cools to below 1.5 K.
This leads to the warm gas expelled from the sorption pump condensing at
the 1 K plate and dropping down into the 3 He pot (Fig. 3.3a). Through this
process, the pot fills with liquid 3 He and cools the sample stage to below 1.5 K.
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3.2. Cryogenics
After about 20 min, the sorption pump is completely regenerated and ready
to pump again.
Once the sorption pump heater is
a

switched off, it will cool to the tem-

b

perature of the 1 K plate and thus

3

T~30 K
(outgasing)

He sorption
pump

T<3K
(pumping)

Needle valve
for 1 K plate

1K plate
and coil
Condensing
3
He

start to getter gaseous 3 He (Fig. 3.3).
This lowers the pressure inside the

3

He vapour
pumped
by sorp

3

He system, and the liquid in the

3

He pot begins to boil off.

Evap-

orative cooling lowers the temperature of the liquid - and thereby of
the sample stage - to 290 mK. The

3

Liquid He
collects
T ~ 1K

3

He pot

3

Liquid He
self-contained 3 He
boils,
T = 280 mK

system contains

enough liquid to enable operating

Figure 3.3.: Schematic of the 3 He cir-

times of up to 60 h between sorption

VL cryostat.

pump bake-outs. While this number

Heating the sorp-

is only relevant for the empty cryo-

tion pump to 30 K leads to outgasing

stat with no experiment attached to

cuit in the Heliox
a, Regeneration:

TM

of 3 He, which condensates at the 1 K
plate and fills the 3 He pot. b, Cooling:
The 1 K pot cools the sorption pump
which evacuates the 3 He system. The
temperature of the 3 He pot is lowered
to 290 mK through evaporative cooling as the sorption pump getters most
gaseous 3 He. Reprinted from [74].

the sample stage, even with an STM
mounted in the cryostat we were able
to conduct measurements at base
temperature for up to 48 h until the
sorb had to be baked out again. The
cooling power of the system is around
40 µW at 500 mK [75].

The cryostat is submerged in liquid helium inside a standard super insulating
4

He bath Dewar also manufactured by Oxford Instruments NanoScience. The

Dewar was deliberately chosen not to include a nitrogen shield which would
cause vibrations due to the liquid coolant boiling off. The Dewar is equipped
with a three-axis superconducting vector magnet that allows for external mag-
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netic fields of up to 500 mT in-plane (x-direction) of the STM film sample and
of up to 1 T for out-of-plane (z-direction) magnetic fields.

3.3. Scanning tunneling spectroscopy
Scanning tunneling spectroscopy (STS) with an PtIr tip is performed in a
custom-made low temperature scanning tunneling microscope (STM) at 290 mK.
The instrument was built in Konstanz by Christian Debuschewitz [76] and later
refined by Michael Wolz [35] in the context of two dissertation projects, the
former focusing on the development of a low temperature STM with high energy resolution, the latter studying the superconducting proximity effect in Ag
and Au.
During normal spectroscopy operation, spectra were recorded across a 10 MΩ
tunneling gap, the STM set point was set to a tunneling current of 400 pA at
4 mV tip voltage and then stopped for voltage sweeps. The STM controller
used was a commercially available SPM1000, and later R9 (both by RHK Technology) with a special current amplifier (IVP-300) for STM studies. During
spectroscopy, the feedback loop was tuned to a time constant of tc > 5.0 and
a gain factor of G < 0.5.
The amplitude of the AC voltage modulation added to the tip bias voltage was
set between 7 µV and 20 µV at a frequency of 733 Hz. These measurements
result in spectra of differential conductance, dI/dV vs. voltage V , of the types
shown throughout this work. All spectra are normalized to the conductance
value Gb far outside the gap.
Two examples for the spectra produced by the technique described above are
shown in Fig. 3.4. The measurements were recorded on two different Al films
capped with 5 nm Ag, one Al film 244 nm (gray) and the other 25 nm (blue)
thick. The recorded dI/dV spectra clearly follow the classic shape of the superconducting density of states (DOS), including the BCS gap with its delimiting
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3.3. Scanning tunneling spectroscopy
coherence peaks. Since the dI/dV and LDOS are directly related [33], this is
the expected results for tunnel spectroscopy on superconducting films.

Also plotted in Fig. 3.4 are two theory curves based on the Usadel equation developed by Peter Machon and
Wolfgang Belzig. From fitting those
theory curves to the experimental
dI/dV (norm)

data, we can determine two free parameters: the superconducting energy gap ∆ and the temperature of
the environment T . We get ∆25 nm =
280 µeV and T25 nm = 295 mK for
the 25 nm sample and ∆244 nm =
−0.4

−0.2

0.0
0.2
Voltage (mV)

0.4

185 µeV and T25 nm = 305 mK for the
244 nm sample. All values are realistic for the cryostat, materials and

Figure

3.4.:

Reference

film thicknesses used: as described

dI/dV measurements on a 25 nm

in Chap. 3.2, the STM operates at

(blue) and a 240 nm (gray) Al
film.

Both samples were capped

with 5 nm Ag. Fitting dI/dV spectra
calculated based on the Usadel equation (black) results in ∆ = 285 µeV
and ∆ = 185 µeV, respectively, and

a base temperature of 290 mK, and
the literature value for the superconducting energy gap of bulk Al
is ∆bulk = 178.0(1) µeV [77], and
superconductors regularly show an

an effective electron temperature of

increase in ∆ for thin films.

295 mK. Note, that the theory curves

terpolation between values given in

shown here are not based on the

the literature [78] given for various

circuit theory model displayed in later

thicknesses of Al thin films results in

chapters, but on the Usadel equation

∆lit ≈ 230 µeV for 25 nm thick films,

alone.

indicating that the film under study

here might have been oxidized, and therefore thinner than 25 nm.
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In-

The thin film spectrum shown here will serve as a reference sample for all our
measurements on Al based superconducting multilayers. Note, that the theory
curves shown here are not based on the circuit theory model displayed in later
chapters, but on the Usadel equation alone.

3.4. STS and classification of subgap
features
Table 3.2.: Categorization of STS spectra into groups

no superconductivity
– insulating film surface, tip approach fails
– spectrum very noisy, no clear gap
– metallic spectra without a gap
standard superconductivity of thin films
– BCS-like standard gaps
– BCS-like gaps with slightly increased ∆
– V-shaped gaps (narrow, shallow, or both)
subgap features (“SGF”)
– peak at zero bias
– gap inside the BCS gap (“triplet gap”)
– double peaks symmetrically around zero bias
significantly increased ∆ (“giant gaps”)
– ∆ ≈ 500 µeV, often with SGF

– ∆ ≈ 1000 µeV, often without coherence peaks

– ∆ > 2000 µeV, often V-shaped, often asymmetric gaps
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3.4. STS and classification of subgap features
In the appendix (Tab. A.1) we show a listing of all samples which were characterized electronically by STS measurements for this dissertation project. The
corresponding figures in appendix A.1 provide an additional reference for the
dI/dV spectra acquired from each batch of samples. Generally, we can categorize the spectra we measured in the groups shown in Tab. 3.2 and described
in the following section:

3.4.1. No superconductivity
Fig. 3.5 shows an example of the spatial dependence of the superconducting
state itself. As with this example, many samples had large regions, where
no superconductivity could be recorded. The most extreme cases are sample
batches, where the top Ag layer was not metallic right after fabrication (e.g.
sample batch KN-8). These cases indicate very thin top layers, or heavy interdiffusion with EuS layer creating an insulating alloy, or heavy oxidation during
fabrication leading to the formation of Ag2 O, which is an insulator. In all these
cases, the tip approach fails as the STM cannot detect the surface, and the tip
crashes into the sample without any notice from the STM controller as there
is no change in the tunneling current. The other two types of spectra recorded
on locations where no superconductivity could be found are spectra that are
too noisy to discern a gap in the dI/dV signal from the lock-in amplifiers as
well as spectra that clearly and with low measurement noise show a metallic
spectrum with a flat dI/dV curve and a linear I-V characteristic. The former
indicates a problem with the tunnel contact. This might be contamination
on the sample surface, a malformed tip, or simply mechanical instabilities in
the STM itself caused by conditions in the lab (state of the cryostat, electrical
problems with the STM controller, a badly tuned feedback loop, etc.). Most
of the time this problem can be fixed by troubleshooting the STM itself to address all of these issues. The built-in oscilloscope and spectrum analyzer have
to be used to eliminate 50 Hz noise, film surface conditions can be ruled out
by frequently changing locations or by performing topography measurements
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3.4.2. Standard superconductivity of Al thin films
until conditions improve, the tip state can be addressed by voltage pulses at
different tunnel gap resistances, or re-tuning of the feedback loop parameters and set-point. On the other hand, if a spot or sample shows low noise
dI/dV spectra, I-V characteristics, and high quality topography images, yet
still only shows metallic properties, the problem lies entirely with the multilayer film, e.g. a thick oxide layer or a very strong exchange coupling between
the F and S layers, which destroys the superconducting state. In many cases,
superconductivity can be found on different areas of the sample by simply
moving the tip.

3.4.2. Standard superconductivity of Al thin
films
After all experimental sources of interference have been removed and good
tunneling conditions have been established, the by far most common type of
spectra recorded is a standard BCS energy gap in the dI/dV . For all thin
film samples, we expect an increase in the superconducting energy gap ∆ due
to a reduction of dimensionality. So for our 25 nm Al samples, we obtain
∆ ≈ 230 µeV from interpolating between data points in the literature [78],

while bulk Al has a gap energy of ∆ = 178.0(1) µeV [77]. Many of the spectra

recorded on S/FI/N multilayers proved to have much higher values for ∆. And
while thinner films continue to have higher energy gaps, this only explains
values of ∆ of up to 307(4) µeV for thicknesses of 2 nm [78]. So a thick layer of
AlOx that effectively thins out the Al film could explain BCS-like gaps of up
to 300 µeV, and if double peaks appear inside the gap, a Zeeman-like splitting
of the gap (e.g. Fig. 4.1i, A.2e,f) could in principle explain values for ∆ of
up to twice that number. For superconducting energy gaps larger than that
(which we observed frequently) we will have to find a different explanation in
a later chapter (Chap. 5.3).
While the energy gap in thin film superconductors can be significantly en-
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hanced, the opposite is true when the superconducting layer gets contaminated, e.g. by unintended doping with magnetic impurities: superconductivity is partially suppressed. In the experiment, this situation results in a
V-shaped [79], much narrower energy gap, usually without the delimiting coherence peaks. The dI/dV amplitude inside the gap also doesn’t reach all the
way to zero, meaning there are still states inside the gap. Again, because
this phenomenon is caused by local properties of the multilayer, changing the
spot often fixed this issue. Nevertheless, this type of spectrum was a common
occurrence on many of the samples we investigated.

3.4.3. Subgap features

Most importantly, there are the types of spectra most interesting for this
project: They show features inside the superconducting energy gap, the peaks
at zero bias, the double peaks symmetric to the Fermi energy and the appearance of a subgap around zero bias, that we will later interpret as the signature
of equal-spin triplet superconductivity (Chap. 5.1). The essential difference
between these features is the question whether the dI/dV actually vanishes on
both sides of the feature. If we compare the spectra in Fig. 4.1a and Fig. 4.1d,
the important difference is the minimal dI/dV value of the spectrum: if we
norm both spectra to the value Gb far outside the gap, the spectra in the former only ever falls to a minimum of min(dI/dV (U )) = 0.5Gb , while the latter
clearly exhibits a spectrum that vanishes (dI/dV = 0) at several energies inside the gap. The same is also true for the double-peak features, Fig. 4.1b
never crosses below the minimum value of 0.5Gb , while Fig. 4.1f displays a
differential conductance of dI/dV = 0 at energies higher than the peak energy.
As explained in Chap. 4 and 5, these details have a profound impact on the
theory model used to explain the data.
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3.4.4. Significantly increased gap width
The final category of spectra was already mentioned earlier: many of the
spectra we measure show significantly increased gap width. And while 600 µeV
could still be explained by thinning of the Al film by oxidation in combination
with Zeeman splitting of the subgap density of states, 1000 µeV to 5000 µeV
cannot be accounted for by those means. The overall shape of these gaps
is also very interesting, both the high coherence peaks and the reproducibly
asymmetric shape of the gap are as of yet unexplained. Chap. 5.3 will again
attempt to provide an explanation here.

3.5. Experimental approach to
measurements
3.5.1. Spatial dependence measurements
While some of these spectra specifically appeared only on some samples or
samples from some batches, it was always possible to switch between recording spectra from different categories (e.g. from superconducting to normal
conducting and back (Fig. 3.5), or from zero-bias peak to double-peak and
back (Fig. 4.3)) by moving the tip between nearby (< 15 nm) locations over
the film. As we will show in the next chapter (Fig. 4.3), this leads to some
interesting spatial dependency maps. Unfortunately, these changes between
different tip positions over the film were so large for all samples, that two arbitrary spectra recorded on the same sample frequently showed larger changes
than two arbitrary spectra recorded on samples from different batches. Thus,
we were not able to show a trend in the dependence of the dI/dV spectra on
e.g. the thickness of the ferromagnetic layer.
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Figure 3.5.: Spatial dependence of a superconducting energy gap in the STS
spectra recorded on an Al/EuS/Cu trilayer. The topographic features
visible in a have a clear correlation to the gap depth depicted in b. While
grain boundary regions and the elevation feature on the left show only normal
conductance (dI/dV = 1, normalized to the value far outside the gap), large
continuous regions on the bottom show full superconductivity (dI/dV = 0, i.e.
a full BCS gap) and other regions show slightly suppressed superconductivity
(dI/dV < 0.4) with significant spatial extend.
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3.5.1. Spatial dependence measurements
As visible in Fig. 3.5, the presence of a ferromagnetic layer significantly impedes the superconducting state on large areas of the sample (red). While
grain boundary regions in the center of the topography image and the elevation feature on the left side show only normal conductance (red, dI/dV =
1, normed to the value far outside the gap), large continuous regions on the
bottom still show full superconductivity (dI/dV = 0, i.e. a full BCS gap) and
other regions show slightly suppressed superconductivity (dI/dV < 0.4) with
significant spatial extent. This means there is a strong correlation between
the features observable on the surface of the film and the superconducting
state we probe via the dI/dV measurement, see for example the feature on
the film found roughly at position x = 20 mm × y = 20 mm, which can be

seen (including its boundary region) distinctly in the dI/dV map. The fully
superconducting islands in the lower half (e.g. x = 30 mm × y = 20 mm or
x = 60 mm × y = 20 mm) also have predominantly identical boundaries. What

these images cannot tell us, however, is whether these local variations of the
superconducting state stem from the properties of the protective top film1 or
the underlying EuS layer whose topographic interface properties impress onto
the Cu film.
As visible from the numbers in the columns of “number of recorded spectra”,
finding spin-active regions on the sample is often even more difficult than simply finding superconducting regions. Several production batches (KN-3,KN-8)
failed to either show subgap features (referred to as “SGF” in Tab. A.1) inside the gap, or proved not to be superconducting during STS at all. And
while some samples show a wide variety of subgap features on many of the
regions examined, every sample shows ordinary BCS-like behavior on a number of spots at least an order of magnitude higher than the number of spots
where subgap features appear inside the gap (the number of both regions
without superconductivity and regions showing only BCS-like gaps is actually
1 Cu

in the case of this very early test sample, the multilayer was fabricated by Michael

Wolf in Karlsruhe and STS measurements were performed by Michael Wolz in Konstanz
in 2011
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even greater, because often uninteresting spectra were discarded directly after
measurement). These experimental circumstances make measurements of specific subgap features difficult, as every change in the sample-tip configuration
will inevitably change the shape of the gap and the subgap features inside
it. These changes are often induced by the most interesting measurement series: changes in the external magnetic field and changes in temperature. So
when trying to record one of the many temperature or magnetic field sweeps
presented in this dissertation thesis (e.g. Fig. 3.6), it was a common occurrence that the spectroscopic feature under examination vanished completely
due to the disturbance of the experimental conditions brought by the magnetic
field/temperature changes. The only remedy for this problem is recording as
many spectra as possible and repeating magnetic field sweeps and temperature
sweep measurements until a full evolution can be recorded without suddenly
(often mid-spectrum) losing the feature under investigation. This results in
the large number of spectra recorded for each sample. Appendix A.1 shows a
selection of spectra recorded for each sample.

3.5.2. Temperature dependent measurements
Most prone to such a sudden loss of features to investigate were measurements
of the temperature dependence of the dI/dV spectra, e.g. Fig. 3.6. While
recording a series of spectra below ≈ 1.9 K often proved to be unproblematic,

crossing 2 K almost always introduced significant noise into the measurement,
which lead to losing the feature under investigation most of the time. The
reason for that is that the 3 He cryostat used for all our STM measurements
(Chap. 3.2) continuously cools the 3 He stage to 290 mK and any temperature
below 4.2 K (the temperature of the 4 He bath) is reached by heating the 3 He
sorption pump via a resistive heater. This first leads to a decrease in pumping
power of the sorption pump, directly resulting in a rise of the temperature of
the evaporating 3 He liquid. As heater power is increased, the sorption pump
slowly stops absorbing gas molecules and then starts to out-gas warm 3 He,
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Figure 3.6.: Temperature dependence of the superconducting spectra of an
Al(25 nm)/EuS(5 nm)/Ag(5 nm) sample. The gap shows a 2nd order phase
transition with Tc ≈ 1.7 K. The spectra are vertically offset for better visibility.
Reprinted from: [67], supplementary information.
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which expands towards the 1 K plate, where the gas starts to condense and
slowly refills the 3 He pot. This slow replenishing of liquid 3 He into the 3 He
pot adds warmer liquid to the reservoir, further increasing its temperature up
to the temperature of the 1 K plate. As the power of the sorption heater is
increased further, finally warm 3 He gas expands through the entire cooling
system quickly enough so that it cannot be condensed entirely at the 1 K
plate, thus bringing more thermal energy to the 3 He pot, where eventually
the remaining liquid 3 He will quickly evaporate. This process should - on first
sight - result in a direct correlation between heating power at the sorption
pump and the temperature at the 3 He pot, allowing us to first bring the STM
and its sample holder slowly to 1.4 K, and finally even beyond 4 K. Thus, we
can - in principle - precisely set a wide range of temperatures between 300 mK
and 7 K (maximum value for the thermometer used).
When trying to implement this process, creating stable temperatures above
2 K at the sample holder proved to be difficult. The lambda point of 4 He is at
2.17 K, which means that at temperatures lower than that, 4 He has undergone
the phase transitions to superfluid helium II. Thus, the liquid possesses zero
viscosity and flows without loss of kinetic energy due to the lack of intrinsic
friction. It also shows ideal thermal conductance and diverging heat capacity
as the superfluid approaches the lambda point. The latter is a problem for
us when we heat the 1 K plate by moving warm gas past it. As long as the
4

He inside the 1 K plate stays below the lambda point, it can be cooled to

below 1.4 K by pumping without the liquid beginning to boil. The gas can
evaporate directly from the surface of the liquid phase without any mechanical
disturbance or turbulence, as the infinite thermal conductivity creates a liquid
with a completely homogeneously temperature distribution. Also, as the walls
of the 1 K plate have the exact same temperature as the ideally conducting
liquid, there are no nucleation sites for bubbles in the liquid.
Thus, as we heat the sorption pump in order to get the 1 K plate warmer,
there is a point where the 4 He inside the plate begins to boil violently, which
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almost certainly destabilizes the tunneling conditions between tip and sample. This problem is compounded by the fact that as the superfluid He II
approaches the lambda point, the heat capacity diverges (Fig. 3.7) and increasingly larger amounts of heat are necessary to get closer to the lambda
point, only to overshoot once T > Tλ is finally reached. The standard PID
feedback loop techniques used for temperature control are not effective when
managing systems as strongly non-linear as this. So a common temperature
dependence measurement will provide high quality dI/dV spectra with very
stable temperatures in the range 290 mK - 2 K, at which point increasing heater
power will fail to increase the temperature measured at the 3 He point for a
long time. Once heater power reaches a critical level, the lambda point is
surpassed, and the 3 He pot temperature jumps suddenly by at least 1 K. This
jump usually is accompanied by a violent boiling in the 1 K plate, which often
negatively influences the tip-sample system.
One possibility to avoid this problem surrounding the lambda point is to sacrifice temperature stability in exchange for better measurement conditions by
heating to 2 K and then stopping the 4 He supply to the 1 K bot by closing the
needle valve. This eventually results in a loss of cooling power and the system
will begin to warm up naturally to 4.2 K. However, this technique has two
disadvantages: closing the needle valve in order to empty the 1 K pot shuts off
the flow of “warm” 4 He to the 1 K plate. This lack of heat flow from the 4 He
bath into the 1 K plate results in a significant short-term increase in cooling
power for the 1 K plate, which cools to around 1.1 K for 15 min. This so-called
“one-shot” cooldown has significant cooling power and will again decrease the
temperature measured at the 3 He pot. The second disadvantage is that the
temperature dependence now continues towards 4.2 K without violent temperature jumps or boiling in the 1 K plate, yet the warm-up is very slow. Because
the 1 K pot is still cold, the molecular sieve attached to it still getters the
exchange gas in the IVC very effectively. This results in a gentle, yet multiple hour long warm-up process, during which the tip-sample condition often
change again simply because of temporal fluctuations.

53

3.5. Experimental approach to measurements

3.5.3. Time dependent changes in the subgap DOS
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Figure 3.8.: Time evolution of dI/dV measurements on a Al/EuS/Ag sample.

Besides displaying a clear dependence on the location probed by the STM tip
and showing a consistent evolution depending on the microscopic configuration of the F layer, the subgap features also were observed to evolve over time
in select cases. Figure 3.8a shows a set of spectra from the same location on
the sample, where over ten successive measurements the height of the zero
bias peak switched between 0.1Gb and 0.6Gb five times. Recording a single
spectrum took around 60 seconds. During the measurement period no external field was applied, but moments before the first spectrum was recorded, a
magnetic field sweep was completed including a 60 mT out-of-plane field. In
this context it is interesting that the first recorded curve in zero field (black)
is also the only one that deviates from the pattern that spectra with a low
zero-bias peak show an overall broader gap while spectra with high zero-bias
peaks first follow the “low” spectra closely, but then show an additional slight
shoulder at the edge of the gap. These measurements suggest that the system
was not magnetically in equilibrium yet and the ferromagnetic film still un-
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3.5.3. Time dependent changes in the subgap DOS
derwent microscopic changes resulting in the changing zero-bias peak height.
It does, however, not explain the fact that (with the exception of the initial
black spectrum) two very distinct “families” of spectra emerge, with members
sharing practically all characteristics.
Similar time-dependent changes can
be observed in Fig. 3.8b and 3.8c.

120

The four spectra plotted in Fig. 3.8c
around two minutes and show a large
arbitrary change in the subgap features over time. The same is true for
Fig. 3.8b, where a strong zero-bias
peak appeared in the spectrum only
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The exact nature of the changes that
caused these quickly evolving spectra remains unclear, but we excluded

The heat capacity diverges close to the
lambda point Tλ .

Reprinted figure

with kind permission from [80]

the possibility of tip drift by repeatedly performing high resolution topography measurements on distinct features on the sample. We thus conclude that
slow relaxation processes of the magnetic polarization of the EuS layer are at
the origin of the time-dependent observations. SQUID measurements on thin
EuS films (Fig. 4.11) show a magnetically soft EuS film with almost vanishing
coercive fields, which implies that the EuS film will return to (at least some
of) its magnetically disordered state once the external field is removed. We
conclude, that this return to a more chaotic magnetic order is not instant and
can be observed in these time dependent subgap measurements.
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To prevent arbitrary changes in the dI/dV spectrum to interfere with the
other measurements introduced above (which all aim to map the changes in
the dI/dV spectrum induced by external factors), usually several (2-4) measurements were taken under the same conditions and averaged over. Measurements, where the spectra changed significantly during the measurement where
rare, and eliminated from data analysis.

3.5.4. Field dependent measurements
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Figure 3.9.: Dependence of the superconducting density of states on the
external magnetic field. a, dI/dV spectra are recorded continuously while
the external magnetic field is increased. Changes in the spectrum induced by
the external magnetic field are recorded as they happen. b, dI/dV spectra are
recorded at a static set field Hset , and several spectra are acquired for each field
value and averaged together. All spectra are vertically offset for better visibility.

In order to investigate the influence of external magnetic fields on the magnetic configuration of the ferromagnetic layer and on the superconducting state
itself, a superconducting vector magnet can apply in-plane and out-of-plane
magnetic fields of up to 500 mT and 1 T, respectively.
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3.5.4. Field dependent measurements
When recording magnetic dependence measurements, the following two methods were used: Fig. 3.9a shows the first of the two, the magnetic field is
continuously increased and while the external field is ramping up, the STM
records new spectra continuously. At an acquisition rate of 22 s per spectrum
and a rate of change of the field of 0.1 T/ min, the entire magnetic field range
(1 T) is recorded in a set of 27 spectra. Each curve visible in Fig. 3.9a is thus
representative not of one set field value, but a range 18 mT wide. This measurement technique has two main advantages: it is fast, and able to quickly
reveal if making more detailed magnetic field measurements at this point would
make sense, and it reveals the changes induced by the magnetic field directly
as they happen. This can answer important questions about the nature of
the changes we investigate: in the case of Fig 3.9a, four major transitions are
visible in the dI/dV spectra (where the position of the coherence peaks moves
by about 2 mV), and one of these transitions (orange) occurred in the middle
of the spectrum as it was recorded. This sudden jump within one data point
(as opposed to gradually over time) means that the magnetic order changes in
quick, jerky leaps.

The second method is shown in Fig. 3.9b: the STM stops measuring while
the magnet power supply drives the magnet to a new set field Hset , and once
the desired field is reached several dI/dV spectra are recorded for the same
field value and then averaged together. The advantages of this method are
a higher degree of certainty that the observed features are stable and will
reproduce, less noise in the measurement signal (access to multiple spectra
acquired under the same conditions allows for oversampling), and each curve
describes exactly one set of external parameters. It is, however, significantly
more time intensive.
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3.6. Details on transmission electron
microscopy (TEM)
In order to answer why the features described in previous sections change
so much between spots on the sample, we conducted transmission electron
microscopy measurements to study conditions inside the multilayer.
In order to obtain access to analyze the film composition laterally, a thin slice
needs to be cut from the multilayer film, as the electrons from the microscope
cathode are only able to pass through very thin layers. This is achieved by
focused ion beam (FIB) milling using Ga+ ions.
Two main imaging methods are available for the analysis of our lamellae:
Classical transmission electron microscopy (TEM, possibly upgraded to high
resolution TEM - HRTEM), and scanning transmission electron microscopy
(STEM). We used a FEI Titan 300 kV FEG TEM/STEM System based in
Karlsruhe for these measurements.
When recording TEM images, the instrument works analogously to a light
microscope: the electrons emitted by a filament are collimated and then focused on a relatively large area on the sample by electromagnetic lenses. After
passing through the specimen and interacting with the atoms in it, these electrons move through an objective lens and a magnification system, and then
hit a CCD sensor with a pixel array size of 2048 × 2048 pixels, which directly

generates a digital image. Since the wavelength of the imaging electrons is
directly related to their kinetic energy, image resolution is significantly higher
than for a light microscope, a point resolution of 2 Å is possible for modern
instruments using a 300 kV field emission electron source.
In order to significantly increase image contrast and to analyze the crystal
structure of our samples, HRTEM images were taken. Here, both the electrons
transmitting the sample and the electrons scattered at low angles are being
used. The transmitted electron beam and the scattered electron beams are
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both combined in the objective lens and projected onto the same point in the
sensor plane. This creates an interference image that provides phase contrast
and allows us to analyze the crystal structure and lattice imperfections on an
atomic resolution scale.
For STEM data acquisition, a highly focused electron beam is scanned across
the thin lamella in the same way a scanning electron microscope (SEM) probes
a sample. The microscope records the beam electrons transmitted by the sample at a single point and builds an image line by line. This mode allows the
use of secondary information (including scattered beam electrons, emitted Xray photons, loss of kinetic energy of the transmitted electrons, and secondary
electrons), and the correlation of these data sources with spatial information
of the lamella. We use this mode for spatially resolved elemental composition analysis of the various layers in the samples via energy dispersive X-ray
(EDX) spectroscopy, and because it offers high image contrast depending on
the material used (as opposed to the lattice constant) for each layer of the
film. STEM resolution is 1.36 Å at 300 kV.
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Chapter

4

Results
In this chapter, we will show the most interesting measurements on the S/F
multilayers introduced in the Methods chapter (Chap. 3). For both S/F systems, we will first focus on the main result of this project: the appearance
of features inside the superconducting energy gap caused by proximitizing a
ferromagnet next to the superconductor (Chap. 4.1). The experimental parameter that seems to influence these subgap features by far the most is the
lateral position of the STM tip above the sample (Chap. 4.2). Because this
strong spatial dependence of the superconducting gap suggests local variations
in the makeup of the multilayers, we then will show transmission electron microscope (TEM) measurements of sample cross sections (Chap. 4.3). In order
to characterize the magnetic properties of the respective ferromagnetic layers,
we will show SQUID magnetometry measurements next (Chap. 4.4). And finally, we will show STS measurements with varying external magnetic fields in
order to tune the magnetic properties of this ferromagnetic layer (Chap. 4.5).
The studies on Ho/Nb/Au multilayers shown here where conducted in a cooperation with the University of Cambridge and the Norwegian University
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of Science and Technology in Trondheim, with sample fabrication and characterization being done in Cambridge, STM measurements being performed
in Konstanz and theoretical work being done in Trondheim. The results of
this collaboration where also published in an article in the journal Nature
Communications [64] as A. Di Bernardo, S. Diesch, Y. Gu, J. Linder, G.
Divitini, C. Ducati, E. Scheer, M.G. Blamire, and J.W.A. Robinson, “Signature of magnetic-dependent gapless odd frequency states at superconductor/ferromagnet interfaces.” In: Nature Communications 6 (Sept. 2015),
and we will reproduce the results in this chapter. Author contribution:
S.D. carried out the STM measurements and data analysis, and was involved
in revising the manuscript on which parts of this chapter are based.
The studies on Al/EuS/Ag trilayers where done in a cooperation with the
Karlsruhe Institute of Technology (KIT), with sample fabrication and characterization being performed in Karlsruhe, and STM measurements and theoretical calculations being done in Konstanz. The major results of that study
were also published in an article in the journal Nature Communications [67] as
S. Diesch, P. Machon, M. Wolz, C. Sürgers, D. Beckmann, W. Belzig and E.
Scheer, “Creation of equal-spin triplet superconductivity at the Al/EuS interface” In: Nature Communications 9 (Dec. 2018), and we will both reproduce
these results and their interpretation, and we will expand significantly on the
measurements presented in that manuscript and introduce new, unexplained
data in this chapter (Chap. 5.3). Author contribution: S.D. carried out
the STM measurements, analyzed the data, and performed the fitting procedure. S.D. participated in fabricating the samples and performing the TEM
measurements. S.D. wrote the paper on which parts of this chapter are based.

4.1. STS Overview
The major objective of this project was to find spectroscopic evidence of exotic states of superconductivity. Thus, we start this chapter by providing an
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Figure 4.1.: Overview of the variety of features inside the superconducting
energy gap observed on different Al/EuS/Ag samples. While a, b can
be described with the model discussed later, c features an enlarged energy gap
that we cannot yet explain. d-g cannot yet be explained with our model, because
the delimiting features of the subgap or the zero-peak appear at less than 0.5Gb
(conductance value far outside the gap), h, i show a subgap similar to the subgap
presented in Chapter 5.1.2 and [67]. j-l, spectra displaying a variety of different
widths of the superconducting energy gap. Again, as in c, such an increase in
the superconducting gap width cannot be explained by our theoretical model.
Reprinted from [67], supplementary information.
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4.1. STS Overview
overview over the various changes in the dI/dV spectra induced by a ferromagnet being proximity coupled to a superconductor. We recorded tunnel
spectra at 290 mK by rastering a PtIr tip across the sample. Figure 4.1 shows
examples of the variety of spectra that were recorded on different Al/EuS/Ag
trilayers (blue) in comparison with the reference spectrum recorded on an
Al(25 nm)/Ag(25 nm) sample (black). All spectra shown are normed to the
dI/dV value Gb far outside the gap. More examples of spectra, e.g. of the
other material combinations we examined, can be found in Appendix A.1.
Spectrum (a) in Fig. 4.1 shows a dI/dV spectrum recorded on sample KN-0.
A large zero-bias peak is visible with a height of around 5Gb and the gap
width (∆ ≈ 290 µV) is comparable to the reference spectrum (∆ ≈ 240 µV).

Also note that the spectrum does not reach values below dI/dV = 0.5Gb .
Spectrum (b) was recorded on the same sample, and displays an almost identical gap width. Instead of a zero-bias peak, a high double peak feature is
visible. Again, the spectrum never dips below dI/dV = 0.5Gb . Spectrum (c)
was also recorded on sample KN-0, and shows a significant increase in gap
width (∆ ≈ 1300 µV). This value is around five times larger than the gap

recorded on the Al thin film reference sample. As we will show later, such an

increase (and in fact, even larger increases in gap width in other spectra) were
recorded frequently across several different Al/EuS/Ag samples. Also visible
in this spectrum is another double-peak feature at comparatively high energies relative to the gap width. These peaks appearing in the “shoulder” of the
superconducting energy gap where also recorded frequently. Spectrum (d) was
recorded on sample KN-1 and displays another zero-bias peak in the dI/dV ,
but this time of much smaller height (dI/dV = 0.3Gb ). Also note, that this
zero bias peak shows dI/dV = 0 at energies higher than the outer edges of the
peak, which makes the feature different than spectrum (a). Again, this spectrum shows an increased gap width, which is difficult to quantize because of
the lack of coherence peaks in this spectrum (∆ ≈ 500 µV). Spectrum (e) was

recorded on the same sample and shows a similar gap width but with coherence
peaks this time. It also shares the zero-bias peak with spectrum (d), but the
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peak has a greater amplitude (dI/dV = 0.6Gb ) and small, symmetric satellite
peaks. Spectrum (f) shows another double peak feature. Different than the
double peak feature in (b) and (c), this spectrum reaches dI/dV = 0 at energies higher than the outer edge of the subgap peaks. The spectrum shares
this characteristic, its apparent gap width and the lack of coherence peaks
with spectrum (d), and both spectra were recorded on the same sample. The
spectra in (g), (h) and (i) also show double peak features with various amplitudes. While all these spectra were also recorded on sample KN-1, the feature
that makes them different is again how low the dI/dV values are at energies
higher than the edge of the double peak feature. Spectrum (g) reaches as low
as dI/dV = 0.1, while spectrum (h) and (i) descends down to dI/dV ≈ 0.35.

Also note the difference in total peak amplitude between all double peak spectra presented here. Spectrum (j) was recorded on sample KN-6 and shows an
example for a diminished gap width. Most of that apparent decrease stems
from a much more rounded out spectrum for energies close to zero bias. Spectrum (k) shows another energy gap without any features inside the gap, but
this time again with significantly increased gap width (∆ ≈ 500 µV) compared
to the reference sample. Note that unlike spectrum (j), this curve shows distinct coherence peaks delimiting the gap. Spectrum (l) was recorded on the
same sample as the two curves discussed before (KN-6), but shows a significantly larger gap (∆ ≈ 2.8 mV). This value is more than 12 times larger

than the value recorded on the thin film reference sample, and more than 15

times larger than the bulk value of Al. Also note the asymmetric shift in
the positions of the coherence peaks at bias values of 2 mV and −4 mV. This

asymmetry does not seem to be a bias offset, and the dI/dV spectrum only

actually vanishes directly around zero bias. The asymmetry of the coherence
peaks is not only limited to their bias positions, it also extends to the amplitude of these peaks: across all locations on the sample where such a large,
asymmetric gap was recorded, the peak at lower absolute energy showed also
a smaller amplitude. There seems to be a directly linear relationship between
the relative positions in bias and relative amplitude. As we will show later,
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4.2. Subgap dependence on film surface
these positions (and amplitudes) can be changed by external magnetic fields.

4.2. Subgap dependence on film surface
4.2.1. Spatial dependence of STS measurements
on Ho/Nb/Au samples

CAM-2

Figure 4.2.: Spatial dependence of the subgap density of states. a, spatial
map of the spectra obtained at 290 mK and in b, the corresponding surface topography of the sapphire/Nb(6.5 nm)/Ho(9.5 nm)/Nb(20 nm)/Au(3 nm) sample.
The different colors in a correspond to the different types of spectra observed and
match the spectra shown in c–g. Reprinted from [64].
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4.2.1. Spatial dependence of STS measurements on Ho/Nb/Au samples
As we have shown in the previous chapter, a wide variety of spectra can be
recorded on the same film sample. In order to characterize this spatial dependence, we recorded tunnel spectra at 290 mK by rastering a PtIr tip across the
Ho/Nb/Au multilayer sample with a step size of 6.25 nm. As introduced in
Chap 3.5.1, the superconducting state often radically changes on these short
length scales. In Fig. 4.2 a color coded map shows the spatial distribution of
the different characteristics of the features we find inside the superconducting
gap. The spectra found for different positions of the STM tip above the sample were sorted into five different categories, shown in Fig. 4.2c-g: category
(c) contains all spectra were the spectroscopy conditions are too noisy for a
clear spectrum and no superconducting gap can be discerned from the measured data. Category (d) includes all spectra where superconductivity is being
suppressed, and the gap in the spectrum is shallow and V-shaped. Both of
these categories are only observed rarely, and often correspond to areas of the
film with a high concentration of defects (e.g. lower left corner of the topography). Category (e) corresponds to spots where standard BCS behavior is
observed, but no subgap features emerge. When conducting these location dependent conductance measurements on the Nb(6.5 nm)/Nb(20 nm)/Au(3 nm)
reference sample, above 95 % of probed location resulted in spectra belonging
to this category. We exclude the local absence of the ferromagnetic layer as
an explanation for the lack of subgap features in the spectra because of the
TEM measurements described below. While discontinuities of the Ho film
cannot be rule out entirely, these images clearly show continuous films of uniform thickness, which makes holes in the Ho film appear to be unlikely. Thus,
we attribute the areas resulting in BCS gaps to locations where the magnetic order was configured in a way that results in no net magnetization, i.e.
by randomly magnetized neighboring domains compensating their respective
magnetic moments.
The most common feature found inside the gap is shown in Fig. 4.2f: it consists
of a double peak inside the gap, often with a subgap opening up inside the
BCS gap, which we name “double-peak spectra”. As we will show later on,

67

4.2. Subgap dependence on film surface
it’s presence indicates a strong presence of noncollinear magnetizations, and
with that the creation of equal-spin triplet Cooper pairs. Lastly, category (g)
contains all spectra that show a peak at zero-bias voltage, which we will call
“zero-bias peak spectra”.
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4.2.2. Spatial dependence of STS measurements
on Al/EuS/Ag samples
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Figure 4.3.: Spatial dependence of the differential conductance. The different
colors in a correspond to the different types of spectra observed and match the
spectra shown in b-f. The shape of the spectra changes correspond to typical
length scales corresponding to the grain size of the EuS films (8 nm-18 nm) [39].
Reprinted from [67].

When performing STS on Al/EuS/Ag trilayers, the same location dependence
was observed. The shape of the spectra varies from position to position despite the nominally homogeneous layer system (see TEM measurements in
Chap 4.3). Figure 4.3 shows the spatial dependence of the subgap features in
detail. While most of the film shows BCS-like spectra (c), some areas show
clusters of double-peak (d) or zero-bias peak features (e). The fact that these
spectra can change from double-peak to zero-bias peak and subsequently to
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4.2. Subgap dependence on film surface
BCS-like within 25 nm shows that the phenomenon responsible for the nature
of the subgap features can change on short length scales, corresponding to
the magnetic domain size of EuS, which is reported to be 8 nm to 18 nm in
thin films [39]. These features again reveal a strong spatial dependence (i.e.
could be reproducibly switched on and off by moving the tip between different
regions on the sample).

As the comparison with TEM images (e.g. Fig. 4.6) shows again, the absence
of subgap features cannot be explained by the local absence or defects of the
ferromagnet layer. Although from the small volume of the TEM lamellae, voids
in the EuS layer cannot be completely excluded, these would be by far less
frequent than the positions at which BCS-like spectra are observed. The last
type of spectra (Fig. 4.3b) are only rarely observed and correspond to spots on
the sample where the tunnel contact was too noisy for spectroscopy or where
superconductivity was slightly suppressed, displaying a shallow V-shaped gap.
We attribute both phenomena to surface contamination or defects in the film.
Areas, where no superconductivity could be found at all are well compatible
with the TEM measurements we introduced in Chap. 4.3, the fact that the
Ag layer is very porous or even absent over certain areas of the sample makes
tunneling spectroscopy impossible in these locations, explaining regions where
no superconductivity could be found. The dominance of BCS-like spectra
indicates that the domain size of the ferromagnetic film is small. As wide areas
of the EuS film have proven to be nanocrystalline in TEM measurements (e.g.
Fig. 4.5e), the large number of domains probed results in a vanishing average
magnetization (see Fig. 5.14). Areas that do show zero-bias peak and tripletgap features thus hint at more uniformly magnetized domain clusters or locally
enlarged domains. No spatial dependence is observed on the reference sample,
where besides the common BCS-like spectra occasionally metallic spectra are
observed, most frequently around surface defects.
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4.3. TEM imaging
As shown in Fig. 3.5, Fig. 4.2 and Fig.4.3, both the superconducting state
itself and the features found inside the gap can change between different spots
on the sample, often on a length scale smaller than 10 nm. In order to answer
why these features show such a large spatial dependence, we conducted TEM
measurements to study the conditions of the individual layers.

4.3.1. TEM of Ho/Nb/Au multilayers
Figure 4.4 shows the transmission electron microscopy (TEM) images that
were acquired from one of the Ho samples, Fig. 4.4a-e depicts transmission
electron micrographs of thin vertical lamella cut by Ga+ free ion beam (FIB)
from the sample and Fig. 4.4f-i show a TEM image and the corresponding reciprocal space information acquired form fast Fourier transforms (FFT) of the
spatial information contained in Fig. 4.4f. These images and the supporting
energy dispersive X-ray (EDX) spectroscopy measurements show a continuous Ho layer and confirm that the Ho and Nb layers are crystalline with low
interdiffusion between the layers. The images of the lamellae in Fig. 4.4a-b
also include a Pt/C capping layer to facilitate FIB cutting and handling of the
separated lamella. Note that both these elements and the Ga+ ions from the
FIB cutting process itself end up contaminating the lamellae.

4.3.2. TEM of three Al/Eus/Ag trilayer samples
We also conducted TEM measurements on 3 different sets of Al/EuS/Ag samples (scanning transmission electron microscopy (STEM) for high contrast images, high-resolution transmission electron microscopy (HRTEM) for high resolution micrographs of the crystal structure, and energy dispersive X-ray (EDX)
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Figure 4.4.: Electron microscopy of Nb/Ho/Nb/Ag lamellas. a, Low-magnification
scanning transmission electron microscopy (STEM) image showing the continuity of the
film (scale bar has a length of 1 µm) and b, a higher-magnification STEM image (scale
bar has a length of 20 nm). c, A STEM image and corresponding energy-dispersed X-ray
(EDX) maps highlighting Ho (d, blue) and Nb (e, orange) layers (scale bar in c has a
length of 50 nm; image c-e have matching widths and lengths). f, A high-resolution
transmission electron micrograph of the lamella (scale bar has a length of 5 nm) and
corresponding reciprocal space information (fast Fourier transforms) measured in Nb
(g,i) and Ho (h). In g,i, the arrows indicate reflections from (110) planes, while in h
arrows indicate (002) reflections. Reprinted from [64].
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4.3.2. TEM of three Al/Eus/Ag trilayer samples
spectroscopy for spatially resolved elemental composition analysis). These microscopy investigations were performed several months after sample fabrication
and STS analysis (yet immediately after the lamella was cut), and the samples
were stored in air between the measurements. As before, micrographs were
taken in order to determine the atomic structure of all the deposited layers and
layer continuity especially in case of the EuS layer. The three samples analyzed
were KN-1, KN-3 and KN-6, each time a Al(25 nm)/EuS(5 nm)/Ag(5 nm) multilayer was cut and studied. Each of those sample showcases the three stages
our fabrication process went through (see also Tab. 3.1):
• KN-0 and KN-1: fabricated without an electrical heater. The EuS and
Ag films were deposited at room temperature

• KN-2 to KN-5: fabricated with the electrical heater. The EuS film was

deposited onto the heated substrate and the Ag film was deposited onto
the LN2 cooled substrate

• KN-6 to KN-8: the EuS film was deposited as before, the Ag film was
deposited at room temperature

STEM images (Fig. 4.5a) show continuous film thicknesses for both the Al
(dark, patterned) and the EuS (dark) film of sample KN-1, and a thick (4 nm)
oxide layer (bright) both above and below the Al layer. The contrast within
the Al film is a consequence of different crystallites being imaged in different
directions with respect to their lattice planes. The Ag film on that sample
is thin and porous, it is clearly visible that the EuS layer is not continuously
covered. Since the atoms in thin films of Ag are known for their high horizontal
mobility, and especially since sample KN-1 was several months old by the
time the TEM lamella was cut, it is possible that the Ag film had changed
significantly between the STS and TEM measurements.
High-resolution transmission electron microscopy (HRTEM) images of the
sample (Fig. 4.5b) confirm a continuous Al film, a thick oxide layer above it
and the nanocrystalline structure of those two films: performing fast Fourier
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Figure 4.5.: Transmission electron microscopy of an Al/EuS/Ag lamella
(KN-1). a, a high magnification STEM image shows the growth of the Al and
EuS films to be uniform across the sample and a very porous Ag top layer. The
image also reveals an oxide layer below the EuS film, which should ensure insulating behavior of the tunnel barrier independent of the quality of the EuS film.
b, the HRTEM image confirms these observations and also shows an amorphous
EuS film (c), visible lattice planes for the oxide layer (d) and a nanocrystalline Al
(111) film with a clearly visible moiré pattern of two atomic lattice planes (e) for
single nanocrystals in the corresponding reciprocal space information obtained
via FFT. The Ag layer is not visible in this part of the lamella, indicating that
large areas of the sample were not covered in Ag.

74

4.3.2. TEM of three Al/Eus/Ag trilayer samples
transformation (FFT) analysis on single grains shows visible lattice planes in
the reciprocal space information for the Al and oxide layers (Fig. 4.5d,e) and
the amorphous nature of the EuS layer (Fig. 4.5c). And again, local voids in
the Ag film are common.
The condition of the Ag layer look much better on sample KN-3 (Fig. 4.6a), the
STEM micrograph shows continuous film thicknesses for EuS (dark) and Al
(dark, patterned), and two oxide layers (bright) above and below the Al film.
The oxide layer between the Al and EuS layer prevents the direct contact
between the superconductor and the ferromagnet, which is reported in the
literature [47] to suppress all exchange interaction between the two layers.
As we will show in the next section we observe strong indications of S/F
interactions in these samples nevertheless. The dark spots embedded in the
Ag surface are Ag crystallites, which we have confirmed by EDX spectroscopy
(Fig. 4.8c). As for sample batch KN-1, STEM of sample KN-3 shows that the
Al and EuS layers seem to have been evaporated to the intended thickness,
but there seems to have been a problem with the deposition of the Ag film:
formation of separate Ag islands with voids between them in the case of sample
KN-1 and a thicker deposition of Ag than intended in the case of sample KN-3.
The HRTEM micrograph for sample KN-3 (Fig. 4.6b) shows a certain roughness of the oxide layer resulting in a wavy shape of the EuS and the Ag film
on top. These fluctuations also are a local phenomenon and do not show up
in the STEM images or other HRTEM images recorded on different spots on
the lamella. Lattice planes are visible for all layers when FFT analysis is
performed on single grains of the film confirming the polycrystalline growth.
Granularity seems to be constant throughout the films.
The last measurement in this series can be seen in Fig. 4.7. For sample KN-6,
resolution of the STEM images is much worse for these micrographs and unlike
the images shown in Fig. 4.5 and Fig. 4.6, no lattice planes are visible in the
Al layer. Image contrast was also worse than during previous measurements,
removing all details from the Pt/C capping layer. This trend continues through
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Figure 4.6.: Transmission electron microscopy of an Al/EuS/Ag lamella
(KN-3). a, a high magnification STEM image shows the growth of all three
layers to be uniform across the sample. The image also again reveals a thin
oxide layer below the EuS film, which should ensure insulating behavior of the
tunnel barrier independent of the quality of the EuS film. The Ag and Al films
are about 5 nm thicker than expected. The contaminants visibly embedded in
the Ag layer were deposited only during preparation of the TEM lamella. b, the
HRTEM image confirms these observations and also shows nanocrystalline growth
for all films. All layers show clearly visible lattice planes in the reciprocal spatial
information (c-f ) within crystalline grains. Reprinted from [67], supplementary
information.
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Figure 4.7.: Transmission electron microscopy of an Al/EuS/Ag lamella
(KN-6). a, a high magnification STEM image shows this sample to have a much
thinner Al layer than expected and thicker EuS and Ag films. Film growth also
seems to be rough-textured for all films, especially for the Ag layer. Other than
the TEM measurements shown before, this image does not show an oxide layer
between the Al and EuS films. b, the HRTEM image confirms these observations,
but shows no reflections in the reciprocal space information, so either all films
were amorphous, or the HRTEM measurement lacked resolution.
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4.3. TEM imaging
the HRTEM and EDX measurements: the data recorded on sample KN-6 is
of low quality throughout the measurement. The cause for this was primarily
less user experience with the transmission electron microscope. What we can
derive from the data is that the film thicknesses are not what we intended them
to be: while the Al layer turned out to be thinner than expected (d1 ≈ 10 nm),

both EuS and Ag were thicker than intended (d2/3 ≈ 10 nm) for sample KN-6.

And again, the Ag layer shows high surface roughness and seems to be porous
in nature.

The HRTEM micrographs in Fig. 4.7b confirms that the Al layer is only
≈ 10 nm thick while showing large thickness variations, and the EuS layer
is thicker than expected with a fluctuating layer thickness of ≈ 10 nm with

considerable deviation. Yet measurements on sample KN-6 resulted in many
interesting tunnel spectra, showing very wide gaps in some locations, next
to standard superconducting energy gaps when the tip was moved to other
spots. The differences in sample composition thus seem to influence the superconducting state itself only little. In both STEM and HRTEM images, the
Ag topping layer seems to be continuous, but is uneven, showing large thickness variations and pore-like depressions in the film. Either resolution during
HRTEM is insufficient to show the crystal structure of the films in HRTEM,
or all three films are amorphous.
Energy-dispersive X-ray spectroscopy (EDX) measurements (see Fig. 4.8) show
a clean Al film for samples KN-1 and KN-3, but contamination especially at
the interfaces between the Al and the EuS layer. Some of these contaminants
have only been introduced during FIB cutting of the lamella, but we have to
assume that the EuS film experienced some oxidation and some unintended
doping during the fabrication process. Interdiffusion between layers seems to
be high at both EuS interfaces, which further decreases the effective thickness of the superconducting layer, offering an explanation for the large critical
temperature and ∆ we observe.

In conclusion, our TEM studies show that there is room for improvement in our
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Figure 4.8.: Elemental analysis of Al/EuS/Ag samples by energy dispersive
X-ray (EDX) spectroscopy. a, Sample KN-1 shows a thick oxide film between
the Al and EuS films in addition to another oxide layer below the Al film. b,
Sample KN-3 shows much less interface oxidation, yet the EuS layer still shows
some amounts of O doping. c, EDX across a crystallite on the Ag surface of
sample KN-3, identifying those particles as pure Ag.
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sample fabrication process. The samples from fabrication batch KN-3 seem
to have the best properties of the three batches we looked at. And while we
found significant fluctuations in individual layer thicknesses and in continuity
especially of the Ag capping layer, these measurements show that at least the
EuS film is continuous in all our samples and the Al film generally seems to
be in good condition. In particular, these measurements answers the question
whether the dependence of our STS results on the position of the tip over the
sample could be caused by inhomogeneities of the ferromagnetic layer. This
clearly is not the case for any of the samples studied here. However, issues like
the incorrect layer thicknesses in sample KN-6, the thick oxide layers between
the Al and EuS films and a potentially porous and rough-textured Ag capping
layer need to be addressed.
Note that some of the potential problems identified by TEM, like the interdiffusion of the interfaces of the multilayer system (Fig. 4.8) and the formation
of Ag islands on top of sample KN-1 (Fig. 4.5a) could also be signs of aging. Other potential problems like the oxidation of the Al/EuS interface could
also possibly have occurred only during or after the FIB cutting of the TEM
lamella. Samples from all batches (or batches with identical fabrication parameters) studied here displayed superconductivity in STS, and all showed
interesting features beyond standard gaps in some spots.
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4.4. Magnetic characterization and
temperature dependence
4.4.1. Resistance and magnetometry
measurements on Ho/Nb/Au multilayers
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Nb(6.5 nm)/Ho(9.5 nm)/Nb(20 nm)/Au(3 nm) on sapphire. Electrical transport
measurements were performed using a custom-built dipstick probe in a liquid
helium Dewar in a four-point current-bias setup.

From the temperature

dependence of a film’s resistance, the superconducting transition Tc was defined
as the temperature at 50 % of the transition. Care was taken to ensure that the
applied current (0.1 mA) had no effect on Tc . Critical temperatures of 6.5 K
with Ho and 8.5 K without Ho were extracted meaning the proximity effect of
Ho reduces Tc by 2 K. The R-T plots were measured in increasing temperature.
Reprinted from [64], supplementary information.

During resistance measurements in a standard four-point measurement setup,
the Ho/Nb/Au multilayer sample showed a superconducting phase transition
with a transition temperature of Tc ≈ 6.6 K, which is slightly lower than the

transition temperature recorded for a reference sample that was fabricated
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without the ferromagnetic Ho layer (Tc ≈ 8.6 K, see Fig. 4.9). We conclude
that the presence of the ferromagnet slightly suppresses superconductivity in

the Nb layer via the inverse proximity effect, but not to a degree that would
be detrimental to our measurements.
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Figure 4.10.: Magnetic properties of the Nb/Ho/Nb/Au multilayer thin
films. a, Initial magnetization curve (blue) and M (H) loop (gray) at 10 K.
Lines are a guide to the eye. b, Magnetization at zero field (Mr ; red) and with
the set field Hset switched on (blue). Lines are guides to the eye. Vertical (black)
lines separate different magnetic phases of Ho: a bulk helix (region 1), coexisting
helix and F component (region 2), and F state (region 3). Reprinted from [64].

Single crystals of Ho show a phase transition to a helical magnetic order at
TCurie = 133 K with a helix turn angle (the angle between the magnetic moments of neighboring layers) of 30◦ . Exposed to external magnetic fields in
the plane of the preexisting magnetic order, there Ho crystal will transition to
a stable ferromagnetic order with the magnetic moments of all planes aligned
parallel to the external field. As shown in this chapter and supported by
the results in [65], our Ho thin films behave similarly. Figure 4.10 shows
the results of squid magnetometry measurements performed on an epitaxial
thin film sample at 10 K. Figure 4.10a shows the initial magnetization curve
(blue) from the zero-field cooled (ZFC) state to the saturation magnetization
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of Hmax ≈ 2.026 emu/cm and the M(H) hysteresis loop expected for a ferro-

magnetic sample. The hysteresis loop remained stable during continued field
cycling. As visible in Fig. 4.10a, the magnetization curve goes outside the
hysteresis loop during the initial magnetization from the as-cooled state. This
indicates a phase transition to a ferromagnetic state. In Fig. 4.10b we analyze
this phase transition further by increasing the external magnetic field to progressively larger values (the so-called “set field” Hset ) while going back to zero
field after every measurement of the film magnetization M (Hset ) in order to
determine the remanent magnetization in absence of the external field (Mzero ).
This process is repeated for every data point plotted in Fig. 4.10b, so a pair
of data points (M (Hset ) and Mzero ) is acquired for each field value. For set
field values Hset < 200 mT, the magnetization of the sample doesn’t increase
by much. This can be explained by the high stability of the helix phase. For
field values of 200 mT < Hset < 500 mT, the helix phase starts to unwind and
the transition from helical magnetic order to ferromagnetic order begins, as
indicated by a sharp rise in film magnetization M (H). The important result
of this measurement is that this transition is irreversible at every point of the
transition, i.e., removing the external field preserves the configuration of the
magnetic moments inside the Ho film. For fields Hset > 500 mT, the Ho film is
completely ferromagnetic. This characteristic of allowing a gradual transition
of the magnetic configuration that is robust upon switching off the external
set field is unique to materials like Ho. This makes the material well suited as
the F component for the experiments we wanted to conduct on S/F systems,
because as visible in Fig. 5.1, keeping the external set field Hset switched on
during spectroscopy measurements influences the quality of the spectrum. It
is therefore desirable to measure without the external magnetic influences.
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Figure 4.11.: SQUID magnetometry measurement in parallel field on one
of the Al/EuS/Ag samples. The sample is magnetically soft with a coercive
field of HC ≈ 5 mT and a Curie temperature of TCurie ≈ 16.7 K, close to the
Curie temperature of the bulk material. When zero-field cooled, the film shows
almost no spontaneous magnetization (black curve). The diamagnetic moment
of the Si substrate was subtracted from the magnetization curve. Reprinted from
[67], supplementary information.

4.4.2. Magnetometry measurements on
Al/EuS/Ag trilayers
For the Al/EuS/Ag trilayers, the magnetic characteristics were characterized
by SQUID measurements on a 5-nm-thick EuS film. The film showed a ferromagnetic transition (see Fig. 4.11b) close to the bulk Curie temperature
TCurie = 16.7 K. The coercive field of the entire magnetic layer is Hc ≈ 5 mT
and the material is magnetically soft, leading to a shallow magnetization loop

(Fig 4.11a, blue). Saturation magnetization was around 3µB per formula unit.
The fact that the magnetization curve (black) from zero-field cooled (ZFC)
state starts close to M (µ0 H = 0) ≈ 0 hints at a uniform domain structure

with neighboring magnetic moments that often cancel each other out, i.e., a
distribution with no predominant direction of magnetization. Hence, a sample starts from a demagnetized state and the domains can be rotated easily
and quickly with a relatively low magnetic field. Unfortunately, measuring
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the coercive field of the interface moments exclusively - as a way to confirm
our central assumption (see Chap. 5.1.2) about soft bulk magnetic moments
and trapped interface moments - was not possible by SQUID magnetometry
due to the small number of magnetic moments. For more details on fabrication of EuS nanostructures and for more characterization studies see [68].
The Al(25 nm)/EuS(5 nm)/Ag(5 nm) multilayer has a critical temperature of
Tc ≈ 1.7 K (see Fig. 3.6), similar to the critical temperature of the Al(25 nm)/

Ag(5 nm) reference sample. When recording a temperature dependence on
a dI/dV spectrum with a zero-bias peak, the anomaly vanishes at around
700 mK.

4.5. Subgap dependence on external
magnetic fields
We exposed the S/F film samples listed in Tab. 3.1 to both in-plane and
out-of-plane magnetic fields (see Chap. 3.5.4). A collection of the most interesting results can be seen in Fig. 4.12. Overall, the external field can be
seen to transform double-peak features to zero-bias peaks in the dI/dV when
the sample showed a double peak in the ZFC state (Fig. 4.12a-c). When the
ZFC state spectra already shows a zero-bias peak, the external magnetic field
either transforms it into a double peak feature (Fig. 4.12d) and then back to
a zero-bias peak (consistent with the evolution of double-peak features shown
above), or the zero-bias peak progressively gets smaller and then vanishes under the influence of an external field (Fig. 4.12e). Note that while spectrum (a)
was recorded on a Ho/Nb/Au multilayer, all other samples have been recorded
on Al/EuS/Ag trilayers. In summary, when magnetic fields are successfully
used to change the subgap features of the dI/dV spectra, increasing fields are
always found to change the spectra towards a zero-bias peak feature.
Fig. 4.12f shows another evolution of the dI/dV in external fields that was
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Figure 4.12.: Effect of magnetic fields on the subgap density of states of
different S/F multilayer samples. a-c, Double-peak subgap structure in zero
field at 290 mK turning into a zero-bias peak under the influence of an external
field. d, zero-bias peak evolving into a double-peak feature and back to zerobias peak. e, zero-bias peak with satellite peaks diminishing under increasing
external fields. f, the position of the coherence peaks of a large superconducting
energy gap show magnetic field dependence. The spectra from the Ho/Nb sample
are marked “CAM-1”, spectra from the Al/EuS samples are marked “KN-X”, see
Tab. 3.1.
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frequently observed: The coherence peaks of a very large (∆ ≈ 2.8 mV) asym-

metric BSC gap suddenly change positions, i.e. the asymmetric BCS gap

suddenly jumps to its own mirror image (mirror axis at E = 0 mV, the coherence peaks jump from −4 mV and 2 mV to −2 mV and 4 mV). The fact

that this jump is not simply a change in bias offset becomes apparent when
we look at the peak amplitudes: While the spectrum for 0 mT displays the
higher amplitude peak at a bias of −4 mV (and the lower amplitude peak at

a bias of 2 mV), this high peak amplitude does not simply shift by 1.5 mV to
the right under the influence of an external magnetic field of 70 mT. The coherence peak moves, including its associated gently descending shoulder, from
a bias of −4 mV directly to 4 mV. The transformation is a true mirror image.

At 180 mT, the spectrum undergoes another transition while the spectroscopy
measurement is being recorded: when the voltage is swept from negative bias
towards zero bias, the curve suddenly jumps at a bias of −2 mV from around
5Gb straight to 0.5Gb (inside the superconducting energy gap) within a single

data point. The spectrum recorded at 220 mT shows again the initial state:
the high amplitude coherence peak is back at a bias voltage of −4 mV. The

spectra in Fig. 4.12a-e can be compared to theory easily, allowing us to use
them to correlate the subgap dependence on magnetic fields with the magnetic
order at the S/F interface, and thus they will be described in great detail in
Chap. 5. Figure 4.12a and d are the magnetic field sweeps published in [64]
and [67], respectively.
In summary, adding a F layer to an S/N proximity system results in several
significant changes to the spectra that will be discussed in the following chapter. The first difference between spectra with and without a ferromagnetic
layer have been described above: the appearance of free states inside the BCS
gap, evident through distinct peaks at varying voltages |V | < ∆. The previ-

ously listed phenomena are strongly position dependent for all samples with an
S/F interface, while the reference samples consistently show BCS-like spectra
everywhere on the sample. Magnetic fields can be used to finely tune these
features inside the gap. Secondly, the presence of the ferromagnet reliably
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increased the perpendicular critical field of the multilayer by a factor of at
least two. While thin film samples of Al and Ag show 2nd order transitions to
the normal state around out-of-plane fields of 40 mT, a sample including the
EuS layer shows the 2nd order transition only at around 170 mT (Fig. 5.12).
The third difference is an increase of the apparent gap width by up to several
hundred µeV. All spectra recorded on multilayer films with a ferromagnet had
some degree of an increase in gap width, but for some samples and location,
this increase is up to a factor of 15 times larger.
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Chapter

5

Discussion

5.1. Signatures of magnetic-dependent
spin-triplet superconductivity
In order to better understand the relationship between the features inside the
gap (described in Chapter 4.1 and 4.5) and the magnetic properties of the S/F
system, we performed scanning tunneling spectroscopy (STS) measurements
of the local density of states (LDOS) and we showed (Fig. 4.12) magnetic field
sweeps and their influence on the dI/dV spectra at a position on the sample,
where a subgap features appeared in the ZFC (zero-field cooled) state. In this
chapter, we will now interpret these results.
Hereby, we will follow the historical development of the project and first show
that the pairing amplitude of the spin-triplet state can be enhanced by introducing a spin-active layer to the superconducting system, as predicted by the
quasiclassical theory of superconductivity [26]. We will show that the equalspin and mixed-spin triplet states manifest in fundamentally different ways
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during tunneling spectroscopy measurements. For that part of the discussion,
we will analyze our measurements on Ho/Nb/Au multilayers. As before, these
studies on Ho/Nb/Au multilayers shown here were conducted in a cooperation
with the University of Cambridge and the Norwegian University of Science and
Technology in Trondheim, with sample fabrication and characterization being
done in Cambridge, STM measurements being performed in Konstanz and theoretical work being done in Trondheim. The results of this collaboration where
also published in a Nature Communication article [64] as, A. Di Bernardo, S.
Diesch, Y. Gu, J. Linder, G. Divitini, C. Ducati, E. Scheer, M.G. Blamire,
and J.W.A. Robinson, “Signature of magnetic-dependent gapless odd frequency
states at superconductor/ferromagnet interfaces.” In: Nature Communications
6 (Sept. 2015), and we will reproduce the results and their interpretation in
order to set them into the context of this chapter. Author contribution:
S.D. carried out the STM measurements and data analysis, and was involved
in revising the manuscript on which parts of this chapter are based.
Next, we will try to identify a specific subgap feature as evidence for the
creation of equal-spin triplet pairs. We will attempt to provide the missing
link between STS measurements of the LDOS, i.e., we predict the formation of a small spectral gap, henceforth called “triplet gap” in the quasiparticle LDOS and show how it is related to the creation of equal-spin triplet
pairs. The STS measurements in this section were recorded on several different Al(25 nm)/EuS(5 nm)/Ag(5 nm) trilayers, and as already indicated in the
Results Chapter, these STS studies were done in cooperation with the Karlsruhe Institute of Technology (KIT), with sample fabrication and characterization being performed in Karlsruhe, and STM measurements and theoretical
calculations being done in Konstanz. The major results of that study were
also published in an article in the journal Nature Communications [67] as S.
Diesch, P. Machon, M. Wolz, C. Sürgers, D. Beckmann, W. Belzig and E.
Scheer, “Creation of equal-spin triplet superconductivity at the Al/EuS interface” In: Nature Communications 9 (Dec. 2018), and we will both reproduce
these results and their interpretation, and we will expand significantly on the
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measurements presented in that manuscript and introduce new, unexplained
data in this chapter (Chap. 5.3). Author contribution: S.D. carried out
the STM measurements, analyzed the data, and performed the fitting procedure. S.D. participated in fabricating the samples and performing the TEM
measurements. S.D. wrote the paper on which parts of this chapter are based.

5.1.1. Evolution of subgap features on
Ho/Nb/Au multilayers
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Figure 5.1.: Effect of magnetic field on the double-peak subgap LDOS. a,
Double-peak subgap structure in zero field at 290 mK. b-f, The effects of switching on (black) and off (blue) successively larger in-plane set fields (as labeled)
across the metamagnetic transition of Ho. Data were acquired at the same location.

In order to correlate the magnetic configuration of the Ho layer explored in
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Fig. 4.10 with the subgap structure in the differential conductance spectra,
scanning tunneling spectroscopy with an PtIr tip was performed in a 3 He cryostat at 290 mK [76], which results in differential conductance dI/dV vs. voltage
V spectra of the types shown thorough this thesis. In Fig. 4.12a we already
showed a magnetic field dependence recorded on a Nb(6.5 nm)/Ho(9.5 nm)
/Nb(20 nm)/Au(3 nm) film sample, and we will take a closer look at the significance of that measurement in this chapter. The sample starts in the zerofield cooled (ZFC) state and is exposed to increasing in-plane magnetic fields
of magnitude Hset , provided by the superconducting vector magnet coils of
the cryostat. The dependence of the observed subgap features to the magnetic structure of the Ho film is plotted in Fig. 5.1. First, we located an area
on the film where a strong double-peak feature is visible, indicating the presence of noncollinear oriented magnetic moments, i.e. a place where the helical
phase of Ho is in the ZFC state. Such a spectrum is plotted in Fig. 5.1a.
We then expose the sample to successively larger magnetic set fields Hset
and record a dI/dV spectrum for both Hset and Hzero , when the set field is
switched off again. The spectra are shown in Fig. 5.1b-f, and display qualitatively similar behavior: below Hset < 200 mT, the subgap features prove to
be field depended as the helical order of the Ho magnetizations rearranges.
The evolution from a double-peak feature at Hset = 0 mT to a strong zeropeak feature at Hset = 150 mT happens entirely within the first region of the
transition depicted in Fig. 4.10b, where the magnetic order of the bulk Ho
moments hardly changes at all. For field 200 mT < Hset < 500 mT, the entire magnetic order in Ho (bulk moments and interface moments) transitions
to ferromagnetic ordering, decreasing the magnetic noncollinearity in the process and resulting in a suppression of the features inside the superconducting
energy gap and a return to BCS behavior. Once the F phase of Ho is established at Hset ≈ 500 mT (Fig. 5.1f), the subgap features have disappeared

entirely. This evolution of subgap features is best visible in Fig. 5.2, where
we show the difference between the dI/dV measured at the position of the

double peak feature inside the gap compared to the dI/dV of the zero bias
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peak (∆G) = dI/dV (0.4 mV) − dI/dV (0 mV) in dependence of Hset . So pos-

itive values of ∆G indicate the presence of a strong double peak, and negative
values indicate a zero peak.
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Figure 5.2.: Difference between side peak height and zero-peak height. The
difference (∆G) in the differential conductance obtained at side-peak voltages
(U = 0.5 mV) to the differential conductance obtained at zero bias (U = 0 mV)
versus the applied set field Hset for the field off (black) and on (blue).

The evolution of features inside the superconducting energy gap can be explained by the changing magnetic structure of the Ho film during the magnetic
field sweep. For fields between 200 mT and 500 mT, the magnetic helix configuration is being deformed permanently by the external fields. As magnetic disorder is decreasing during this transition to the ferromagnetic state, we expect
signatures of triplet components to vanish and only a featureless BCS-like gap,
like measured for after returning to zero field from a set field of Hset = 500 mT
and plotted in Fig. 5.1f, to remain. The gap shows some rounding and and
first signs of superconductivity being suppressed, but this is to be expected
because of the reverse proximity effect the Nb layer experiences because it is
in close contact with a fully ferromagnetic Ho film. The measurements taken
while the Ho film experienced little change (200 mT < Hset < 500 mT) shows
a more unexpected set of dI/dV spectra. In this region of the magnetization
curve (“Region 1” in Fig. 4.11b), SQUID measurements show the helical structure of the Ho film to be robust and experience little change for set fields
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Hset < 200 mT. Yet the shape of the features inside the gap change radically within that field range (indicated by the transition from positive ∆G
values to negative values in Fig. 5.2), which hints at significant changes in
the magnetic configuration of the system happening even at low field values.
The explanation for this kind of change is that the surface layers of a Ho film
show antiferromagnetic exchange-coupling energies between the magnetic moments of nearest neighbors, and the surface stabilizes ferromagnetically over
a distance of several atomic planes [81, 82]. In [64] we estimate both interfaces of the Ho (below and above the Ho film) to have an interface thickness
of ≈ 0.5 nm, or approximately two atomic layers. These two layers on each

side of the Ho film, with their unique antiferromagnetic coupling introducing
a certain degree of magnetic disorder to the system, are characteristic for a
spin-active interface, and the single peak at zero bias in the dI/dV spectrum is
the often sought after signature of of an odd frequency spin triplet component
[26, 83].
In order to understand the connections between magnetic moments at the
interface and the appearance of a zero bias peak; and the relationship between
the features found inside the superconducting energy gap and their relation to
odd frequency correlations, we conducted a theoretical study to calculate the
LDOS from quasiclassical theory of superconductivity in the diffusive limit.
Solved in a fully self-consistent way (see [64], supporting information) and
under consideration of both the suppression of superconductivity near the
interface region and the induced odd frequency paring in the superconducting
region, this gives us the LDOS spectra in Fig. 5.3. The simulated curves
display the LDOS of the superconducting region and include the influence of
the proximity effect caused by the coupling between the Au and Nb films. This
interface is simulated using the following realistic parameters: RB /RS = 2,
RS = RF and DF /DS = 0.65, where RB is the resistance of the barrier between
Nb and Ho, RF/S and DF/S are the bulk resistance and the diffusion coefficient
of the Nb/Ho layer, the superconducting coherence length ξS = 15 nm, h/∆ =
3 with the exchange field of Ho h and the superconducting energy gap in Nb
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∆, the period of the bulk helix in Ho λ = 3.4 nm, τF,φ = 1.3 and τS,φ = 0.4
describing the spin-dependent interface scattering on the S/F side, and the
thickness dS = 20 nm of the Nb layer and the thickness dF = 9.5 nm of the Ho
layer.
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Figure 5.3.: Calculated magnetic-phase-dependent superconducting DOS in
Nb, a DOS in Nb for a helical magnetic phase in Ho in which the surface ferromagnetic spins of Ho (indicated by blue arrows) are aligned or (b) noncollinear
by 45◦ or (c) by 90◦ to the bulk helix in Ho (indicated by red arrows). d, DOS
in Nb for which the Ho has a ferromagnetic phase as sketched showing no subgap
features. Reprinted from [64].

The spin-active interface between the Nb and Ho films with its noncollinear
magnetization directions is modeled through spin-dependent boundary conditions. If magnetic moments of the bulk helix and the magnetic moments of
the interface are aligned in-plane, a double peak structure appears inside the
gap (Fig. 5.3a), while misalignment (45◦ or 90◦ ) between those magnetizations leads to the formation of a zero-bias peak in the LDOS (Fig. 5.3b,c). If
the bulk helix is unwound completely and all magnetic moments are aligned
parallel, all subgap features disappear and only a BCS-like spectrum is left
(Fig. 5.3d).
The experimental spectra discussed above are described phenomenologically
by this theory and show the intimate relationship between the magnetic configuration of the Ho film and the features found inside the superconducting
energy gap, and the model also explains why maps like the one in Fig. 4.2a
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show many more double peak features than zero bias peaks for measurements
on samples in the as-cooled state: the ferromagnetic coupling between the
surface moments and the interface moments will always favor an interface configuration that lies in-plane to the bulk helix. As the configuration of the
interface is also influenced by impurities on the surface of the film and magnetic trapping at surface defects, the frequency of the other spectra we find
are also explained by the varying surface magnetizations. This model links
the degree of noncollinearity of the magnetic moments in our sample to the
structure inside the superconducting energy gap, which is directly related to
the odd frequency pairing correlations, as we will show in Chap 5.1.2.
In conclusion, the results discussed in this chapter demonstrate first spectroscopic evidence that spin-triplet superconductivity can be induced at S/F
interfaces. The measurements on thin film heterostructures of Nb and Ho
show two distinct types of features inside the superconducting energy gap: a
zero-bias peak around the Fermi edge and a symmetric double peak feature
at higher energies inside the gap. These features showed a clear dependence
on the magnetic order in the Ho layer, and the features vanished once the
Ho layer was fully magnetized, as predicted by spin-triplet theory. Repeating
these measurements with a Nb/Au reference sample showed none of the features nor their magnetic evolution, confirming that the S/F interface is at the
root of these signatures inside the gap. These results demonstrate a fundamental modification of the superconducting state by the presence of Cooper pairs
in the spin-triplet state. The signature of these equal-spin and mixed-spin
pairs come in the form of free states within the energy gap of the superconductor, and they show finite net spin polarization in the absence of dissipation.
This makes the combination of superconductivity and magnetism interesting
for spintronics devices, and a direct link between a spectroscopic signature
and these spin-triplet correlations is highly desirable. We will now attempt to
provide that link.
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5.1.2. Evolution of subgap features in
Al/EuS/Ag trilayers
In Fig. 4.12, we show several other magnetic-field-dependent measurement
similar in nature to the one discussed in the previous section, but recorded
on Al(25 nm)/EuS(5 nm)/ Ag(5 nm) multilayers. We will now discuss three
additional sets of spectra, beginning with Fig. 4.12d. As before, we start with
a spectrum recorded at a location on the sample that showed an interesting
subgap feature in the zero-field cooled (ZFC) state (Fig. 5.4). We then exposed
the multilayer film to increasingly larger external magnetic fields oriented inplane. While the Ho film discussed in the previous section shows a robust
magnetic phase that changes irreversibly with the external magnetic field and
persists once it is turned off (Fig. 4.10), the EuS film in the samples discussed
in this section are magnetically soft (for SQUID measurement see Fig. 4.11).
This magnetic softness results in a quick change in magnetic configuration
whenever the external field is turned off, which is why we conducted all fielddependent measurements for the Al/EuS/Ag trilayers only while the external
field was switched on.

ZFC state: antiparallel magnetizations
To explain our findings we propose the following model: According to our
theoretical studies (Chap. 2.5), the appearance of spectra with triplet gap
features correspond to areas with at least two magnetization directions which
are noncollinear. We assume these two distinct magnetic areas are given by the
bulk EuS film on the one hand (Fig. 5.4a-c, black arrows), and by the interface
to the Al layer on the other hand (gray arrows), as we will explain in more
detail below. Second, the ferromagnetic interface must provide some degree of
spin mixing between similarly oriented magnetic domains. These are two nontrivial requirements explaining why only a fraction of all spectra reveals these
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Figure 5.4.: Model of the magnetization behavior of the EuS layer. a, The
sample in the as-cooled state consists of magnetically soft domains with an overall
magnetic moment that is random in direction, and interface moments pinned
by impurities which show higher coercive fields. b, The internal domains are
expected to follow the external magnetic field more readily, aligning at smaller
magnetic fields. c, The interface moments only follow the external magnetization
for higher fields. d - m, Experimental dI/dV spectra (blue) recorded for the same
tunnel contact in varying magnetic fields at 290 mK. A full up and down sweep
is performed to show that the observed curves depend on the magnetization
behavior of the F layer. The black lines are the fitted calculated differential
conductances according to our model. The arrows indicate the fitted relative
angle between the different magnetizations. Reprinted from [67].
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features. We assume that the magnetic configuration of a sample in the zerofield cooled (ZFC) state consists of domains with independent magnetizations
pointing in random directions [84] (black arrows) and of moments found at the
interface of the ferromagnet, that do not necessarily align with the direction of
magnetization of the bulk domains laying overhead [64] (gray arrows). These
interface moments can be magnetically harder due to a local variation of the
interface. Once exposed to external magnetic fields, those interface moments
follow the direction of the external field only at higher fields compared to the
magnetically softer bulk moments.
We can use the different coercive fields of the interface and the bulk moments
of the EuS layer to control the angle between them by applying an external
magnetic field (Fig. 5.4a-c). In order to better understand the relationship
between the features inside the gap and the magnetic properties of the S/F
system, we show a complete up and down sweep of the in-plane magnetic
field at a position on the sample, where a zero-bias peak appears in the ZFC
state, and we fit differential conductance spectra calculated using the model
described in Chap. 2.5 to the experimental data (Fig. 5.4d-m). The observed
field dependence can be consistently interpreted when assuming the tip to be
located at an area on the sample, where the magnetic configuration in the
ZFC state is anti-parallel. Anti-parallel configurations between interface moments and bulk magnetization might be energetically favored because of their
vanishing stray-field. Microscopically this could be realized by a magnetically
harder layer of interface moments that are aligned on a length scale larger
than the domain size of the bulk magnetization. In the circuit-theory model,
this anti-parallel configuration results in a strong zero-bias peak in the LDOS,
which corresponds to the creation of mixed-spin triplet pairs as visible by the
peak in the mixed-spin pairing amplitude (Fig. 5.5b). The experimental data
follows this prediction closely. As the magnetic field is increased, the bulk
magnetization readily follows the field direction, and at 10 mT already the angle between the interface moments (gray arrows) and the bulk magnetization
(black arrows) is decreased. Fitting this misorientation to our experimental
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data results in an angle of 75◦ , which means that the initial bulk magnetization
(see Fig. 5.4) was rotated in-plane by 105◦ . In our theory model, this rotation from anti-parallel to noncollinear magnetizations opens up a gap in the
LDOS, which directly corresponds to the creation of equal-spin triplet Cooper
pairs, as signaled by the increasing equal-spin triplet pairing amplitudes (Fig.
5.5c,d). The experimental data clearly reflects this trend. As the magnetic
field is further increased, the interface moments finally also follow at around
150 mT. The triplet gap and its confining double peaks disappear to reveal
again a zero-bias peak, corresponding to collinear magnetizations according to
our fits. Further increasing the external field does not substantially change the
features inside the gap, but the superconducting gap begins being suppressed
by the magnetic field at around Hset ≈ 300 mT. As expected, here, the theoretical model does not describe the experimental spectra any more, since this

suppression is most likely due to the onset of orbital depairing, which is not
included in the model because it would require yet another fit parameter in
the theory. As we decrease the external field, no triplet gap opens up and
no double peaks reappear, supporting our assumption that we started with a
magnetic configuration in the anti-parallel state, which we cannot recover by
decreasing the field. However, the zero-bias peak starts reappearing at around
300 mT and is fully developed at 100 mT. This model for the ZFC magnetization configuration also explains why finding such a transition is so rare - most
in-gap features show a much less pronounced field dependence under varying
the external magnetic field (see Fig. 5.11 for a field sweep that changes the
subgap structure only very little).

Fitting the circuit theory model
We have numerically calculated the superconducting dI/dV spectra according
to the Usadel equation and circuit theory [54–60]. As described in Chap. 2.5,
a ferromagnetic insulator separating an s-wave superconductor and a normal
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metal can be represented by a circuit diagram consisting of two nodes and a
tunnel connector.
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Figure 5.5.: Dependence of the superconducting properties of the S/F/N
system on the magnetic configuration. a, Evolution of the LDOS as a
function of the relative angle θ between the magnetization of the ferromagnetic
connector and the Gφ term of the S-node, showing zero-bias peaks with varying
amplitude for parallel (θ = 0) and antiparallel (θ = π) alignment and the appearance of the triplet gap around perpendicular alignment. b, Pair amplitude
of the mixed-spin and (c-d) the equal-spin components as a function of θ. The
mixed-spin component is prominent for θ ≈ 0 and θ ≈ π and almost vanishes
around θ = π/2, while for the equal-spin component it is opposite. All curves
have been offset vertically for better visibility. Reprinted from [33].

The circuit diagram in Fig. 2.8a represents the discretised version of the Usadel
equation [54, 85] and has to be expanded with a spin-dependent boundary condition, details of which are shown in Chap. 2.5 and a full derivation of which
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can be found in previous publications [58–60]. Solving the Usadel equation
(see Eq. 2.5.1) allows us to calculate the LDOS in the N-node. Changing the
direction of magnetization in the ferromagnetic connector parametrised by the
angle θ between the magnetization of the ferromagnetic insulator interior and
the interface spins, results in an evolution of features inside the gap shown in
Fig. 5.5a. For θ close to 0 and π, the LDOS shows a peak at zero bias (corresponding to the Fermi energy). For all other angles, i.e., situations where
not all magnetization directions are collinear, a gap opens symmetrically centered at the Fermi energy. This noncollinear orientations of magnetizations
in the system has been identified as a mandatory prerequisite of equal-spin
triplet pairing [7]. Accordingly, the gap is most pronounced at θ = π/2, corresponding to a maximal equal-spin pairing. This is visualized in Fig. 5.5c,d,
where the equal-spin triplet components of the anomalous Green’s functions
of the superconductor are plotted in the z−basis projected onto the magnetization direction of the S-node m
~ S . It is important to stress that the equal-spin
triplet pairing F|↑↑i/|↓↓i has a distinctly different energy dependence than the

mixed-spin pairing F|↑↓i+|↓↑i shown in Fig. 5.5b. Hence, a full interpretation

of the LDOS requires a simultaneous consideration of the energy dependent
pair amplitudes. For the theoretical curves shown in Fig. 5.5 and Fig. 5.4, the
following parameters were used: GS /(GT εT h,S ) = 4.1/(kB Tc ), GφS /GT = 5,
GN /(GT εT h,S ) = 0.07/(kB Tc ),Gφ /GT = −0.061, and Pn = 0.6.
This fitting is done under the constraint that only the relative magnetization
angle θ between the interface moments and the bulk moments can change
between different set points of the external field. The parameters characteristic
for the sample geometry (GS/N , GφS/N , P ) and the materials used (Tc = 1.84 K,
and derived from these self-consistently ∆ = 280 µeV), were fit to the zero-field
spectrum and then kept constant. We note, that the quality of the fits could
be substantially improved by varying these parameters individually for every
field, which would, however, not be justified by physical arguments. Due to
the complexity of the model there are several combinations of spin-dependent
parameters (see Tab. 5.1) which fit the experimental spectra almost equally
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well. However, all these parameter sets correspond to the same evolution
of the relevant physical properties (see Fig. 5.6 and Fig. 5.7), i.e., the same
magnetization configurations. The solutions share a strong induced exchange
field in the Al (here measured by GφS ), and a large spin-polarization Pn of the
tunnel current of at least 60 %. For distinctly smaller values of either GφS or
Pn the hallmarks of equal-spin triplets vanish. The material choice is thus
crucial for the creation of equal-spin triplet pairs.
From the calculated LDOS, the theoretical differential conductance dI/dV can
be calculated by including experimental parameters like non-zero temperature
and amplitude of the voltage modulation added to the bias in order to perform
lock-in measurements. These calculated curves are compared to dI/dV tunnel
spectra, measured in lock-in technique between a normal metal tip and the
Al/EuS/Ag trilayer sample. These theoretical spectra are the black curves
fitted to the experimental data in Fig. 5.4d-m.
These theoretical curves are not the only combination of parameters that fit
the experimental data well. In Fig. 5.6 we show three sets of curves with
different sets of parameters. The calculations based on the circuit theory
were carried out with the parameters shown in Tab. 5.1. The parameter set
resulting in the spectra in Fig. 5.6a is the data set resulting in the theoretical
curves in Fig. 5.5 and 5.4 and plotted again for comparison, Fig. 5.6b,c show
completely different parameter sets. The lower GS and GφS terms result in
less pronounced zero-bias peaks, but fit the experimental data better once the
triplet gap appears. In order to fit the experimental data at 300 mT, where
the external magnetic field results in a significant decrease of the height of
the coherence peaks and in a decrease in gap width, several approaches lead
to a better fit: introducing increased thermal smearing (by increasing the
temperature of the environment), a lower ratio of GS /GT (shown in Fig. 5.6c)
or a stronger proximity effect (higher ratio of GN /(GT εT h,N )) all describe the
experimental data better for that external magnetic field value.
When fitting all curves with an individual parameter set, the parameters in
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Figure 5.6.: Examples for different parameter combinations resulting in the
gap features observed during experiment. a, shows the theoretical curves
displayed in the main article, b-c are show alternative parameter combinations.
The numerical parameters for the theoretical curves can be found in Tab. 5.1,
experimental spectra are identical to the ones shown in Fig. 5.4. For the parameters used, see Tab. 5.1, for LDOS and triplet pairing amplitudes see Fig. 5.7.
Reprinted from [67], supplementary information.
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Tab. 5.1 have the following effects on the calculated LDOS (all statements are
general trends, changing one parameter always influences many features of the
spectra and usually necessitate adjusting other parameters): The polarization
P changes the width of the triplet gap and the zero-bias peak, with lower P
resulting in a wider gap and a narrower zero-bias peak. GN /(GT εT h,N ) can
be understood as a measure for the strength of the proximity effect, where
a higher value decreases the gap width and scales down the height of the
coherence peaks. GS /(GT εT h,S ) and the two spin-mixing terms GφS /GT and
Gφ /GT change the nature of the subgap features entirely. When GS alone is
increased, the width of the triplet gap increases and the amplitude of the zerobias peak decreases. When GφS is increased, the zero-bias peak increases in
amplitude. When GS and GφS are increased simultaneously, both the features
inside the gap and the coherence peaks increase in amplitude. When Gφ is
decreased, the spectra for θ = 0 and θ = π become more similar and the θ
dependence gets increasingly more symmetric.
Table 5.1.: Parameters for the theoretical curves found in Fig. 5.6 and
Fig. 5.7.

units
GS /(GT εT h,S )
GφS /GT
GN /(GT εT h,N )

−1

(kB Tc )
1

−1

(kB Tc )

5.6a

5.6b

5.6c

5.7a-d

5.7e-h

4.1

1.25

0.5

5

1.3

0.45

0.07

0.01

0.035

φ

G /GT

1

-0.061

-0.05

- 0.01

Pn

1

0.6

0.6

0.4

Tc

K

1.84

1.84

1.84

mK

310

275

330

Texp

For all calculations, the superconducting node has a critical temperature Tc =
1.84 K, which self-consistently results in a superconducting energy gap ∆ =
1.764kB Tc = 280 µeV. The experimental temperature Texp was set to between
275 mK and 330 mK in order to achieve the amount of thermal smearing re-
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quired for a good fit to the experimental data. Both Tc and Texp are realistic
for thin film Al (Tc measurement in Fig. 3.6) and the cryostat (an Oxford
Instruments HelioxTM VL) used for our experiments.
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Figure 5.7.: Dependence of the superconducting properties of the S/F/N
system on the magnetic configuration.

a-d, LDOS and triplet pairing

amplitudes for the dI/dV spectra shown in 5.6b, e-h the same for the spectra
shown in 5.6c. Reprinted from [67], supplementary information.

The pair amplitudes of the resulting triplet states are shown in Fig. 5.7 for
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the parameter combinations shown in Fig. 5.6b,c. The evolution of the triplet
pairing amplitudes behaves in the same way for those two parameter sets as
they do for the set used above (Fig. 5.5), showing that although we cannot
make profound predictions about the spin-dependent parameters present in
the S/FI interface in our experiments, the message stays the same: there is a
direct correlation between the opening of a subgap inside the superconducting
energy gap and the presence of equal-spin triplet Cooper pairs.

ZFC state: noncollinear magnetizations
The same is true if we look at other field-dependent measurements of the subgap LDOS: noncollinear magnetizations lead to a triplet gap in the dI/dV spectrum that can be fitted to theory curves to show large equal-spin triplet pairing
amplitudes. Figure 5.8d-h displays the measurement series shown in Fig. 4.12b,
plotted alongside theory curves fitted to the experimental data. Again, we
start with the sample in the ZFC state, but this time at a spot that shows a
broad triplet gap. According to our theoretical studies, this means we probe
an area on the sample where at least two noncollinear magnetization directions are present (Fig. 5.8a). As the external magnetic field is increased, the
triplet gap eventually is diminished and finally vanishes completely as all magnetic moments in the EuS layer gradually follow the magnetic field (Fig. 5.8b)
and no noncollinear magnetic moments remain at H > 20 mT (Fig. 5.8c). As
this measurement utilized a magnetic field pointing out of the sample plane,
i.e., along the magnetic hard axis given by the shape anisotropy of the EuS
film, the change in direction of those magnetic moments does not happen as
abruptly as when measuring the magnetization behavior of the EuS layer in
in-plane fields. So as all magnetic moments gradually align with the increasing
magnetic fields, a smooth decrease in the relative magnetization angle would
explain the data we observe.
Figure 5.9 shows the LDOS again plotted together with the pair amplitudes of
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Figure 5.8.: Model of the magnetization behavior of the EuS layer for out
of plane fields. a, The sample in the as-cooled state consists of magnetically
soft domains with an overall magnetic moment that is random in direction, and
interface moments pinned by impurities which show higher coercive fields. b,
The internal domains are expected to follow the external magnetic field more
readily, aligning at smaller magnetic fields. The interface moments have started
to follow the field, but are not aligned yet. c, The interface moments only follow
the external magnetization for higher fields. d - h, Experimental dI/dV spectra
(blue) recorded for the same tunnel contact in varying magnetic fields at 290 mK.
A magnetic field sweep is performed to show that the observed curves depend
on the magnetization behavior of the F layer. The black lines are the fitted
calculated differential conductances according to our model. The arrows indicate
the fitted relative angle between the different magnetizations.
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the mixed-spin and equal-spin components as a function of the relative magnetization angle θ. As before, the mixed-spin components are prominent for
collinear magnetization direction and vanish for θ = π/2 while the equal-spin
components significantly increase in amplitude for all noncollinear magnetization directions with a maximum amplitude at θ = π/2. The parameters
used for these theoretical curves and the fits in Fig. 5.8 are GS /(GT εT h,S ) =
1.3/(kB Tc ), GφS /GT = 0.7, GN /(GT εT h,S ) = 0.02/(kB Tc ),Gφ /GT = 0, and
Pn = 0.8.

Tc of the superconducting node was set to 2.6 K (leading to

∆ = 400 µeV via the BCS self consistency relation) and the temperature of
the environment was Texp = 300 mK. A notable difference to all other pair
amplitude plots shown in this section, the mixed-spin components of the pair
amplitudes is exactly zero for all energies at θ = π/2. This is made possible
by the Gφ = 0 for the tunnel connector. Previously, a small mixed-spin component remained for all angles because we used a non-zero Gφ term for the
tunnel connector.

Figure 5.8d-h shows the evolution of the triplet gap and the theoretical curves
fitted to the experimental spectra. Goodness of fit is lower than for the data
set in Fig. 5.4, the calculated spectra only reproduce the main characteristics
of each spectra. And while the fit of the curves in Fig. 5.8d,e could be improved
by a more throughout search of the large parameter space, the experimental
curves in Fig. 5.8f-h posses fundamental features that cannot be explained
by the current model - namely the large bias range where dI/dV < 0.5Gb .
This problem is even more pronounced if we try to explain the magnetic field
dependence shown in Fig. 4.12c, where the current theory model cannot claim
to achieve more than a phenomenological similarity to the features seen in the
experimental data.
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Figure 5.9.: Dependence of the superconducting properties of the S/F/N
system on the magnetic configuration. a, Evolution of the LDOS as a
function of the relative angle θ between the magnetization of the ferromagnetic
connector and the Gφ term of the S-node, showing zero-bias peaks with varying
amplitude for parallel (θ = 0) and antiparallel (θ = π) alignment and the appearance of the triplet gap around perpendicular alignment. b, Pair amplitude
of the mixed-spin and (c-d) the equal-spin components as a function of θ. The
mixed-spin component is prominent for θ ≈ 0 and θ ≈ π and vanishes around
θ = π/2, while for the equal-spin component it is opposite. All curves have been
offset vertically for better visibility.
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Low out-of-plane set fields

Another unexplained phenomenon is the small magnetic field range we observe
in this measurement (and the measurement in Fig. 4.12c, which also uses outof-plane fields). In the model we propose, we assumed the interface moments
to have a relatively high magnetic hardness (coercive fields of around 150 mT)
when exposed to in-plane magnetic fields, which act on the magnetic moments
in the plane of the two easy axes of the thin layer. We would expect an even
greater magnetic hardness of these interface moments when forced to reorient
out-of-plane along the hard axis, yet we see the spectroscopic signatures of a
fully magnetized sample already at Hset = 20 mT. We propose two different
explanations: the simple explanation is that the interface moments show different magnetic hardness depending on their local environment, and that some
areas are simply stronger pinned than others. The other possible explanation
lies in the different directions of the external magnetic field. In-plane magnetic
field cannot induce screening currents in the Al thin film due to dimensionality
restrictions, and for that reason the critical field in thin film superconductors
is increased significantly (Hc,thin = 800 mT [47] in the case a thin Al film,
while Hc,bulk = 10 mT are reported as the bulk critical field [77]). An outof-plane magnetic field on the other hand will introduce a type II transition
to the normal conducting state in thin films of Al. During this transition,
Abrikosov vortices form in the Al layer and the external magnetic field will
begin to penetrate the superconductor through these vortex cores, were the
material locally turns normal conducting. Given by the small radius r of these
cylindrical normal vortex cores, and the magnetic flux through the normal
core always being exactly one flux quantum Φ0 =

h
2e

= 2.067 × 10−15 Wb,

the magnetic field directly below an Abrikosov vortex can be locally enhanced
(Fig. 5.10) to values much greater than the external magnetic field. Thus, the

vortices act like magnetic lenses, focusing the external magnetic field onto a
small area of the S/F interface. We can estimate an upper bound for the radius
of a vortex core necessary to reach the fields (Bswitch ≈ 150 mT) observed in
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previous measurements (Fig. 5.4):
h
= 2.067 × 10−15 Wb = A · Bswitch
2e
2.067 × 10−15 Wb
A = πr2 =
150 mT
r ≈ 70 nm

(5.1.1)

Φ0 =

The magnetic radius of an Abrikosov
vortex is comparable to the penetration depth of the superconductor

z

(r ≈ λ) [86], so we need to compare
these values to the London penetra-

tion depth λ of Al, corrected for the
reduction of dimensionality in thin
films and for the effects of impuri-

Ag
EuS

x

Al

vortex
core

ties when working in the dirty limit
l < ξ. The latter can be taken into
consideration by the approximation

B
Figure 5.10.: Local

field

enhance-

ment through Abrikosov vortices.

λeff

p
= λL (T ) 1 + ξ/l,

(5.1.2)

Sketch of a type-II S-FI heterostructure in a uniform external magnetic
field larger than Hc1 .

which gives us the effective penetration depth λeff and can be used for

The field

lines are focused into the FI by the
Abrikosov vortices in S.

temperatures close to T = 0 [31],
where again l = 5 nm is the mean free path and ξ is the superconducting
coherence of our thin films (ξS ≈ 90 nm, see Eq. 3.1.1). Because the system we

consider in this section is a thin film sample in out-of-plane magnetic field, the
penetration depth has to be further corrected for the two dimensional nature
of the screening: Tinkham [31] gives
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λ⊥ = λ2eff /d

(5.1.3)

as an approximation for the screening length in superconducting thin films of
thickness d in perpendicular fields.
There is still some controversy in the field about the exact value of λL in bulk
Al. Maloney, de la Cruz, and Cardona [87] measured 44 nm, Cohen and Abeles
[88] report 15.7 nm, Cohen and Abeles [89] report 15 nm, while Poole, Farach,
and Creswick [90] list 51 nm, 50 nm and 16 nm from three different, additional
references.
Applying the corrections above to the lower value for bulk Al (λL = 16 nm)
yields λ⊥ ≈ 195 nm, which is in agreement with the values Cohen and Abeles
[89] obtained by performing high-precision microwave experiments in a large

spectral range (they report λ ≈ 228 nm for their 30 nm thick films of Al, and
λ ≈ 220 nm for their 40 nm thick films).

So, while an exact discussion of the phenomena suggested here needs a more
thorough discussion of the vortex phase (especially the probability of having
an Abrikosov vortex directly under the tip), the suggested mechanism seems
to provide lengths in the correct order of magnitude. When using the higher
end of the literature values for the penetration depth of bulk Al (λL = 50 nm),
the corrections yield λ⊥ ≈ 1900 nm, which makes Abrikosov vortices an unlikely candidate to explain the low out-of-plane set fields we observe in our
measurements.

ZFC state: (almost) parallel magnetizations
The last magnetic field dependence we showcase in this chapter has been introduced in Fig 4.12e. In the ZFC state, a strong zero-bias peak appears
in the superconducting gap accompanied by two small, symmetric satellite
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Figure 5.11.: Dependence of the superconducting properties of the S/F/N
system on the external out-of-plane magnetic field.

Experimental

dI/dV spectra (blue) recorded for the same tunnel contact in varying magnetic
fields at 290 mK. A magnetic field sweep is performed to show that the observed
curves depend on the magnetization behavior of the F layer. The black lines are
the fitted calculated LDOS according to our model. a/b, a zero-bias peak with
two satellite peaks is visible inside the superconducting energy gap at low magnetic fields (Hset < 15 mT). c/d, with the increasing magnetic field, the satellite
peaks vanish beginning at 20 mT. e, at 50 mT all features inside the gap have
vanished, and only a shallow BCS gap remains.
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peaks. Figure 5.11 shows the field dependence again plotted together with our
circuit theory model. As with the magnetic dependence in Fig. 5.8, the fit
here only follows the general trend of the main features visible in the spectra.
While the experimental data consistently shows a zero bias peak emerging
from dI/dV = 0 for all field values, the theoretical model cannot reproduce
such a feature for any combination of parameters. Peaks at zero energy always
have a background LDOS of at least dI/dV = 0.5Gb . When we only interpret
the overall shape of the features in the experimental data, our model suggests
the following evolution of the magnetic configuration: According to our theoretical studies, spectra with a zero-bias peak correspond to areas with highly
collinear magnetizations. The fact that two small satellite peaks appear next
to the main peak could indicate the first signs of the triplet gap opening up.
This effect is also visible in Fig. 5.9a, where the triplet gap begins opening up
before the zero-bias peak has vanished completely. For a small range of angles
(around θ ≈ π/6), the slowly diminishing peak at zero energy is accompanied
by the newly emerging peaks of the triplet gap.

Thus, this field dependence can be interpreted when assuming the STM tip to
be located at an area on the sample, where the interface and bulk moments
are almost aligned without an applied field. A small misalignment of 20◦
could open up just enough of a triplet gap while preserving a small zero-bias
peak to provide a feature similar to the triple peak visible in the experimental data in Fig. 5.11a. By increasing the external out-of-plane magnetic field,
both the magnetic moments at the F/S interface and the bulk moments in
the EuS layer begin to follow this field, as before. The relative magnetization
angle between those two directions of magnetization is thus reduced further,
resulting in the triplet gap vanishing around 20 mT. The parameters used
for these theoretical curves are GS /(GT εT h,S ) = 3.3/(kB Tc ), GφS /GT = 2.6,
GN /(GT εT h,S ) = 0.01/(kB Tc ),Gφ /GT = 0, and Pn = 0.8. Tc of the superconducting node was set to 3.0 K (leading to ∆ = 460 µeV via the BCS self
consistency relation). Note that the calculated spectra plotted here do not incorporate a finite temperature of the environment this time, since any realistic
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amount of thermal smearing would cover up the coexistence of a triplet gap
and a zero bias peak.
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Figure 5.12.: Magnetic field dependence of spectra recorded on a
trilayer sample compared to an bilayer reference sample.

The

Al(25)/EuS(5)/Ag(5) sample shows a higher critical field than the Al(25)/Ag(5)
sample. Reprinted from [33].

Figure 5.12 shows the same magnetic field measurements as in Fig. 5.11, plotted alongside the same measurement performed on the Al(25 nm)/Ag(5 nm)
reference sample. The addition of the S/F interface seems to increase the
critical field Hc2 of the multilayer by at least a factor of four. This enhanced
critical field further supports our model that the magnetic order inside the
EuS layer plays an important role in creating spin-triplet correlations, since
equal-spin triplet Cooper pairs do not experience the depairing by spin-flip
scattering that causes singlet Cooper pairs to lose coherence in a magnetic
field. In our model, this serves as additional indirect evidence for the existence of equal-spin Cooper pairs. This measurement makes it apparent than
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even when the external field has already aligned most magnetic moments in
the S/F system (Hset > 30 mT), some equal-spin triplet Cooper pairs are still
created at the interface. Since even mixed-spin odd-frequency triplet pairs still
experience the same field depairing as singlet Cooper pairs, both singlet and
mixed spin triplet pairs should disappear quickly in the presence of an external
field once the screening currents break down and the external field fully penetrates the superconductor. The remaining superconductivity at fields higher
than Hset > 100 mT hints at equal-spin triplet pairs taking over the current
transport at finite bias. These equal-spin triplet pairs still need some degree
of magnetic disorder to be created, but it is possible that as all mixed-spin
triplets are suppressed, even the small number of existing equal-spin triplet
Cooper pairs are enough to take over the supercurrent transport.
In conclusion, we have shown evidence that a noncollinear magnetic configuration of the S/FI interface leads to the appearance of a gap in the superconducting LDOS. This triplet gap is closely related to the creation of equal-spin
triplet Cooper pairs because it goes along with a significant increase of the
equal-spin triplet pair amplitudes. By selectively tuning the relative magnetization direction between magnetic moments trapped at the interface and the
softer magnetization of the bulk domains, we are able to significantly influence the LDOS of the system. Our experiments provide direct spectroscopic
evidence for the emergence of an equal-spin triplet pairing of the superconducting state induced by the presence of the ferromagnetic insulator EuS, owing
to, its high spin polarization and strong spin-mixing at the interface to the
superconductor Al.

5.2. Evolution of the theoretical model
During the course of this project, several different attempts were started to
explain the spectra measured on our various S/F systems. Describing the
alternative ways to explain the different features inside the superconducting
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gap will be the objective of this chapter, and we will briefly introduce the ideas
that ultimately lead to our current circuit theory model in historical order.

5.2.1. Zeeman splitting of the LDOS
When trying to reproduce the triplet gap inside the superconducting energy
gap in a model, the most obvious idea is to investigate Zeeman splitting of
the spin-dependent LDOS. Meservey, Tedrow, and Fulde [91] suggested in
1970 that the subgap structure they observed in their Al/Al2 O3 /Al tunnel
junctions could be explained by a Zeeman field shifting the energy levels of
electrons in the conduction band depending on their spin (see Fig. 5.13). This
way, the DOS of the electrons of one spin direction would move linearly with
the external field to lower energies, and for electrons of the opposite spin
direction it would move to higher energies, with the direction of this shift in
energy given by the magnetization orientation of those electrons relative to
the external field.
This Zeeman shift follows the relation of
1

δVZ · e = (ε2 + ∆2 ) 2 ± µB HZ ,

(5.2.1)

where ε is the kinetic energy measured from the Fermi surface, ∆ is the superconducting energy gap and µB is the magnetic moment of the electron. The
field strength necessary to achieve visible energy shifts even in materials with
a low superconducting energy gap (such as Al) is substantial (several Tesla
in order to open up a subgap of 100 µeV). In our Al/EuS/Ag trilayers this
necessary field is built-in by means of the exchange field of the ferromagnet,
which is reported to be up over 3 T [37] in the case of EuS. We can determine
the magnitude of that exchange field HZ directly from our STS measurements.
The energy shift δVZ of the individual spin densities relative to zero bias can be
obtained directly from the spectra (highly spin-polarized states appear inside
the gap at energies ∆ − µB HZ and −∆ + µB HZ ), and we can determine the

necessary exchange field from δVtZ via
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Figure 5.13.: Theoretical plots of Zeeman splitting of the LDOS. A magnetic
field H is splitting the superconducting LDOS in spin-up (orange) and spindown (light blue) densities of equal amplitude. The resulting total LDOS (black)
shows similar subgap features (double peaks or zero-bias peaks) as some of the
experimental spectra in Fig. 4.1.

HZ =

δVZ · e
,
µB

(5.2.2)

whereby e = 1.602 × 10−19 C is the charge of the electron and

µB = 9.274 × 10−24 J T−1 is the Bohr magneton.

As visible in Fig. 5.13, both double peak features and a zero-bias peaks can
be recreated by this Zeeman splitting of the LDOS, where a double peak
(Fig. 5.13a) results from a smaller shift δVZ than a zero-bias peak (Fig. 5.13b).
This difference in Zeeman splitting stems from a different magnitude of the
exchange field that the electrons in the superconductor experience, which in
turn can be explained by the configuration of magnetic domains in the EuS
layer. As argued above, the vast majority of domains in the zero-field cooled
(ZFC) are magnetized in a random direction, resulting in a vanishing exchange
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Figure 5.14.: Local magnetization probed by the STM tip for two different
domain regions. Depending on domain configuration, a significant difference
in magnetization leads to a location dependence of the superconducting state.
Reprinted from [33].
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field and thus no Zeeman splitting (Fig. 5.14a). As the STM only probes the
LDOS in the direct vicinity of the tip, there are regions that have a much
larger overall magnetization (Fig. 5.14b). This can either happen by chance (as
there is a non-zero chance for several randomly magnetized domains to share
a prevalent magnetization direction) or through magnetic pinning by defects
in the multilayer film. The larger the amount of domains sharing a similar
direction of magnetization, the higher the exchange field felt by electrons in
the superconductor and the more pronounced Zeeman splitting can be observed
in the spectra. As before, this explanation is supported by the fact that large
areas of our multilayer samples showed BCS gaps (i.e., zero Zeeman splitting)
in the ZFC state.
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Figure 5.15.: Examples of three different experimental spectra displaying subgap features, with theoretical curves according to the Zeeman
model fitted to the data. Parameters from fit: a, HZ = 1.32 T, ∆ = 315 µeV.
b, HZ = 1.23 T, ∆ = 315 µeV. c, HZ = 0.84 T, ∆ = 300 µeV. Reprinted from
[33].

When fitting these theoretical curves to experimental data recorded on several
Al(25 nm)/EuS(5 nm)/Ag(5 nm) trilayers, quality of fit is good for many of the
types of spectra shown in Fig. 4.1 when fitting only single spectra. Figure 5.15
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displays three examples of experimental data that are fit well by the curves
calculated according to this model. All three spectra have in common that the
subgap features appear at high energies inside the gap (i.e. for low Zeeman
splitting) and that the dI/dV spectra never drop below 0.5Gb for bias values
larger than the outer edge of the subgap feature, as was the case for the
circuit theory model described above. Also as with the circuit theory model,
this means that experimental spectra like shown in Fig. 4.1d-h (spectra, that
show lower values than half the value far outside the gap (dI/dV < 0.5Gb ) at
energies larger than the edge of the subgap feature) cannot be fit well using
theory curves obtained through this model.
But not only spectra with subgap features at high energies fit the experimental data well. Figure 5.16a-e shows the same magnetic dependence of
subgap features shown in Fig. 4.12d and discussed in Fig. 5.4. Under the influence of an external magnetic field, a distinct evolution of a zero-bias peak
towards a double peak subgap feature (the so-called “triplet gap”) and back
to a smaller zero-bias peak is visible. Especially the the spectra recorded at
small external fields show a high quality of fit. These theory curves used the
following parameters: the two spin-up/down densities were calculated using
the same simulation code as for the final circuit theory model discussed above,
with all spin-dependent parameters set to zero. Solely the two leakage terms
GN /(GT εTh,N ) = 0.02 and GS /(GT εTh,S ) = 1.0 were set in order to setup and
solve the Usadel equation, leading to a standard BCS spectrum. In addition,
a critical temperature of Tc = 1.24 K (and thus, a superconducting energy
gap of ∆ = 188 µeV) and a temperature of the environment Texp = 280 mK
was set. The only free parameter in the least squares fitting procedure was
the exchange field Hz , which is given in Fig. 5.16. While the parameter Hz
was found through a fit procedure for each field value, all other parameters
were again kept fixed during the regression analysis. These other parameters
themselves were found by means of an independent least squares fit to the
0 mT spectrum, where all values listed above were obtained from the fitting
procedure.
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Note that the fixed gap width ∆ for the spin-up/down densities results in a
more narrow gap for smaller exchange field values. As the experimental data
shows approximately constant gap width for all field values, this results in a
worse fit for the triplet-gap spectra in Fig. 5.16a, since the coherence peaks of
the calculated spectra move to lower energies.
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Figure 5.16.: Comparison of three different theoretical models fitted to a
magnetic dependence of subgap features starting with a zero-bias peak
in the ZFC state. a, Zeeman splitting of the spin-dependent DOS results in
free states for energies E < ∆ inside the gap. b, a simple circuit theory model
with a variable Gφ term shows a BCS-like spectrum for low values of Gφ , a triplet
gap for intermediate values of Gφ and a zero-bias peak for high values of Gφ . c,
the angle dependent circuit theory model from Fig. 5.4.
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As illustrated by Fig. 5.16a, the fitted value for the exchange field does not
rise linearly or even monotonically with the applied magnetic field. The model
suggests that the system starts out with a thoroughly magnetized EuS layer
(providing an exchange field of 2.94 T), evolves to a slightly smaller exchange
field (1.9 T) under the influence of an external field of 50 mT, just to then rise
again at an external field of magnitude 150 mT. Such a behavior of the EuS
thin film cannot easily be explained and seems physically unrealistic.
The Zeeman model of a spin-split LDOS could have been developed to a greater
complexity by including spin polarization and the influence of finite spin-orbit
scattering, as used by Tedrow and Meservey [92] and Fulde [93] and as implemented by M. J. Wolf, Hübler, Kolenda, Löhneysen, and Beckmann [94] to
show spin injection and transport in mesoscopic superconductors in the regime
of large Zeeman splitting. But seeing that these extensions to the model would
not have solved the inconsistencies described above, we decided to begin the
development of the circuit theory model described in the previous sections
(Chap. 5.1.2 and Chap. 2.5). Most important among the clear advantages of
that model is that circuit theory allows us to calculate the pair amplitudes
of the spin-singlet and spin-triplet Cooper pairs directly, which makes direct
evidence of equal-spin triplet Cooper pairs possible. Using only Zeeman splitting, identifying which kind of triplet pairing is present in the S/F system
would not be possible, as the model does not require a microscopic description
of the two electron quantum state. The circuit theory model above also has
a more consistent explanation for the evolution of subgap features observed
in Fig. 5.4, especially one that allows for a monotonous change of a single
fitting parameter: the relative magnetization direction of two ferromagnetic
components.
While the circuit theory does not assume a Zeeman field acting on the magnetic
moments of the electrons in the superconductor, one could, however, argue
that the underlying physical causes for the shape of the features inside the gap
(high spin-polarization of the current in a spin-split superconductor) are also
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considered in a more fundamental approach by the circuit theory model we
now use instead.

5.2.2. Development of the circuit theory model
There has been a substantial amount of work done on the subject of circuit
theory [54–60], and the work in this thesis is based on the code developed in
the context of the dissertation thesis of Machon [53]. In this chapter, we will
discuss the development process of the model we ended up using to evidence
the creation of equal-spin triplet Cooper pairs [67].
a

b

c

N
F
S

Figure 5.17.: Evolution of the circuit theory model. a, simple circuit theory
model: A superconducting S-node with a ∆-pseudo-terminal is connected to a
normal conducting N-node (both with conductances GS/N and Thouless energies
εN/S ) via a tunneling connector. The connector has the spin-dependent parameters G̃P , GP and Gφ . Experimental spectra are fitted well with only Gφ as the
free parameter. b, Adding relative magnetization direction θ: adding a second
tunnel connector sharing the parameters of the first - except the direction of magnetization of the Gφ term - does not produce the desired magnetization direction
dependence of the subgap features. c, angle dependent circuit theory: A Gφ term
is added to the S node, and the relative magnetization direction θ between the
tunnel connector and the S node is varied. Experimental spectra are fitted well
with only θ as the free parameter.
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Figure 5.17 shows the development history of this final circuit theory model.
The basis of all three models is a superconducting node S and a normal conducting node N, both characterized by their conductance GN/S (the index
N/S labels the normal/superconductor side) and its size-dependent Thouless
energy εTh,N/S . The superconducting layer is specified by the pseudo terminal
characterized by the pair potential ∆, which constitutes a source of coherence
that has to meet the self-consistency relation [62]. In Fig. 5.17a, the ferromagnetic insulator is described by a connector representing a tunnel barrier with
the conductance GT . The ferromagnetic nature is accounted for by parameters
GP and G̃P resulting from the spin polarization of the tunnel probabilities [58,
60], and the so-called spin-mixing term Gφ [56]. This model is equivalent to
the very first ideas [26, 95] how equal-spin triplet superconductivity could be
evidenced by tunneling spectroscopy.
In this early model, no magnetization directions are taken into account as
there is only one element with spin-dependent boundary conditions. This
simple model is enough not only to produce theoretical curves that show a
BCS gap including features inside the gap, but these spectra also already fit
our experimental data well (see Fig. 5.16b) when only a single parameter (the
Gφ term of the tunnel connector) is varied with the changing magnetic field.
This “simple circuit theory model” is the version published in Peter Machon’s
dissertation thesis and is described there in detail [53].
The parameters for all the fits shown here (Fig. 5.16b and Fig. 5.18b) where
GS /εTh,S = 0.018 for the leakage term of the superconducting node, GN /εTh,N =
0.005 for the leakage term of the normal node and a conductance term of the
tunneling connector of GT = 0.1. For the spin-dependent parameters a polar√
ization P = 0.2 was chosen to calculate G̃P = GT 1 − P 2 and GP = GT2 P .
The last spin-dependent parameter Gφ is the spin-mixing term of the tunnel

connector, and was left as a free parameter during the fit. Values between
0.008 and 0.0104 were found to produce the subgap features observed in the
experimental data. While the parameter Gφ was found through a least-squares
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fit procedure for each field value individually, all other parameters where again
kept fixed during the regression analysis. These other parameters were found
iteratively by hand. The large parameter space was optimized so that the
best possible fit to all five curves of the magnetizing dependence measurement (Fig.5.16a) was obtained. The fitting was done by hand because of the
substantial time requirement of calculating theoretical curves for a set of parameters, and because small changes in one parameter often require all other
parameters to change.
As for the Zeeman model described above, note that the spin-mixing parameter
Gφ does not change monotonous with the external field. While the ferromagnet
in the ZFC state appears to posses the highest amount of spin-mixing, the
external magnet field seems to lower this value first for fields of 10 mT and
50 mT (down to Gφ = 0.008 ), and then to increase it again for all higher
fields. As the case for the Zeeman model, this cannot easily be justified by
physical arguments. In fact, it is not obvious that either an external magnetic
field or a change in the magnetic configuration of the EuS layer would change
the Gφ term of the tunnel connector at all.
For these reasons, we expanded the model to the diagram depicted in Fig. 5.17b
by adding a second tunnel connector between the S node and N node. Naively,
we planned for this second connector to allow us to take the relative magnetization direction of the Gφ terms into consideration, as the connector possesses
its own spin-dependent boundary conditions. We calculated curves for sets
of parameters where both connectors shared the same numerical parameters
and only the angle between their relative magnetization directions changed
between curves. The resulting spectra (after fixing some initial numerical mistakes) turned out completely identical for all angles examined. Intuitively, this
makes sense since two distinct tunnel connectors with different magnetization
directions for their Gφ terms can be simplified to one tunnel connector with
the vector sum of both original magnetization directions as the Gφ parameter.
Thus, the model in Fig. 5.17b is basically identical to Fig. 5.17a but for a
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scaling factor, and changing the relative magnetization angle does not influence the calculated spectra. For this reason, this iteration of the model is only
conceptually important. But the initial idea is sound, we only need to change
the location of the second Gφ term.
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Figure 5.18.: Comparison of three different theoretical models fitted to a
magnetic dependence of subgap features starting with a triplet gap
feature in the ZFC state. a, Zeeman splitting of the spin-dependent DOS
results in free states for energies E < ∆ inside the gap. b, a simple circuit theory
model with a variable Gφ term shows a BCS-like spectrum for low values of Gφ ,
a triplet gap for intermediate values of Gφ and a zero-bias peak for high values
of Gφ . c, the angle dependent circuit theory model from Fig. 5.8.

Next, we again used a model with only one tunnel connector and added a Gφ

128

5.2.2. Development of the circuit theory model
term to the S-node (Fig. 5.17c), symbolizing the magnetic moments at the
S/F interface and their relative magnetization direction to the bulk moments.
This “angle dependent circuit theory model” is the version used to explain
our measurements in [67]. For comparison, these theoretical curves fitted to
the experimental data is shown again in Fig. 5.16c (reproduced from Fig. 5.4)
and Fig’ 5.18c (reproduced from Fig. 5.8). Goodness of fit of all three models
is comparable, but the angle dependent circuit theory offers by far the most
consistent field-dependencies of the parameters.

This impression is confirmed in Figure 5.18, where the three models are plotted
for comparison with the experimental data showing a transition from a triplet
gap to a zero-bias peak. All models fit the spectra for low field values relatively
well, but only reproduce the general shape of the spectra for higher fields.
The most compelling model remains the angle dependent circuit theory: the
necessary values for an exchange field producing a zero-bias peak in the Zeeman
model are somewhat unrealistically high, and we do not observe a widening of
the gap in the presence of a zero-bias peak. And while the simple circuit theory
model follows the general shape of the gap much better, it is still not clear that
a rearrangement of the magnetic configuration of the EuS layer would result
in significant changes to the spin-mixing term Gφ of the ferromagnet.

None of the models presented here can as of yet satisfyingly explain spectra like
the one recorded for 20 mT in Fig. 5.18 or in Fig. 4.1d-f, especially in fitting
the vanishing experimental dI/dV for energy values on the high bias side of a
subgap feature. Here, the qualitative model of an Andreev bound state living
at the ferromagnetic interface [96] might offer a plausible explanation, and
will hopefully explain these bound states in a future study via a similar circuit
theory model for very high spin-mixing terms.
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5.3. Increased superconducting energy
gaps
As previously shown in Fig. 4.1 and Fig. 4.12, adding a ferromagnetic layer
to our thin film heterostructures often resulted in an increase of the superconducting gap width. In many cases, this increase could be simply explained by
the thin-film increase of ∆ due to a reduction of dimensionality. For our 25 nm
Al samples, we obtain ∆ ≈ 230 µeV from extrapolating between data points

in the literature [78], while bulk Al has a gap energy of ∆ = 178.0(1) µeV [77].
And while thinner films continue to have higher energy gaps, this only explains values of ∆ of up to 307(4) µeV for thicknesses of 2 nm [78]. So, a thick
layer of AlOx that effectively thins out the Al film could explain BCS-like gaps
of up to 300 µeV, and if double peaks appear inside the gap, a Zeeman-like
splitting of the gap (e.g. Fig. 4.1i, A.2e,f) could in principle explain values for
∆ of up to double that number. An additional increase in the apparent gap
width also comes built into our model: the superconducting energy gap for
spectra calculated according to circuit theory from the parameters introduced
in Chap. 5.1.2 show gaps slightly larger than ∆.
Even if we consider the possibility that substantial amounts of superconducting
Al have been picked up by a preceding tip crash, thus forming an S/S tunnel
contact between the superconducting tip and the superconducting sample and
resulting in a total gap width (peak to peak) of 4∆, none of these explanations
come close to warrant the gap widths visible in Fig. 5.19, henceforth called
“giant gaps”. While the curves in (a,b) show ∆ ≈ 2.8 meV, (c) shows ∆ ≈

2.2 meV, (d,e) ∆ ≈ 1.4 meV, (f) shows ∆ ≈ 2.0 meV. The second striking

feature some of these spectra showcase, is the distinctly asymmetric height
and position of the coherence peaks delimiting the gap. Especially spectra
(a) and (b) display a pronounced asymmetry, with (a) having coherence peaks
at E ≈ {−4 meV, 2 meV} and (b), being (a)’s mirror image, shows coherence

peaks at E ≈ {−2 meV, 4 meV}. This asymmetry is not limited to the position
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Figure 5.19.: Increased superconducting energy gaps (“giant gaps”) on 3
different samples. a,b, show ∆ ≈ 2.8 mK, a high amount of asymmetry in
their coherence peak positions and a shoulder inside the gap. d,e show ∆ ≈
1.4 meV, and no asymmetry and no shoulders inside the gap. c,f display a gap
of ∆ ≈ 2 meV, only small shoulders and much less asymmetry than (a) and (b).

of the coherence peaks, there also is a distinct shoulder inside the gap oriented
towards the coherence peak with the higher absolute energy.
These slopes are also visible in spectrum (c), which shows the shoulders on
both sides of the gap instead of predominantly on one side. And while the
coherence peaks still have different amplitudes and energies, the spectrum is
more symmetric than the curves in (a) and (b). The curves in (d) and (e)
are almost entirely symmetrical and also only show a gap width of around
∆ ≈ 1.4 meV, and while spectrum (f) displays a gap of ∆ ≈ 2 meV, it is also

almost symmetric. For those samples, almost all traces of the shoulder have
vanished.
As we have discussed above, when trying to explain these large gaps in the
LDOS, the BCS-like superconductivity of Al cannot explain our findings. Since
Ag has been investigated intensively and its superconductivity has firmly been
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Figure 5.20.: Temperature variation of the resistivity ρ vs T of a EuS single
crystal. a, the zero-field resistivity (semi-log scale) with the resistivity near the
minimum in the inset (linear scale). b, temperature variation of the resistivity
at several fixed values of the applied magnetic field. Reprinted figure with kind
permission from [97].

ruled out [35], we need to discuss the possibility that our EuS layers (or one
of its interfaces) could undergo a superconducting phase transition.
Figure 5.20 shows the temperature variation of the resistivity of a EuS single
crystal. As visible in the inset in Fig. 5.20a, for high temperatures EuS is conductive with a resistivity minimum at Tmin = 174 K. At lower temperatures,
the EuS crystal becomes semiconducting and reaches its resistivity maximum
at around Tmax = 19.4 K, very close to its Curie temperature TCurie = 16.7 K.
Here, the material becomes a ferromagnetic insulator. But as Fig. 5.20 shows,
once the ferromagnetic order has been established, the crystal resistivity drops
considerably as the temperature is decreased further. Shapira and Reed [97]
report on the electrical transport properties being affected by the state of
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magnetic order, and the strong interaction between charge carriers and the
Eu2+ ions as the underlying reason for this correlation. Kasuya and Yanase
[98] distinguish between low impurity concentration in the EuS, where charge
transport is accomplished by a hopping process, and higher impurity concentration, where full band conduction is possible at low temperatures. They
report that the interaction of a charge carrier near an impurity site with the
neighboring Eu2+ ions causes an alignment of the spins of these ions, and vice
versa: the alignment of the spins of the Eu2+ ions during the ferromagnetic
transition has a strong effect on the activation energy of hopping from one
impurity site to another, and the transfer from hopping to band conduction
can occur at impurity concentrations of the order of 1 at.% [97]. The theory of
conductivity of many of the Eu compounds is both complex and has generated
significant interest in the past [97–101].
The exact composition of the EuS crystals is reported to play an important
role in the appearance of the resistivity peak and sudden drop for very low
temperatures, and many pure crystals did reportedly not show the behavior
but stayed insulating even at low temperatures instead [97]. Applying these
results to our system is further complicated by the fact that we work with
thin films of nanocrystalline EuS, and at much lower temperatures (the measurements performed by Shapira and Reed [97] stop at 2 K, and only consider
macroscopic single crystals of EuS). We have no knowledge of resistivity measurements on EuS either in the mK regime or on isolated thin films.
Within these uncertainties, we propose the following explanation: As mentioned before, our EuS films have shown signs of unintentional doping and
disorder at the atomic level, making an impurity concentration of > 1at. %
very likely. Thus, we can assume that a film shows finite conductivity below
its Curie temperature at least on some locations on the film sample. Based on
the spectra shown in Fig. 5.19, that clearly show a BCS gap with a superconducting energy gap of ∆ > 1.4 meV, we assume that the fully metallic EuS film
itself can turn superconducting (or possibly a surface-bound phenomenon like
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two-dimensional topological superconductivity) under specific circumstances.
When applying the BCS self-consistency relation (∆ = 1.764 kB Tc ) on the gap
energies of the spectra shown in Fig. 5.19a-c (∆ ≈ 2.8 meV), we get a hypothet-

ical critical temperature of Tc ≈ 18.4 K. Even though this value is very close to

the resistivity maximum in Fig. 5.20 (after which the resistivity drops by sev-

eral orders of magnitude according to the measurements by Shapira and Reed
[97]), the similarity of those values is likely accidental. At temperatures lower
than the resistivity maximum, the EuS crystals just turned into a conductor
again, and according to the measurements shown in Fig. 5.20, a significant
resistance remains even at low temperatures (ρ(2 K) ≈ 1 × 10−2 Ω cm). However, to our knowledge, EuS has never been investigated into the mK range nor
in thin films. Both these measurements and further (especially temperature
dependent) STS studies are therefore necessary to establish if a non-BCS-like
type of superconductivity is possible at lower temperatures, possibly mediated
by the magnetic order in the material.
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Figure 5.21.: Comparison of two experimental spectra showing large, asymmetric gaps with an advanced Zeeman model including polarization
and spin-orbit interaction. a,b, experimental spectra showing a large Zeeman shift, polarization and possibly spin-orbit scattering. c,d, theoretical curves
based on the Zeeman model showing the influence of polarization P (c) and spinorbit interaction bso (d) on the subgap LDOS. Reprinted figure (c,d) with kind
permission from [39].
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The preliminary studies on the subject presented in this Chapter show promise
of interesting physics: As described above, a large number of the spectra showing a large increase in gap width also show great asymmetry in the position
of their coherence peaks. This is a strong sign for the combination of a large
Zeeman shift of the spin densities of states and a large overall spin polarization. Fig 5.21 shows two of these asymmetric gaps compared to theoretical
curves based again on the Zeeman model, as calculated by M. Wolf [39] in
his dissertation thesis. Different to the simple Zeeman model, these examples
now include a non-zero polarization P (Fig. 5.21c) and a non-zero spin-orbit
interaction bso (Fig. 5.21d). Note how a finite polarization term P = 0.25
leads to an asymmetry in the amplitude of the coherence peaks and a shoulder
towards the peak with the higher amplitude, and note how finite spin-orbit
scattering bso = 0.1 also leads to the formation of a shoulder towards the peak
at higher energy, reaching far into the gap.
According to this model, the spectra shown in Fig. 5.21a,b seem to require
almost identical sets of parameters in this advanced Zeeman model: we can
estimate a Zeeman shift δVZ ≈ 1 mV, a polarization P ' ±0.8 and spin-orbit

scattering bso ' 0.5. The two spectra differ in that (a) seems almost entirely

polarized in the spin-down direction (following the convention of the red/green
arrows in Fig. 5.21c,d), while spectrum (b) seems to be polarized in spin-up
direction to the same degree. The remaining spectra in Fig 5.19 would fit
similarly into this model: spectrum (c) shows high spin-orbit scattering and
only moderate amounts of polarization, (f) shows no polarization and moderate
spin-orbit scattering, while (d) and (e) show neither of the two. Statistically,
the spectrum shown in (a) was observed by far the most frequently.
And while the estimated value for the polarization is both in line with the
values we used for our circuit theory model and the values reported in the
literature [47], the spin-orbit interaction that we have estimated here is an
order of magnitude stronger than reported for Al/EuS thin film heterostructures [39, 102]. Also, a Zeeman shift δVZ ≈ 1 mV corresponds to a Zeeman
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field (Eq. 5.2.2) of HZ ≈ 17 T, which is an order of magnitude higher than

the expected exchange field of EuS, so finding alternative explanations will be
necessary to consistently interpret these spectra in the future.
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Figure 5.22.: Dependence of the superconducting properties of the giant
gaps on external magnetic fields. Magnetically induced transitions between
the spin-up and spin-down majority states can be induced by out-of-plane (a,b)
and in-plane magnetic fields, and even maximum set field (1 T and 500 mT, respectively) were not enough to suppress superconductivity. Hc remains unknown.

Figure 5.22 shows three different magnetic dependencies of these increased
superconducting energy gaps. And while the vast majority of all recorded
spectra seem to share the up-spin polarization of Fig 5.21a, a transition to
majority spin-down polarization seems to be induced by the external magnetic
field. This transition between the spin-up and spin-down majority states seems
to happen instantaneously (in Fig. 5.22a, the orange curve transitions between
spin-up and spin-down state within one data point at E ≈ −2 mV) and at
arbitrary field values. The following table lists the switching fields, where a

transition in the dI/dV spectrum was observed, and the direction (spin-up
majority state or spin-down majority state) the switch ended in:
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Transition

Fig. 5.22a

Fig 5.22b

Fig 5.22c

1

110 mT (↓)

183 mT (↓)

220 mT (⇑?)

2

146 mT (↑)

220 mT (↑)

256 mT (↑)

3

293 mT (↓)

4

315 mT (↑)

As we have argued before, one can imagine that certain magnetic moments
at the interface only align with the external field at these specific switching
fields, and that the alignment happens in a sudden jump once a critical magnetic field has been reached. But it is unclear by which exact mechanism
the transport polarization P flips and how this polarization is connected to
the magnetic configuration of the EuS layer. We only know for certain that
transitions between the spin-up majority state and spin-down majority state
could be reproducibly induced by ramping an external out-of-plane magnetic
field. When an in-plane magnetic field was used, another type of transition
was observed: The coherence peak at negative bias moved another ≈ 1 mV

lower in energy (even more towards the direction of the spin-up DOS), and
the corresponding shoulder expanded into a completely horizontal plateau in
the dI/dV spectrum. Both the mechanism by which the coherence peaks move
and the conductance plateau itself are not yet understood.
The other notable result from the magnetic dependence measurements in
Fig. 5.22 is the fact that even for out-of-plane magnetic fields, the maximum
set field of 1 T was not sufficient to suppress superconductivity in the sample.
In fact, the spectra for zero-field and for maximum field in each measurement series are practicably indistinguishable. This is in stark contrast to the
measurements introduced earlier, where in-plane fields of around 300 mT noticeably suppressed the gap, and out-of-plane fields of around 170 mT turned
the sample normal conducting. According to our model, this is not surprising:
since the experimental curves hint at a high (possibly even total) polarization
of the spin-dependent LDOS, the entire superconducting state is carried by
two spin-up electrons, the same equal-spin Cooper pairs described in detail
in Chap. 5.1.2. Since both of these electrons stem from the same spin-band
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and therefore share the same k-vector - even in the presence of an external
magnetic field and a fully magnetized ferromagnet, these Cooper pairs do not
decay and stay available for supercurrent transport. Whether these equal-spin
Cooper pairs are bound in EuS as odd-frequency correlations, or whether EuS
is simply a p-wave superconductor has yet to be established.
In conclusion, we have found first hints at the new and unknown superconducting properties of EuS thin films. The superconducting energy gap seems
to be between ∆ = 1.4 meV and ∆ = 2.8 meV wide, and shows signs of strong
Zeeman splitting, high spin polarization and high spin-orbit interaction. This
new superconducting state seems to be exceptionally robust against external
magnetic fields, suggesting the superconducting correlations to be of equalspin (odd-frequency or p-wave). The spin polarization seems to be able to
flip spontaneously under the influence of an external magnetic field. More
resistivity measurements of EuS thin films and temperature dependent STS of
EuS/Ag interfaces will be necessary in order to resolve the mystery of these
unexpectedly wide superconducting gaps in the tunnel spectra of Al/EuS/Ag
trilayers.
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Chapter

6

Summary and conclusion
During the course of this dissertation project investigated the spectroscopic
signatures of spin-triplet superconductivity through scanning tunneling spectroscopy (STS) of superconductor/ferromagnet heterostructures. While the
existence of spin-triplet Cooper pairs has been suggested through previous
measurements e.g. of the penetration depth of superconductivity into ferromagnetic materials, there is a growing interest to find spectroscopic evidence
for the creation mechanism of spin-triplet Cooper pairs.
We start this work by summarizing the current state of the art (Chap. 1.2) in
order to put this work into the broader context of the developments in the field,
showing both the theoretical predictions that have motivated our STM experiments, and the experimental observations that preceded our measurements.
Next, we briefly introduce the theoretical background necessary to understand
the description of the relevant effects (Chap. 2). We go on presenting the experimental methods, starting with details on the fabrication techniques of our
superconductor/ferromagnet (S/F) heterostructures (Chap. 3.1), and followed
by details on the home-built low temperature scanning tunneling microscope
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(Chap. 3.3) and the cryostat it is attached to (Chap. 3.2). Finally, the different types of spectra resulting from our STS measurements (most importantly,
measurements that show spectral features inside the superconducting energy
gap: the so-called subgap features) are classified according to their relevance
for spin-triplet superconductivity (Chap. 3.4) and the different measurement
methods (Chap. 3.5), like temperature dependent measurements and magnetic
field dependent measurements, are introduced. Because the tunneling spectra
recorded on all our S/F multilayers showed a strong dependence on the exact
location of the STM tip over the sample, we conducted transmission electron
microscopy (TEM) on three different S/F film samples in order to ensure the
desired lateral extend of the films in the multilayer samples. Chapter. 3.6 offers
details on the experimental methods used to acquire these micrographs. The
results chapter (Chap. 4) then is dedicated to showing the different tunneling
spectra recorded on the various S/F multilayers we examined. We show that
the type of tunnel spectra recorded depends on the location of the tip over
the sample (Chap. 4.2), and that this spatial dependence of our measurements
cannot be explained by local variations of the ferromagnetic layer, as shown
by TEM micrographs (Chap. 4.3). After presenting the lateral composition of
the samples by TEM, the results of our electronic and magnetic characterization studies of the samples are displayed (Chap. 4.4). Next, the connection
between the subgap features found in STS and the magnetic configuration of
the ferromagnetic layer is shown by presenting the magnetic field dependence
of several tunnel spectra that show either double peak features or zero-bias
peaks (Chap. 4.5). This evolution of the subgap conductance is then discussed
in detail in Chap. 5.1, where theory curves based on a circuit theory model are
fitted to the experimental data. The high degree of agreement between theory
and experiment allows us to identify which kind of spin-triplet Cooper pairs
are being created at the S/F interface from a distinct signature in the tunnel
spectrum alone. In addition to directly relating a spectroscopic signature to
a certain type of spin-triplet superconductivity, the model also makes clear
statements about the magnetic configuration of the S/F interface necessary
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to allow this type of triplet pairing to be created: a noncollinear relative orientation between two directions of magnetization, which can be identified in
the tunneling spectrum by a small gap opening up inside the superconducting
energy gap. A parallel orientation of the two directions of magnetizations, on
the other hand, leads to the creation of only mixed-spin triplet pairs, which
can be identified by a strong peak at zero bias. Next, the evolution of our
theoretical model is discussed, introducing both Zeeman splitting and a more
simple circuit theory model as an alternative way to explain the features observed during STS measurements. And lastly, the possibility of new physics
happening at the interface is discussed in an attempt to explain the significant
increase in gap width that can be observed on many Al/EuS/Ag samples. The
potential for EuS being a superconductor are being discussed.
In conclusion, we have demonstrated first spectroscopic evidence that spintriplet superconductivity can be induced at S/F interfaces that exhibit magnetic disorder, e.g. Nb/Ho thin film heterostructures. The measurements on
the superconducting side on thin film heterostructures of Nb and Ho showed
two distinct types of features inside the superconducting energy gap: a zerobias peak around the Fermi edge and a symmetric double peak feature at higher
energies inside the gap. These features showed a clear dependence on the magnetic order in the Ho layer, and the features vanished once the Ho layer was
fully magnetized, as was predicted by theory. Repeating these measurements
with a Nb/Au reference sample showed none of the features nor their magnetic
evolution, confirming that the S/F interface is at the root of these signatures
inside the gap. These results demonstrate a fundamental modification of the
superconducting state by the presence of Cooper pairs in the spin-triplet state.
The signature of these equal-spin and mixed-spin pairs come in the form of free
states within the energy gap of the superconductor, and they show finite net
spin polarization in the absence of dissipation. This makes the combination of
superconductivity and magnetism interesting for spintronics devices, and a direct link between a spectroscopic signature and these spin-triplet correlations
is highly desirable. We then attempted to provide that link.
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For that purpose, we showed evidence that a noncollinear magnetic configuration of the S/FI interface Al/EuS leads to the appearance of a gap in the
superconducting LDOS. This triplet gap is closely related to the creation of
equal-spin triplet Cooper pairs because it goes along with a significant increase of the equal-spin triplet pair amplitudes. By selectively tuning the
relative magnetization direction between magnetic moments trapped at the
interface and the softer magnetization of the bulk domains, we were able to
significantly influence the LDOS of the system. Our experiments provided direct spectroscopic evidence for the emergence of an equal-spin triplet pairing
of the superconducting state induced by the presence of the ferromagnetic insulator EuS, owing to its high spin polarization and strong spin-mixing at the
interface to the superconductor Al.
In addition, we have also found first hints at the new and unknown superconducting properties of EuS thin films. The superconducting energy gap seems
to be between ∆ = 1.4 meV and ∆ = 2.8 meV wide, and shows signs of strong
Zeeman splitting, high spin polarization and high spin-orbit interaction. This
new superconducting state seems to be exceptionally robust against external
magnetic fields, suggesting the superconducting correlations to be of equalspin (odd-frequency or p-wave). The spin polarization seems to be able to
flip spontaneously under the influence of an external magnetic field. More
resistivity measurements of EuS thin films and temperature dependent STS of
EuS/Ag interfaces will be necessary in order to resolve the mystery of these
unexpectedly wide superconducting gaps in the tunnel spectra of Al/EuS/Ag
trilayers.
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A

Appendix

A.1. Sample overview

In Tab. A.1 we show again a listing of all samples which were characterized
electronically by STS measurements for this thesis. The figures in this chapter
provide an additional reference for the dI/dV measurements acquired from
each batch of samples.
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Table A.1.: Listing of all samples fabricated and characterized. Shown are the fabrication batches measured during
this project, their most important electronic characteristics (frequently subgap features, i.e “SGF”) showcased by their
respective dI/dV spectra, which are linked here to how commonly these features were found when scanning the film
surface. Also listed is the superconducting energy gap ∆ as determined from the apparent gap width, because a majority
of samples exhibit untypically large energy gaps.

#

film composition (nm)

number of recorded spectra
total
with that feature comment

KN-0

Al(25)/EuS(5)/Ag(5)

10346

KN-1

Al(25)/EuS(5)/Ag(5)

919

> 200 wide variety of SGF shown in [33]

KN-2

Al(25)/EuS(0)/Ag(5)

736

≈ 680 reference sample, [33, 67]

Al(25)/EuS(2)/Ag(5)

2278

Al(25)/EuS(5)/Ag(5)

1422

Al(25)/EuS(10)/Ag(5)

1896

KN-3

Al(25)/EuS(0)/Ag(5)
Al(25)/EuS(0)/Ag(5)
Al(25)/EuS(2)/Ag(5)
Al(25)/EuS(5)/Ag(5)
Al(25)/EuS(5)/Ag(5)
Al(25)/EuS(7)/Ag(5)











646

> 400 field/temperature dependence
of SGF in [67]

≈ 600
< 20
≈ 1330
> 100
≈ 1820
< 100

standard BCS, increased ∆
rare spots with large ∆
standard BCS
large reproducible oscillations
standard BCS
rare areas with wide variety of SGF

no superconductivity
no superconductivity
no superconductivity
≈ 130 standard BCS
no superconductivity
no superconductivity

∆ (µV)

ex. Fig.

280

A.1, 3.6,
5.4, 4.1a-c

180 - 500

A.2, 5.12,
4.1d-i

250

A.3a, 4.1,
3.4
330 - 500 A.3b
1000 - 2000 A.3c
155
A.4a
380
A.4b-c
250
A.5a
240
A.5b-c, 4.3

250

A.6

KN-4

EuS(7)/Al(25)/Ag(5)

KN-5

EuS(x)/Al(25)/Ag(5)

KN-6

Al(25)/EuS(5)/Ag(5)

7336

Al(25)/EuS(3.5)/Ag(5)

7770

Al(25)/EuS(6.5)/Ag(5)

800

Al(25)/EuS(10)/Ag(5)

9636

KN-7

KN-8

633

≈ 380 standard BCS, low ∆
< 5 very rare SGFs

130
250

A.7a
A.7b

500
2000

A.8a
A.8b-c,
4.1k-j
A.9

insulating surface, tip approach fails

EuS(6.5)/Ag(5)

≈ 1770 standard BCS, increased ∆
> 200 large ∆, magnetic dependence
of side peak energy
≈ 2500 V-shaped gaps of varying sizes
≈ 570 V-shaped gaps, large ∆
< 5 rare SGFs
≈ 1500 shallow BCS gaps
≈ 1600 large ∆
< 50 large ∆, rare SGFs

300 - 2800
1000
2400
130
700-2800
700-2800

A.10a
A.10b
A.11a
A.11a
A.11b,c

fully insulating film surface

CAM-0 Nb(6.5)/Ho(9.5)/Nb(20)/Au(3)

2274

' 500 field dependence of SGF in [64]

1050

4.12a, 5.1

CAM-1 Nb(6.5)/Ho(9.5)/Nb(20)/Au(3)

9603

' 900 spatial dependence of SGF in [64]

1050

4.2

LEI-1

Nb(80)/Ag(8)

941

620 standard BCS

560

A.12a

LEI-2

Nb(80)/Ag(16)

213

123 surprisingly persistent SGFs

1300

A.12b

LEI-3

Nb(80)/Ag(32)

330

187 standard BCS

500

A.12c
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Figure A.1.: Overview of the types of spectra found on sample KN-0. All
spectra were recorded on the same Al(25)/EuS(5)/Ag(5) trilayer.
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Figure A.2.: Overview of the types of spectra found on sample KN-1. All
spectra were recorded on the same Al(25)/EuS(5)/Ag(5) trilayer, at the same
temperature and the same external magnetic field (B = 0). Only location and
time changed between measurements.
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Figure A.3.: Overview of the types of spectra found on sample KN-2. Spectrum a was recorded on the Al(25)/Ag(5) reference sample, and the spectra shown
in b,c were recorded on the same Al(25)/EuS(2)/Ag(5) trilayer and fabricated
in the same run as the reference sample.
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Figure A.4.: Overview of the types of spectra found on sample KN-2. All
spectra were recorded on the same Al(25)/EuS(5)/Ag(5) trilayer. Spectra a
shows only regular BCS gaps with slightly decreased ∆, while the spectra shown
in b,c were recorded on the same trilayer but show strong, locally reproducible
oscillations outside the gap.
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Figure A.5.: Overview of the types of spectra found on sample KN-2. All
spectra were recorded on the same Al(25)/EuS(10)/Ag(5) trilayer. Spectrum a
shows only regular BCS gaps indistinguishable from the reference sample, while
the spectra shown in b,c were recorded on the same trilayer but show strong, locally reproducible features inside the gap. We show zero bias anomalies (ZBCAs,
“zero-peaks”) in b and double peaks in c.
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Figure A.6.: Overview of the types of spectra found on sample KN-3. All
spectra were recorded on the same Al(25)/EuS(5)/Ag(5) trilayer. All spectra
show only regular BCS gaps almost identical to the reference sample, suggesting
that the EuS film does not influence the superconducting state in the sample
significantly.
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Figure A.7.: Overview of the types of spectra found on sample KN-4. All
spectra were recorded on the same EuS(7)/Al(25)/Ag(5) trilayer. Spectra a,c
show regular BCS behavior with sightly decreased ∆, and the spectrum shown in
b was recorded on the same trilayer but show strong, locally reproducible features
inside the gap. We show zero-peaks and double peaks inside the gap. While these
spectra are very rare (n < 5 in ≈ 650 total measurements on this sample), they
again hint at a exotic form of superconductivity being present in these samples.
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Figure A.8.: Overview of the types of spectra found on sample KN-6. All
spectra were recorded on the same Al(25)/EuS(5)/Ag(5) trilayer. Spectrum a
shows regular BCS behavior with increased ∆, while the spectra shown in b,c
show a very large increase in ∆ and asymmetrically shifted side peaks. Transition
between b and c was induced by increasing the external magnetic field, with b
showing the more common ground state, and c the field-induced shift of the gap’s
side peaks.
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Figure A.9.: Overview of the types of spectra found on sample KN-6. All
spectra were recorded on the same Al(25)/EuS(3.5)/Ag(5) trilayer. The spectra
found on all examined spots showed V-shaped gaps of varying sizes.
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Figure A.10.: Overview of the types of spectra found on sample KN-7. All
spectra were recorded on the same Al(25)/EuS(6.5)/Ag(5) trilayer.
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Figure A.11.: Overview of the types of spectra found on sample KN-7. All
spectra were recorded on the same Al(25)/EuS(6.5)/Ag(5) trilayer.
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Figure A.12.: Overview of the types of spectra found on sample LEI-1, LEI2, LEI-3, respectively. The spectrum in (a) was recorded on a Nb(80)/Ag(8)
bilayer, (b) was recorded on sample a Nb(80)/Ag(16) bilayer and the spectrum in
(c) was recorded on a Nb(80)/Ag(32) bilayer. The appearance of subgap features
(SGF) all over the film surface of sample LEI-2 cannot be easily explained.
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