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1

Introduction

Superconductivity and ferromagnetism are competing quantum mechanical ground
states of the electron system in solid state systems. While ferromagnets prefer to align
the electron spins in parallel, the microscopic origin of conventional superconductivity is
the condensation of electrons into Cooper pairs with antiparallel spin orientation. Due
to their competing order, at the interface of a ferromagnet and a superconductor fascinating effects can occur. In recent years, especially the creation of odd-frequency triplet
supercurrents has gained lots of interest [1–6]. Here, the conversion of conventional swave paired supercurrent into triplet paired supercurrent by the use of inhomogeneous
magnetization at the interface is studied, mostly in Josephson junctions which have
a ferromagnetic weak link. Triplet paired superconductivity is of special interest as it
can provide fully spin-polarized lossless currents and opens the field of superconducting
spintronics [7, 8].
Also interesting in this context are recent experimental works which report long-range
quasiparticle spin transport [9–13] in spin-split superconductors. In these experiments
a local spin imbalance was created at an injector contact by injecting quasiparticles
of a certain spin projection using the energy dependence of the spin-split density of
states in the superconductor. Spin imbalance signals were measured with several ferromagnetic electrodes in a nonlocal measurement geometry for various distances. From
the decay of these signals the spin diffusion length of the superconductor could be
extracted. Surprisingly, a length scale of several µm was found, much larger than the
relaxation length in the normal state and also larger than the charge imbalance relaxation length [14, 15]. Hence, the separation of charge and spin currents is possible
in nanoscale superconducting hybrid structures. Initially, the origin of the large spin
diffusion length was unclear until recent theory works [16–19] showed that the nonlocal signals are of thermoelectric origin. They arise as the superconductor is heated by
the injection of quasiparticles, so that a temperature difference to the detector contact is created. Therefore, at the detector contact a thermoelectric current flows which
results in the nonlocal signals. Modeling of the nonlocal conductance by using this
theory showed excellent agreement with the experimental data [16]. Furthermore, the
theory is consistent with similar theoretical works which recently predicted large thermoelectric effects in ferromagnet/superconductor tunnel junctions [20, 21] in spin-split
superconductors due to the broken electron-hole symmetry.
In the first part of this work, an experiment is shown which directly demonstrates the
thermoelectric effect in such a junction in high magnetic fields. In order to do that ferromagnetic/superconductor hybrid structures were fabricated which enable to generate
a temperature difference across the tunnel junction by heating the ferromagnet, while
at the same time it was possible to detect the resulting thermoelectric current which
flowed across the junction. As we will see, the resulting current is spin-polarized and
directly proofs the coupling of spin and heat transport in spin-split superconductors.
This is also interesting in so far as it was recently shown that the interplay of spin
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and heat currents in normal metal ferromagnet structures leads to spin-dependent Seebeck [22] and Peltier [23] effects which have created the field of spin caloritronics [24].
The thermoelectric effect in ferromagnet/superconductor tunnel junctions is predicted
to be larger [20, 21, 25–27] than in normal metal structures and so it opens up the possibility for high-sensitive local electron thermometry [28] as well as for improved local
electronic refrigeration [29, 30] working on the principle of microrefrigerators based on
normal metal/insulator/superconductor tunnel junctions [31, 32].
In the second part of this work the studies of the thermoelectric effect are expanded
to systems for which the superconductor is in proximity contact to a ferromagnetic
insulator. The experiments shown here base upon the work of Michael J. Wolf [33]
who established the fabrication of thin films of the ferromagnetic insulator europium
sulfide and studied the conductance in europium sulfide/aluminum proximity systems.
In accordance with similar older experiments [12,34–37], his work showed that in these
systems an intrinsic exchange field appears which boosts the spin-splitting in the superconductor in addition to the applied magnetic field. The proximity systems are therefore
favorable candidates for providing large spin splitting also in small applied fields and
for enabling the local control over the spin-splitting field in the superconductor [38].
However, the strength of the exchange field depends sensitively on the quality of the
europium sulfide/aluminum interface and is not understood sufficiently, especially in
the range of small applied fields. We will therefore first show further local spectroscopy
measurements which provide the possibility to investigate the intrinsic exchange field
and its dependence on the applied magnetic field. Later, studies of the influence of the
exchange field on the thermoelectric signal are presented which also revealed promising
results.
In the last part of the work, first results of a new spin transport experiment are presented. The experiment is based on the spin transport measurements of Hübler et
al. [9] and Wolf et al. [11], but here also the case of perpendicular alignment between
the magnetization of the ferromagnetic electrodes and the induced Zeeman splitting
in the superconductor is investigated. In this case, it is proposed that spin-Hanle precession of the quasiparticle spin should occur [39] which would be measurable in the
nonlocal spin signal. Studies of the spin-Hanle precession were already successfully
done in structures consisting of normal metals [40–42] or semiconductors [43, 44], but
are missing for superconductors so far.
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2

Theory

This chapter deals with an introduction to the theoretical basics which are essential
for the understanding of the following experimental work. The chapter starts with an
overview of the antagonistic phenomena ferromagnetism and superconductivity. For
that matter it is based on the textbooks of S. Blundell “Magnetism in condensed matter” [45] and M. Tinkham “Introduction to superconductivity” [46] in analogy to reference [33]. Building up on this, phenomena which occur in nanoscale superconducting
hybrid structures are discussed. Here, particular attention is paid to the interplay of
superconductivity and ferromagnetism at interfaces and in the generation of thermoelectric effects in superconductor ferromagnet hybrid structures.
Throughout this work, the abbreviations F,I,S and N are used to denominate ferromagnetic, insulating, superconducting and normal metal parts of the structures, e.g.
FIS for a ferromagnet/insulator/superconductor junction.

2.1

Ferromagnetism

Ferromagnetism is a type of magnetic order in which the magnetic moments lie in
parallel alignment. Here, the phenomenon is briefly discussed for insulating materials
where it is induced by localized magnetic moments as well as for magnetic metals where
it is induced by magnetism of the interacting electron gas.

2.1.1

Magnetism of local moments

Quantum mechanical exchange interactions which are generated by electrostatic interactions and the Pauli principle [45, chapter 4.2] lead to long range order of isolated
magnetic moments in certain materials. In an applied magnetic field B this is described
by the Hamiltonian [45, chapter 5.1]
X
X
H=−
Jij Si · Sj + gµB
Sj · B
(1)
ij

j

where Jij is the exchange constant between the spins Si and Sj , g is the Landé factor
and µB is the Bohr magneton. For ferromagnetic alignment the exchange constant is
positive. To solve the problem it is useful to make an approximation and to introduce
the effective molecular field
2 X
Jij Sj .
(2)
Bmf = −
gµB j
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Figure 2.1: Density of states
showing spontaneous splitting
of the energy bands by the
exchange energy εex . After
Fig. 13(a) in [45]

In physical terms this means that the exchange term is replaced by an effective field
which is generated by the neighboring spins. Inserting it into equation (1), the Hamiltonian is written as
X
H = gµB
Si · (B + Bmf )
(3)
i

which is equivalent to the problem of a paramagnet in the field (B + Bmf ). Within the
Weiss model of ferromagnetism it can be solved by simultaneously solving the equations
gJ µB J(B + λM )
M
= BJ (y) and y =
MS
kB T

(4)

where λM = Bmf is the molecular field, BJ (y) is the Brillouin function, kB is the
Boltzmann constant and gJ is the Landé factor of the magnetic moment J. From the
coupling strength of the molecular field λ and the saturation magnetization MS the
Curie temperature can be inferred by
TCu =

2.1.2

gJ µB (J + 1)λMS
.
3kB

(5)

Magnetism of the electron gas

Ferromagnetism exists not only in insulators, but can also be induced in metals by
magnetism of the electron gas. In a metal, the energy dispersion relation for the approximation of the free electron gas is given by
ε(k) =

(~k)2
2m∗

(6)

where ~ = h/2π is the reduced Planck constant and m∗ is the effective mass of the
electron in the crystal representing the bending of the electron band. In a simple one
band model the dispersion has the form of a parabola for both spin projections. Both
spin bands are filled equally up to the Fermi energy εF . However, in some metals it
is energetically favorable to redistribute the electrons in a small energy range near εF .

2.2 Superconductivity
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Thereby, the spin-degeneracy of the bands is lifted and the spin-up and spin-down bands
are shifted by the exchange energy εex with respect to each other. This is schematically
depicted in Figure 2.1. Because the redistribution of the occupied states in principle
needs energy, the energy gain which is reached by the magnetization M = µB (n↓ − n↑ )
must compensate it. To provide this, the Stoner criterion [45, chapter 7.3]
U n(εF ) ≥ 1

(7)

has to be fulfilled. Here, U is a measure of the exchange energy and n(εF ) is the density
of states at the Fermi energy. Thus, the condition requires strong exchange interaction
and a large density of states at the Fermi energy.
The band splitting results in an inequality of n↓ (εF ) and n↑ (εF ). Since many electronic
properties of a metal are directly dependent on the density of states at the Fermi energy,
it is useful to define the spin polarization
Pn =

n↓ (εF ) − n↑ (εF )
n↓ (εF ) + n↑ (εF )

(8)

to characterize the ferromagnet.

2.2

Superconductivity

Superconductivity is named after its most outstanding property, the loss of its ohmic
resistance and the lossless conduction of currents below a critical temperature Tc . The
microscopic origin for superconductivity is the condensation of each two electrons with
energies near the Fermi energy εF into Cooper pairs. The corresponding theory was first
postulated by Bardeen, Schrieffer and Cooper [47] and is named after its discoverers
“BCS-theory”. It is based on the discovery by Cooper [48] that a net attractive interaction amongst the electrons leads to the formation of electron pairs. In conventional
superconductors this interaction is mediated via virtual phonons. Considerations of the
phase space show that the attractive interaction is most favorable for electrons which
have opposite spin and opposite momentum. In the formalism of second quantization
the BCS ground state is given by
Y
|ΨG i =
(uk + vk c∗k↑ c∗−k↓ )|Φ0 i
(9)
k=k1 ,...,kM

where |uk |2 + |vk |2 = 1 and |Φ0 i is the vacuum ground state. The creation operators c∗k↑
and c∗−k↓ create a pair of electrons with opposite momentum and spin that is occupied
with probability |vk |2 , while the pair state is unoccupied with the probability |uk |2 .
The reduced Hamiltonian in grand canonical ensemble reads
X
X
ξk nk,σ +
Vkl c∗k↑ c∗−k↓ c−l↓ cl↑
(10)
H − µN =
k,σ

kl
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with the single particle energies ξk = εk − µ measured with respect to the chemical
potential (or Fermi energy) µ = εF . Here introduced are the annihilation operators ckσ ,
the particle number operator nk,σ = c∗kσ ckσ and the scattering potential Vkl . Here, the
indices l,k describe momentum states, while σ describes the spin state. In the Hamiltonian of equation (10) terms which involve unpaired electrons are omitted. Using a
mean field approximation first simplifies the Hamiltonian, in the following it can be
treated with a canonical transformation [49], [46, chapter 3.5]. Thereby, new Fermi op∗
erators γk0 and γk1
are defined which later can be identified as single particle excitation
creation and annihilation operators. The appropriate transformation reads
∗
ck↑ = u∗k γk0 + vk γk1
∗
c-k↓ = −vk∗ γk0 + uk γk1

(11)
(12)

where |uk |2 + |vk |2 = 1. Further calculations show that with the choice of the coherence
factors




ξk
1
ξk
1
2
2
1+
, |vk | =
1−
(13)
|uk | =
2
Ek
2
Ek
the Hamiltonian can be diagonalized.
For single particle excitations, the so called quasiparticles, the energy dispersion is
found to be
Ek = (ξk2 + |∆k |2 )1/2 .
(14)
Here ∆k plays the role of an energy gap since below that energy single particle states
do not exist. As density of states (DOS) for quasiparticles one obtains the so-called
BCS density of states [46, chapter 3.7]
(
√ E
for |E| > ∆
nS,BCS
dξ
E 2 −∆2
=
=
(15)
n0
dE
0
for |E| < ∆
where n0 is the normal-state density of states. So, there is a singularity in the DOS
for quasiparticles for |E| = ∆ and the DOS converges to the normal state value for
E → ∞.

2.3

Tunneling in superconductor hybrid structures

Tunneling is a quantum mechanical process which allows particles of energy ε to overcome potential barriers V > ε. The condition for allowing this classically forbidden
process is that the barrier is thin enough, so that the wave function of the particle
has a tail and therefore a non-vanishing probability density behind it. In solid state
physics tunnel junctions are often realized by thin insulating barriers between two
materials. For dealing with superconductors tunnel junctions to normal metals were
found to be quite useful. With the measurement of current flowing across a normal
metal/superconductor tunnel contact, I. Giaever [50] confirmed in 1960 the existence

2.3 Tunneling in superconductor hybrid structures
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Figure 2.2: Schematic illustration of
a normal metal/superconductor tunnel
junction in the semiconductor picture. After Figure 3.6 in [46].

nS/n0

of the energy gap in the density of states of a superconductor and therefore the BCS
theory.
The tunneling process is illustrated in Figure 2.2 in the semiconductor picture. On the
left side the density of states of the normal metal (N) is depicted, on the right side the
DOS of the superconductor (S). In the normal metal the chemical potential may be
tuned by the voltage V which can be provided by a dc-power source. Tunneling is only
possible, if states with the same energy ε are occupied on one side of the barrier and
unoccupied on the other side. So, for small voltages |eV | < ∆ tunneling is forbidden
in the NIS junction due to the vanishing DOS in the superconductor in the energy
gap. Electrons can only tunnel from N into S, if their energies are tuned to −eV > ∆.
Also possible is the reverse process that electrons tunnel from S into N for energies
−eV < −∆. Mathematically the tunnel current is described by [46, chapter 3.8]
Z
GT ∞
IT (V ) =
nS (ε)(f0 (ε − eV ) − f0 (ε))dε
(16)
e −∞
where GT is the normal state tunnel conductance of the junction, e = −|e| is the charge
of the electron, nS is the normalized density of states in S and
f0 =

1
e(ε−µ)/kB T

+1

(17)

is the Fermi distribution on both sides of the barrier. A more direct comparison between
theory and experiment is done by building the differential conductance g = dIT /dV
of the tunnel junction which is the derivative of equation (16) after the voltage V . It
reads
Z ∞
dIT
∂f0 (ε − eV )
g=
= GT
nS (ε)
dε.
(18)
dV
∂(eV )
−∞
As ∂f0 (ε − eV )/∂eV is a bell shaped function with width 4kB T , the differential conductance reflects the DOS in the superconductor additionally broadened by the thermal
smearing. Hence, the measurements of g is a powerful tool to investigate the properties
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of superconducting tunnel junctions, especially for T → 0.
For tunnel junctions between ferromagnets and superconductors the tunnel current
is modified due to the finite polarization Pn of the ferromagnet. In a simple picture
where spin flips in the insulator are neglected it can be described by the model of two
independent spin currents. The tunnel equation then reads
Z
GT ∞
((1 − P )n+ (ε) + (1 + P )n− (ε))(f0 (ε − eV ) − f0 (ε))dε
(19)
IT (V ) =
2e −∞
where n+ (ε) and n− (ε) are the density of states for spin-up and respectively spin-down
quasiparticles. Note that
G↓ − G↑
P =
(20)
G↓ + G↑
describes the polarization of the tunnel junction and not the polarization of the ferromagnet. Here, G↑,↓ is the normal-state conductance of the respective spin projection.
To describe tunneling in high magnetic fields B and with non-zero temperature T
properly the previous model for the density of states in S has to be extended. In order
to do that spin-orbit scattering effects and orbital pair breaking have to be included.
Then, the DOS for both spin projections is given by [51–53]
!
u±
(21)
n± = Re p 2
u± − 1
where the complex quantities u± have to be found by the implicit equation
!
!
ε ∓ µB B
Γ
1
u± − u∓
= u± 1 − p
+ bso p
.
∆
∆ 1 − u2±
1 − u2∓

(22)

Here, the pair breaking parameter Γ and the spin-orbit scattering strength bso =
~/3τso ∆ are introduced while higher order terms of bso are neglected.
In Figure 2.3 the influence of the magnetic field and the specific junction parameters
on the conductance of a tunnel junction is illustrated by some examples. In each panel
the black curve represents the total conductance, while the red and the green curves
represent the parts of the respective spin projection as indicated by the red and green
arrows. The spin-splitting field B = 1 T and the temperature T0 = 100 mK are chosen
here. In Figure 2.3(a) the conductance is shown for a junction with P = 0. Orbital pair
breaking and spin-orbit scattering are also neglected first. We see that the magnetic
field induces a Zeeman splitting of the quasiparticle DOS and so the energies of the
spin-down and spin-up quasiparticles are shifted by ±µB B with respect to each other.
The conductance now exhibits four coherence peaks instead of the two which are found
in zero field. Consequently, the energy gap is reduced to the value EG = ∆ − 2µB B.

2.3 Tunneling in superconductor hybrid structures
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Figure 2.3: Normalized differential conductance ĝ = g/GT as a function of the voltage eV
in units of the pair potential ∆. The black curve represents the total conductance, the red
and green ones the contributions of the particular spin projections, marked with an arrow.
The curves are shown for the pair potential ∆ = 200 µeV, the spin-splitting field B = 1 T
and the temperature T0 = 100 mK. In panels (a) and (b) the polarization P = 0 and the
spin-orbit scattering strength bso = 0 are set. The pair breaking parameter is Γ/∆ = 0 (panel
(a)), respectively Γ/∆ = 0.2 (panel (b)). Conductance curves with parameters P = 0 and
bso = 0.1 are shown in panel (c) and curves with P = 0.5 and bso = 0 are shown in panel (d).
In these panels Γ/∆ = 0. After Figure 2.4 in [33].
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Next, the influence of the orbital pair breaking effects on the density of states in S is
discussed. The magnetic field affects the orbital motion of the electrons and breaks the
time-reversal degeneracy of the paired states. The first theory to describe this effect
was developed by Abrikosov and Gor’kov [54], initially for certain concentrations of
magnetic impurities in superconductors. Later, Maki [55] showed that the impact of
the magnetic field on the electron motion in thin superconducting films can be described
in the same way and by using only one pair breaking parameter Γ. Figure 2.3(b) shows
that including the pair breaking parameter Γ/∆ = 0.2 into the model for the DOS leads
to broadening of the coherence peaks in the conductance and further reduction of the
energy gap EG . A detailed study about this reduction can be found in reference [56].
In Figure 2.3(c) spin-orbit scattering effects are included while the pair breaking parameter is set to zero again. The spin-orbit scattering leads to spin flips of the quasiparticles,
so that the spin projections are mixed and quasiparticles of a certain spin projection
have also a small DOS part in the other spin band. In the spin-separated conductance
curves (red and green lines) this is visible by the small shoulders which are formed
just above the energy gap. However, in the total conductance which is experimentally
accessible this effect is hard to observe for bso  1.
Finally, the influence of a finite polarization P on the tunneling conductance is discussed. The spin polarization of the junction represents the difference in the conductance for spin-up and spin-down electrons. Thus, the symmetry of the conductance
around the Fermi energy is broken and the coherence peaks differ in height for positive
and negative energies. This is visible in Figure 2.3(d) where the polarization P = 0.5
and the other parameters Γ = bso = 0 were chosen. In return, one can extract the spin
polarization of a tunnel junction by comparing the heights of the inner conductance
peaks. In such way, Tedrow and Meservey [57] could extract the spin polarization of a
superconducting tunnel junction to ferromagnetic nickel. Thereby, they were the first
to measure spin-dependent conductance in superconductor hybrid structures.

2.4

Nonequilibrium superconductivity

If current flows from a normal metal (or ferromagnet) into a superconductor, the population of the quasiparticle states is driven out of equilibrium [46, chapter 11.2]. In
thermal equilibrium the quasiparticles states in S are occupied with the probability
given by the Fermi distribution f0 (Ek /kB T ) where the energy Ek of the state is described by equation (14). The injection of electrons via tunneling processes changes the
occupation of states and it must be described now by the actual occupation number
fk 6= f0 (Ek /kB T ). It is important now to notice that the quasiparticle spectrum has an
electron-like (ξ > 0) and a hole-like (ξ < 0) branch and that the quasiparticle charge
qk∗ = eξk /Ek is energy dependent. The fractional charge represents the fact that the
quasiparticle creation and annihilation operators are linear combinations of the electron creation and annihilation operators (c.f. equation (12)). This also implies that an

2.4 Nonequilibrium superconductivity
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Figure 2.4: Dispersion curve of excitation energies in the superconducting (solid line) and
normal (dashed line) state. Schematic illustration of the branch population in (a) the charge
imbalance regime and (b) the energy imbalance regime. Adapted from Figure 11.1 in [46].

electron that tunnels into the superconductor has unequal coherence factors for being
converted into an electron-like or a hole-like quasiparticle.
So, the so-called charge imbalance [58, 59] is created which is characterized by the
unequal population of both branches (see Figure 2.4(a)). It can be classified by the
quasiparticle charge
Z
∞

Q∗ = 2n0

qk∗ (ξ)fk (ξ)dξ.

(23)

−∞

This quantity can be observed in nanoscale structures by nonlocal detection techniques [14]. It is only non-zero for unequal occupation numbers fk (ξ) 6= fk (−ξ). To
maintain electrical neutrality the chemical potential of the superconducting pairs is
shifted out of its equilibrium value.
Another kind of nonequilibrium is the so-called energy imbalance. It is schematically
depicted in Figure 2.4(b). It is characterized by an equal population of the branches
which is higher than in thermal equilibrium. It is only indirectly measurable via the
self-consistency equation for the pair potential [46]
Z ∞
1 − 2fk (ξk )
p
1+V
dξ = 0
(24)
∆2 + ξk2
−∞
where V is the pairing interaction. One can define the effective temperature TS∗ of the
superconductor by inverting equation (24). Then ∆(TS∗ ) equals the ∆(fk ).
It should be mentioned here that there is also a more general theory for nonequilibrium phenomena in superconductors, developed by A. Schmid and G. Schön [60]. In this
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theory the model of quasi-classical Green’s functions is used to describe the nonequilibrium effects. The charge imbalance is labeled as “transverse” mode, while the energy
imbalance is labeled as “longitudinal” mode.

2.5

Thermoelectric effect

The term thermoelectric effect describes the phenomenon that a temperature difference
δT applied across an electric conductor leads to an electric current and vice versa [61].
The appearance of the current can be understood as follows [24, box 1]. The temperature in the conductor is represented by the broadening of the Fermi function. In
the case of a non-vanishing temperature gradient across the conductor, more electrons
with energies ε > εF are populated in the hot region of the conductor than in the cold
region due to the thermal excitations. In contrary, in the cold region more electrons
with energies ε < εF are populated. Thus, high-energy electrons flow from the hot
region to the cold one and low-energy electrons flow from the cold region to the hot
one. Two competing currents form and small asymmetries of the conductance around
the Fermi energy lead to a net thermoelectric current. If one prevents current flow by
using an open circuit configuration, in equilibrium the electric potential V will build
up. The electric potential points against the temperature difference and is classified by
the Seebeck coefficient
V
(25)
S=− .
δT
For a normal metal the Seebeck coefficient can be derived in the Sommerfeld expansion
by Mott’s formula [62]
∂
S = −eL0 T
ln σ(ε)|εF
(26)
∂ε
where L0 = π 2 kB2 /3e2 is the Lorenz number and σ(ε) is the conductivity of the material.
In this formula, it is reflected that the sign and the magnitude of the thermoelectric
effects depend on the symmetry of the conductance around the Fermi energy. As for
a metal ∂σ/∂ε is of the order σ/εF in the Sommerfeld expansion [61, chapter 13],
the Seebeck coefficients are of the order kB T /εF . So, they are typically of the order
of several µeV at room temperature and vanishing in the sub-Kelvin regime where
kB T  εF . Better materials for thermoelectric effects are semiconductors where the
chemical potential can be tuned by doping near the band edges, so that the symmetry
of the density of states near εF is strongly broken.
Similarly, the breaking of the electron-hole symmetry can also be found for a spinpolarized superconductor tunnel junction in the presence of a magnetic field [20,21,25].
Figure 2.5 shows the generation of thermoelectric current in such a junction schematically. Here, the semiconductor picture is used again to show the energy dependence
of the density of states in F and S, respectively. The superconductor is considered to
stay at temperature TS = T while the quasiparticle density of states is assumed to be
spin-split by the magnetic field. As a consequence the energy of spin-down quasiparticles is lowered, while the energy of spin-up quasiparticles is raised and also the energy
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Figure 2.5: Density of states of a ferromagnet/superconductor tunnel junction in high
magnetic field in the semiconductor picture. The ferromagnet is heated to the temperature
TF = TS + δT . The resulting spin-polarized currents are sketched with arrows.

gap EG is reduced depending on the magnetic field strength. Now, the ferromagnet is
heated to the temperature TF = TS + δT , so that a finite temperature difference δT is
generated across the junction. The heating of F is reflected by the broadening of the
Fermi distribution around εF . Once the responsible energy scales are of the same order,
kB TF ≈ EG , two currents form. One of the currents consists of high-energy spin-down
electrons which tunnel from F into the lower unpopulated spin-band in S. The other
current consists of low-energy spin-up quasiparticles which tunnel from S into the free
states of F. It is noteworthy that both currents are fully spin polarized and would
cancel each other out in a non-polarized junction. However, here the polarization of
the junction lifts the symmetry, so that a net current flows across it, driven by the
temperature difference.
Mathematically, the effect can be described by adding the temperature dependence to
the tunneling model, equation (19). It then reads [21]
Z
GT ∞
[N+ (ε) + P N− (ε)] [f0 (ε − eV, T + δT ) − f0 (ε, T )] dε (27)
IT (V, T, δT ) =
e −∞
where N+ (ε) = (n− (ε) + n+ (ε))/2 is symmetric in energy, while N− (ε) = (n− (ε) −
n+ (ε))/2 is asymmetric. The n± describe the density of states for spin-up and spin-down
quasiparticles and have to be calculated by equation (21). Note that the thermoelectric
current is generated by the asymmetric part of the density of states N− (ε) and can
only be non-zero for P 6= 0.
Equation (27) describes both the conductance of the junction and the thermoelectric
current, so that it can be used for modeling both quantities. For small voltage excita-
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tions V and small thermal excitations δT /T equation (27) can be linearized to
I = gV + η

δT
T

(28)

where T = T + δT /2 is the average temperature of the junction. The thermoelectric
coefficient η is related to the Seebeck coefficient by
S=

η
.
gT

(29)

Note that the characteristic energy scale of the thermoelectric effects in superconductor/ferromagnet tunnel junctions is not the Fermi energy F anymore, but the energy
gap EG , so that the Seebeck coefficients are expected to be large.

2.6
2.6.1

Proximity effect
Proximity effect in metals

So far, only superconductors with tunnel junctions to metallic materials were considered, a situation where the influence of both materials on each other is weak and can
be neglected. When the superconductor is in good transparent contact with a normal metal, this changes. Near the interface the superconducting pair amplitude can
penetrate into N, while at the same time the superconductivity is weakened. The phenomenon is denominated as proximity effect. The microscopic reason for its existence
is the Andreev reflection [63] which describes the conversion of normal current into
supercurrent at a normal-metal/superconductor interface [64]. Assuming an electron
with wave vector kF + δk and energy ξk < EG moves towards the surface, the electron can only be transferred into the superconductor if it forms a Cooper pair with an
electron of the other spin projection. To provide energy and momentum conservation
a hole with wave vector kF − δk and energy −ξk is retro-reflected at the interface. By
forming the Cooper pair the incoming electron and the reflected hole are correlated in
phase. Thus, a pair amplitude forms in the normal
p metal. In dirty metals the pair correlation is destroyed on the length scale λN = ~D/2πkB T with the diffusion constant
D = vF l/3 where l is the mean free path before scattering [65]. On the other hand
the conversion of normal current into supercurrent happens on the length scale of the
coherence length in S, so that single electrons can penetrate into S on this length scale
and the superconductivity is weakened.
For a ferromagnet in good contact with a superconductor, the situation is similar but
differs due to the spin-dependent DOS in the ferromagnet. In F the spin-up and spindown bands are split due to the exchange energy εex (Fig. 2.1), so that a difference
δkF = k↑,F − k↓,F is induced for the Fermi wave vectors of spin-up and spin-down
electrons. The decrease of the proximity-induced superconductivity now occurs on the
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length scale λF,1 = ~D/εex [6, 66] and additionally the order parameter oscillates on
the same length scale λF,2 = λF,1 . As in conventional ferromagnetic metals the exchange
energy εex ≈ 1 eV, the superconductivity is suppressed on the ferromagnetic side of the
contact on the length scale λF,1 ≈ 1 nm and hard to detect experimentally. Detailed
reviews about the proximity effect in ferromagnetic superconductor heterostructures
can be found in references [1, 6, 7, 66].

2.6.2

Magnetically active interfaces

Finally the superconductor is considered to be in contact with a ferromagnetic insulator
(FI). Due to the band gap, Cooper pairs and quasiparticles have a short decay length in
the FI layer. The finite magnetization there creates a difference in the potential barrier
height for spin-up and spin-down charge carriers which results in different reflection
phases at the interface. So, the ferromagnetic insulator acts as spin-active interface
and scattering at the interface has to be described by the spin-dependent scattering
matrix [67, 68]
S = exp(−iφ/2) exp[−i(θ/2)µ̂ · σ]
(30)
where µ̂ is the direction of magnetization and σ is the vector of Pauli matrices. Besides
inducing an overall phase factor φ, the scattering matrix S also rotates the spin vector
around µ̂ by the angle θ. Such angle θ can be interpreted as a spin-mixing angle. The
presence of spin mixing has consequences for the Cooper pairs. By scattering, Cooper
pairs in a coherence length near the interface experience a singlet-triplet mixing [7]
↑↓ eiθ − ↓↑ e−iθ = cos(θ)|0, 0i + i sin(θ)|1, 0i

(31)

where |0, 0i represents the conventional singlet state and |1, 0i the m = 0 component of
the triplet state. Superconductors in contact with ferromagnetic insulators are therefore
promising candidates for the investigation of triplet supercurrent.
The quasiparticle density of states is also affected by the spin-active scattering at
the interface. This manifests itself by an intrinsic exchange field which boosts the
effective spin-splitting in the density of states additional to the applied magnetic field.
Experimentally the exchange field was first measured by Tedrow et al. [34] for structures
consisting of thin aluminum films in direct contact with the ferromagnetic insulator
europium oxide.
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3

Experimental methods

In order to observe the physical effects which were introduced in the preceding chapter
samples of sufficient quality with suitable dimensions and properties had to be fabricated. The required fabrication process is presented in the beginning of this chapter.
Afterwards, the measurement methods which were used in the experiments are described. As the signal strength was usually small and the relevant signals had to be
distinguished from background noises, high sensitivity was required for the measurements.

3.1

Preparation of superconducting hybrid structures

The preparation of superconducting hybrid structures was done in the research unit
“Electron Transport and Quantum Control” at the Institute of Nanotechnology. Here,
the production of samples has been established in a standard way over the last years
(see references [15, 33, 69]). First masks out of polymethylmethacrylate (PMMA) were
fabricated on top of silicon wafers with the use of e-beam lithography. In the following
step these PMMA masks were utilized to produce metallic structures by the use of
shadow evaporation technique.
In Figure 3.1 the fabrication of a single resist layer PMMA mask is illustrated schematically. As substrates silicon(100) wafers with 1000 nm thick oxide layers on top were
used. Cleaning with a soft oxygen plasma was followed by the spin coating of the
PMMA resist and a bake-out step. Mainly, resist layers with heights of approximately
800 nm were used. To structure the mask the wafers were placed in a scanning electron
microscope (SEM). Here, desired areas of the resist were exposed by the electron beam.
After the lithography process was finished, the wafers were developed in a solution containing one part of MIBK and three parts of isopropanol for approximately 20 seconds.

Figure 3.1: Schematic illustration of the fabrication of a PMMA mask.
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Figure 3.2: Schematic picture of the sample fabrication. (a) Design of the PMMA mask
together with the evaporation directions of the metallic materials (arrows). (b) Colorized
scanning electron microscope picture of the inner section of the sample after the evaporation.

During the development in the solution the exposed parts of the resist were washed
away and only the unexposed parts stayed on the substrate forming the desired PMMA
mask.
The wafers were clamped on a sample holder and mounted in an ultra-high vacuum
evaporation system which consisted of a separate load lock and a main chamber that
reached a base pressure down to 10−10 mbar. The main chamber of the system was
equipped with a rotating and tilting support that enabled the evaporation of different
materials from diverse angles. By choosing suitable rotation and tilt it was possible to
fabricate metallic structures with the desired contacts while avoiding unwanted shorts
at the same time. As an example, in the following the evaporation process of the samples
used for the thermoelectric measurements is presented.
Figure 3.2 illustrates the appropriate evaporation process. In panel (a) the central
part of the PMMA mask is depicted together with arrows that mark the direction
from which the particular materials are evaporated. The exposed parts are colorized
in blue, the remaining resist mask is colorized in beige. Onto a wafer with this mask
the desired materials were evaporated in the following order. First, an aluminum strip
with thickness tAl ≈ 20 nm was evaporated. To form a thin tunnel barrier the sample
was then transferred into the load lock and oxidized in-situ in a controlled oxygen
atmosphere. Subsequently, the sample was transferred back into the main chamber and
a ferromagnetic iron wire with thickness tFe ≈ 20 nm and two normal metal copper
wires with thickness tCu ≈ 50 nm were evaporated. To improve the film qualities,
especially that of the Al film, the wafers were cooled in the main chamber during the
evaporation process to temperatures below −100◦ C.
In panel (b) a false-color coded SEM picture of the inner part of a completed sample
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is shown. The sample consists of a superconducting aluminum wire (blue) with two
tunnel junctions. The junction α is a ferromagnetic tunnel junction formed by the
aluminum wire and the iron wire (red). It is overlaid with an additional copper wire
(green) which made it possible to measure the thermoelectric current across the tunnel
junction while the ferromagnet is heated simultaneously. The junction β is a normal
metal tunnel junction formed by the aluminum wire and the second copper wire. It
was used for control measurements throughout the experiments.

3.2

Preparation and characterization of europium sulfide films

In a later stage of this work, the thermoelectric effect was investigated also for samples
which were fabricated on top of the ferromagnetic insulator europium sulfide (EuS). The
preparation of EuS films was done in a different evaporation system at the ”Physikalisches Institut” in Campus South with the help of Christoph Sürgers. The fabrication
process of high quality EuS films has been established there for a longer time [70] and
was reimplemented by Michael J. Wolf [33, 38]. Here, the basic steps are summarized
briefly as the quality and the physical properties of the EuS-films depend sensitively
on the evaporation conditions.
As substrates for the films silicon(111)-wafers were used. First, the wafers were cleaned
in acetone, isopropanol and ethanol. For a proper cleaning the solutions were sonicated
during the process. The cleaned substrates were etched in a buffered HF solution to
remove the natural oxide and subsequently purged in double distilled water. Then,
the wafers were mounted on a heatable sample holder and loaded in the evaporation
system. The evaporation system used here consists of a main chamber which reaches
base pressures down to 10−9 mbar and a top chamber, separated by a plate valve,
which enables the sample exchange. After loading the sample into the system the top
chamber was pumped separately and baked out over night with a heater band at
T ≈ 120◦ C to improve the vacuum pressure. Then, both chambers were connected
and the evaporation process started. Europium sulfide powder was evaporated from a
tungsten crucible by e-beam evaporation. During the evaporation procedure the system
pressure was in the range 10−7 − 10−6 mbar and the evaporation rate, checked with a
quartz crystal monitor, was 0.1 − 0.2 Å/s. To achieve better film quality the substrates
were heated to Tsub ≈ 700 − 800◦ C as it is reported in the literature that under this
condition better stoichiometry [71, 72] and magnetic properties [73] of the europium
sulfide films are obtained. The temperature Tsub was controlled by a thermocouple
which was spot-welded next to the sample on top of the tantalum foil that covered the
heater.
After the deposition, the crystallographic texture of the films was checked by X-ray
diffractometry. These measurements were done by Christoph Sürgers. Details of the
full procedure are described in reference [33, chapter 4.1.2.]. Here we want to restrict
the analysis of the X-ray diffractometry data to the Θ − 2Θ scan. The X-ray photons
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Figure 3.3: X-ray diffractometry data of the film EUS10-H. The intensity counts are plotted
as a function of twice the scattering angel 2Θ.

were generated from the Cu-Kα line with a wavelength λ = 1.54 Å. Both sample and
detector were rotated separately. An intensity peak occurs at the detector, if Bragg’s
law
2dhkl sin(Θ) = nλ
with n ∈ N
(32)
is fulfilled. Here, dhkl is the distance of the crystal planes in direction (hkl) and Θ is the
incidence angle between the X-ray beam and the plane of the sample. As in rotating
the sample also the reflection angle of the beam changes, the detector angle has to be
rotated simultaneously by 2Θ (which is the actual angle between the incident and the
reflected beam). Figure 3.3 shows a Θ − 2Θ scan that was done for the film EuS10-H.
The intensity of the diffracted photons is plotted as a function of the detector angle
2Θ. Two kinds of Bragg reflections are found, they are marked by the colored lines.
The blue lines indicate the peaks of the substrate Si(111) and Si(222), while the red
lines indicate the peaks of the film EuS(111) and EuS(222). The additional peaks in
Figure 3.3 which are not marked are most probably substrate peaks. They arise due
to scattering of higher order as the sample is slightly tilted to suppress the strong
Si(111) substrate peak [74]. Altogether, the X-ray diffraction data demonstrate high
(111)-texture of the EuS films which implies that the films are of suitable quality for
our purposes.
Furthermore, the magnetic properties of the EuS films were investigated before superconducting nanostructures were fabricated on top of them. For this purpose 5 × 5 mm2
sized pieces of the EuS films were installed in a SQUID magnetometer (MPMS R from
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Figure 3.4: Magnetic properties of the film EuS10-H. (a) Magnetization measured as a
function of the temperature T while heating the sample in an applied field µ0 H = 50 mT.
(b) Hysteresis curve measured at T = 6 K.

film
Eus10-G
EuS10-H
EuS10-I

Tsub (◦ C) µ0 Hco (mT) TCu (K)
700
830
790

3.5
4.5
2.9

17.7
17.9
18.2

Table 3.1: Overview of the properties of the europium sulfide films fabricated for this work:
Estimated substrate temperature during the evaporation Tsub , coercive field µ0 Hco and Curie
temperature TCu .

Quantum Design, Inc.) so that the direction of the magnetic field was oriented in the
plane of the film parallel to one of its edges. The SQUID measurements were done by
Gerda Fischer at the ”Physikalisches Institut”.
Figure 3.4(a) shows the temperature dependence of the magnetization of film EuS10H. The sample was first magnetized in the field µ0 H = 50 mT and then heated up
while the field was kept constant. The data are fitted (solid red line) to the mean field
model, equation (4), to extract the magnetic properties. For this sample the saturation
magnetization mS = 5.3µB /f.u. and the Curie temperature TCu = 17.9 K are found.
The values for the other prepared films are listed in Table 3.1. One observes that
for all prepared films, the Curie temperature was slightly above the literature value
TCu,lit = 16.5 K [75]. Altogether, the magnetic properties of the films slightly vary
compared to that one which were found by Michael Wolf [33, chapter 4.1.3.]. Probably,
this is induced by small, unavoidable modifications of the sample holder that changed
the evaporation conditions to which the magnetic properties of the EuS films are highly
sensitive as mentioned above.
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Figure 3.5: Sketch of the measurement scheme for the differential conductance measurements.

In Figure 3.4(b) a hysteresis curve of the magnetization which was measured at T = 6 K
is shown. From the data one can extract the coercive field of the film µ0 Hco = 4.5 mT.
Similar coercive field were found also for the other films (Table 3.1).

3.3

Measurement methods

All measurements were done in a commercial 3 He/4 He dilution refrigerator at base
temperatures T0 = 50 − 500 mK. The samples were fixed on a sample holder which
was mounted in a shielded box that was thermally anchored to the mixing chamber
of the dilution refrigerator. During the measurements the samples were placed in the
center of a superconducting magnet which reaches magnetic fields µ0 H up to 12 T.
They were oriented in such a way that the magnetic field was always in-plane to the
aluminum wire and mostly in parallel to the iron wire. Throughout this work the exact
orientation of the field H is indicated by an arrow whenever a measurement scheme is
shown. The samples were contacted by eight measurement lines, consisting of twisted
steel coax cables. To reduce the thermal noise as far as possible the measurement lines
were fed through various filters at different temperature stages.
To characterize the tunnel junctions measurements of the differential conductance were
done. Therefore low-frequency (f = ω/2π ≈ 138Hz) lock-in technique was used. The
appropriate measurement scheme is sketched in Figure 3.5 for the example of the sixpole junction α of sample FIS1.
Across the tunnel junction a voltage excitation Vex is applied consisting of a dc-part
|Vdc | < 1 mV and a small ac-part Vac ≈ 9µV . The operation point is set by the
dc-bias which is generated by a battery-powered voltage-divider circuit and set by a
motor-controlled potentiometer. The superimposed ac-voltage is provided by a lock-in
amplifier that is galvanically separated by a transformer. The ac-part of the resulting
current I is detected in the first harmonic of the lock-in amplifier. By a second lock-in
amplifier also the first harmonic of the voltage V across the junction is detected to
ensure a four-probe measurement. From both quantities the differential conductance
g = dI/dV is inferred.
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Figure 3.6: Sketch of the measurement scheme for the thermoelectric current measurements.
(a) Colorized scanning electron microscopy image of junction α of sample EUS1 with the
circuit diagram for the thermoelectric measurements. The heater current Iheat is applied
to the iron wire, while the resulting thermoelectric current Ith is measured between the
superconductor and an additional contact lead. (b) Schematic cross section of junction α. The
red arrow indicates the direction of the temperature gradient, pointing from the ferromagnet
into the superconductor.

The thermoelectric currents were detected with a different measurement technique.
In Figure 3.6(a) the measurement scheme is drawn in the SEM image of junction α
of sample FIS1. The measurements were done in the following way. An ac-current
excitation Iheat = Iac sin(ωt), provided by a lock-in amplifier, was applied to the iron
wire to heat the contact. The heating current generated a heating power which created
a thermal excitation δT across the contact. The heating power follows
2
Pheat ∝ Rheat ∗ Iac
∗ sin(ωt)2
1
2
∝ Rheat ∗ Iac
∗ [1 − cos(2ωt)]
2
∝ Peff ∗ [1 − cos(2ωt)].

(33)

So, the heating power itself and the resulting thermal excitation δT are proportional to
the second harmonic of the excitation frequency ω and the thermoelectric current Ith
generated by δT can be detected in the second harmonic with the lock-in amplifier. As
indicated in Figure 3.6(a), Ith is measured between the superconductor and one of the
normal metal leads of the contact. Thereby, current which flows from the ferromagnet
into the superconductor is measured with a positive sign as indicated by the black
arrow.
To illustrate where the heat difference across the contact is generated Figure 3.6(b)
shows a schematic cross section of junction α. By heating the iron wire a temperature
difference δT is generated between the Al and the Fe as indicated by the red arrow.
The resulting current Ith which flows across the junction is detected by using one of
the aluminum leads and one of the copper leads.
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Figure 3.7: Colorized SEM image of sample FIS2 together with the circuit diagram for the
thermoelectric measurements. The aluminum wire is given in blue, the iron wires in red and
the copper wires in light green.

To avoid passing the heater current across the junction α one of the samples (FIS2) was
fabricated with a modified layout. In Figure 3.7 a colorized scanning electron microscope
image of FIS2 is shown together with a scheme of the appropriate measurement circuit.
The copper wire (green) of contact α is split into two leads which both are only in
contact with the iron wire, so that contact α is a pure FIS junction. As depicted, the
heating of the ferromagnetic part of the tunnel junction happened indirectly here as the
heater current Iheat was passed through one half of the iron wire and the attached copper
lead. The resulting thermoelectric current Ith was measured between the aluminum wire
and the copper lead on the other side of the contact. Note that in this configuration
both circuits are completely separated.
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Thermoelectric effect in FIS junctions on top of
SiO2

In this chapter the measurements of thermoelectric currents in ferromagnet/superconductor
tunnel junctions are presented and discussed. First, differential conductance measurements of the ferromagnetic contact are shown. These serve for the characterization
and the establishment of the junction parameters. Furthermore, conductance measurements were used for the calibration of the electronic temperatures of the ferromagnet
and the superconductor while current was applied to heat the iron wire. Then, the
actual measurements of the thermoelectric current are presented and compared to theoretical predictions. From the thermoelectric currents the thermoelectric coefficient η
and the Seebeck coefficient S are inferred and compared for all samples. Finally, various
control experiments are presented which were done to verify the experimental data.

4.1

Sample details and characterization measurements

First, some preliminary notes about the sample denomination should be given. Altogether the thermoelectric measurements were done on five different samples. Four of
them had a superconductor-ferromagnet tunnel junction, they are denominated in the
following as samples FIS1-4. For one sample the ferromagnetic wire was replaced by a
normal metal one, this sample is denominated as NIS. The main results of this chapter
are already presented in reference [76], based on measurements done for the samples
FIS1,FIS2 and NIS. To maintain consistency these sample names are kept for this thesis. However, it should be mentioned that the samples FIS3 and FIS4 were measured
at an earlier stage than the above mentioned samples. Hence, the whole measurement
and data analysis procedure was not yet optimized for FIS3 and FIS4. Both samples
had a slightly changed sample design as the 6-pole junction α was formed by a thinner copper wire with thickness tCu = 20 nm compared to the later measured samples.
Also the junction β was formed by a second FIS junction instead of a NIS junction.
During the data evaluation we found out that self-heating effects occurred due to the
measurement itself which made the calibration of the heating more difficult. To prevent
this, we changed the sample design to the ones which were described in the preceding
chapter. Furthermore, the calibration measurements were done at zero magnetic field
µ0 H = 0 for the samples FIS3 and FIS4. In this field the coherence peaks are found
to be sharpened due to the way the differential conductance was measured (for details
see reference [33, chapter 3.2.3.]). Hence the fits of the conductance curves which are
used to evaluate the electronic temperatures are not as accurate as they are in high
magnetic fields. The fit area had to be restricted to the sub-gap regime e|V | . ∆ and
the inner tails of the coherence peaks, to achieve acceptable results. Unfortunately, in
this way it is difficult to extract the pair potential ∆ which is required for estimating
the electronic temperature TS of the superconductor as we will see later. Thus, it was
also not possible to check the heating of S for the samples FIS3 and FIS4 sufficiently.
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Therefore, mostly the results of the samples FIS1, FIS2 and NIS are shown in this
chapter. They are complemented by data of the samples FIS3 for one of the control
measurements, the switching of the thermoelectric measurement configuration. Sample
FIS4 is mentioned for completeness as it also showed a thermoelectric effect, but did
not enable a proper data analysis which is essential for a reasonable comparison of
the experimental results to the theory. Detailed information about all samples and the
exact measurement periods are listed in Table A.1 in the appendix.
To characterize the junction α the differential conductance g = dI/dV was measured
as a function of the voltage V as described in the previous chapter (see Figure 3.5 and
description in the text). Figure 4.1(a) shows g as a function of V for sample FIS1.
Here conductance curves are presented at different magnetic fields µ0 H for the base
temperature T0 = 50 mK. In small fields, for example µ0 H = 0.5 T, the conductance
vanishes for small voltages and has pronounced coherence peaks at the gap voltages
|V | = ∆/e as it is expected from BCS theory for a high quality tunnel junction. In
increasing fields the form of the conductance curve changes. The spin splitting of the
quasiparticle density of state is visible as the coherence peaks split up into two subpeaks. In addition, the magnetic field also generates a pair breaking effect which leads to
a broadening of the conductance curves in higher fields as it was described in section 2.3.
Note that at µ0 H = 1 T the energy gap is already closed and quasiparticle states exist
for V = 0 (E = 0), though the superconductivity is not completely suppressed at
this field. This phenomenon is called ”gap-less superconductivity” and emphasizes the
importance of the distinction between the energy gap EG and the pair potential ∆.
In Figure 4.1(a) fits which were done according to equation (27) are indicated as solid
lines. They are found to be in good agreement with the measured data. Here the order
of the fit procedure was as follows. First, the conductance curves measured in high
magnetic field were fitted to extract the polarization of the junction. The values found
for all ferromagnetic samples were in the range P ≈ 0.06 − 0.08, which is reasonable for
junctions with an ultra-thin aluminum oxide tunnel barrier [77]. Due to the small value
of P the asymmetry in the heights of the inner conductance peaks is hardly visible
here. The spin-orbit scattering strength bso was adjusted to an appropriate value, also
in high magnetic fields. As the fits were not sensitive enough to bso , values of the order
bso ∼ O(0.01) were chosen which are in reasonable agreement with literature values
reported for thin aluminum films [53]. Afterwards P and bso were kept fixed and the
conductance curves in smaller fields were fitted to extract the pair potential ∆, the pair
breaking parameter Γ and the effective spin-splitting Beff as a function of the magnetic
field µ0 H.
In Figure 4.1(b) the effective spin-splitting Beff normalized to the critical field Hc is
shown as a function of the applied field H also normalized to Hc . A dashed line marks
the expected value Beff = µ0 H which is equivalent to the Zeeman splitting induced by
the applied field. The fit values for Beff follow this line in small fields for all samples,
but show a deviation when H approaches Hc as they have reduced values there. The
origin of this reduction lies in Fermi-liquid renormalization effects which result from
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Figure 4.1: (a) Differential conductance g of junction α as a function of the applied injector
bias V for different magnetic fields µ0 H. The data stem from sample FIS1. Panels (b) - (d) fit
parameter for all four samples. (b) Effective spin-splitting field Beff normalized to the critical
field Hc as a function of H/Hc . The dashed line marks Beff = µ0 H. (c) Pair potential ∆ as a
function of µ0 H together with fits according to the self-consistency relation. (d) Normalized
pair breaking parameter Γ/∆0 as a function of (H/Hc,orb )2 for all samples.
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Figure 4.2: (a) Zero-bias conductance g(V = 0) of junction α as a function of the magnetic
field µ0 H at bias V = 0 for different base temperatures T0 . The data in panels (a) and (d)
stem from sample FIS1. (b) Magnification of panel (a) for the field regime near to the critical
field. The arrows mark the values µ0 Hc which are read from the zero bias conductance curve.

the interaction of the quasiparticles among each other. In the normal state of aluminum
the effective spin-splitting field is
Beff =

µ0 H
1 + G0

(34)

with the Fermi-liquid renormalization parameter G0 = 0.3 [78, 79], so that the spinsplitting is reduced by the interaction. In the superconducting state the strength of the
renormalization depends on the number of thermally excited quasiparticles. Near the
critical field where many quasiparticles are excited a renormalization is found and the
spin splitting is lowered. Contrary in small field where the quasiparticle states are not
excited, no influence of Fermi-liquid effects is visible. A theory model which includes
Fermi-liquid effects for describing superconductivity especially in high magnetic fields
was developed by Alexander et al. [78]. This model will be used throughout this work for
calculating ∆(TS , H) and Beff (TS , H) self-consistently for the fits of the field-dependent
quantities later on.
In Figure 4.1(c) the pair potential ∆ is plotted as a function of the magnetic field
µ0 H for all four samples. The solid lines show self-consistent fits for which Fermi-liquid
renormalization was also included. From these fits we could extract the pair potential
∆0 = ∆(T = 0, H = 0) in zero field and at zero temperature and the orbital critical
magnet field Hc,orb which is the critical field in the absence of spin splitting.
In Figure 4.1(d) the pair breaking parameter Γ normalized to ∆0 is plotted as a function
of (H/Hc,orb )2 for all four samples. The solid line shows the theory model for the pair

4.1 Sample details and characterization measurements

Sample

GT
(µS)

P

bso

Tc
(K)

µ0 Hc
(T)

FIS1
FIS2
FIS3
NIS

270
155
608
315

0.08
0.08
0.06
-

0.015
0.015
0.005
0.01

1.48
1.53
1.48
1.47

1.26
1.65
1.26
1.24
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∆0
µ0 Hc,orb
(µeV)
(T)
208
195
209
199

1.3
2.03
1.35
1.33

Table 4.1: Overview of the sample properties. Normal-state tunnel conductance GT and
polarization P of the junction α, spin-orbit scattering strength bso . Properties of the Aluminum wire: critical temperature Tc , critical magnetic field µ0 Hc , pair potential ∆0 and
orbital critical field µ0 Hc,orb .

breaking in a thin film [55]:
Γ
1
=
∆0
2



H
Hc,orb

2
.

(35)

We see that for all samples Γ follows the theoretic prediction which confirms the good
quality of the fits. For the fits of field dependent quantities we will parametrize the pair
breaking by ∆0 and (H/Hc,orb )2 and model it by equation (35).
Figure 4.2(a) shows the differential conductance at zero-bias V = 0 as a function of
the applied magnetic field for three different base temperatures T0 . In small fields g
vanishes due to the freeze-out of the quasiparticle conductance. It starts to increase
in higher fields once the energy gap is small enough. Above the critical field µ0 Hc
the normal tunneling conductance GT is reached and the conductance stays constant.
For higher base temperatures the thermal broadening of the conductance is visible
and the conductance is also non-vanishing in small fields. Modeling the data with
equation (27) gave a second set of junction parameters. Here, the free parameters were
the normal-state junction conductance GT , the pair potential ∆0 in zero field and
at zero temperature, the orbital critical field µ0 Hc,orb and the electronic temperature
T = TF = TS . The pair-breaking Γ(H) was included by equation (35). To achieve
better accordance between data and fits in small fields, a phenomenological life-time
broadening parameter ΓLT (the so-called Dynes parameter [80]), was included. This
is done by adding a small imaginary part to the energy, so that ε → ε + iΓLT in
equation (22). Typically, small values ΓLT ≈ 10−4 ∆0 were found.
In table 4.1 the characteristic sample parameters are listed. The values for the spinpolarization P and the spin orbit scattering strength bso were taken from the fits of
the conductance curves g(V ), while the values for GT , ∆0 and µ0 Hc,orb were taken
from the fits of the zero-bias conductance g(H, V = 0) for T0 = 100 mK. For the
critical field µ0 Hc , the value was read from the zero-bias conductance curve where
the conductance reaches the normal conducting value. These values are marked in
Figure 4.2 (b) by the arrows for different base temperatures T0 , in Table 4.1 the value
extracted for T0 = 100 mK is listed for the different samples. In the same way, the

32

4 THERMOELECTRIC EFFECT IN FIS JUNCTIONS ON TOP OF SIO2

Figure 4.3: Scheme of the measurement configuration which was
used to calibrate the electronic
temperature of the ferromagnet
against the applied dc-heater current Iheat .

critical temperature Tc was read from the cooling curve g(T ) of the junction in zerofield.

4.2

Calibration of the temperature difference

In the following, the calibration of the electronic temperatures TF of the ferromagnet
and TS of the superconductor as a function of the applied heater current is described.
This step was necessary to determine the thermal excitation δT = TF − TS across the
tunnel junction which is created by a certain heater current flowing through the iron
wire.
In Figure 4.3 the appropriate measurement scheme for this purpose is shown. Again
the differential conductance g of the junction is measured while this time an additional
dc-heater current Iheat is applied to the ferromagnetic wire. Therefore, dc-current was
generated in a second circuit by the voltage of a battery and set by a motor-controlled
potentiometer.
Figure 4.4(a) shows the result of the calibration measurements. The differential conductance g is plotted as a function of the voltage V for different dc-heater currents Iheat .
Here, data of sample FIS1 measured at base temperature T0 = 100 mK are shown. The
magnetic field µ0 H = 1 T was chosen because at this field the thermoelectric current
reached its maximum value as we will see later. As expected, one observes an increase
of the thermal broadening of the conductance curves for higher heater currents Iheat .
This is reflected by the smoothing of the coherence peaks at the gap voltage and by
the increase of the conductance at zero bias V = 0. By fitting the thermal broadening
the electronic temperature TF of the ferromagnet could be extracted. Initially, the conductance curve for Iheat = 0 was fitted by equation (27) to extract the characteristic
junction parameters. Then, these parameters were fixed, except for TF which was left
free and adjusted for every single curve.
The result of the calibration measurement is shown in Figure 4.4(b). Here, the electronic
temperature TF is plotted as a function of Iheat for different base temperatures T0 . To
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Figure 4.4: Calibration of the electronic temperature TF of the ferromagnet. (a) Differential
conductance g as a function of voltage V for different heater currents Iheat . (b) Electronic
temperature TF as a function of the heater current Iheat for different base temperatures T0 .

describe the heating, the model of a mesoscopic wire in quasi-equilibrium with negligible
electron-phonon scattering was used. This is appropriate for a metallic wire with a
length of a few µm at sub-Kelvin temperatures [29]. Within this model the electronic
temperatures in the middle of the wire is given by
s
R2 I 2
TF = T 2 + heat heat
(36)
4L0
where Rheat is the resistance of the heater wire, L0 = π 2 kB2 /3e2 is the Lorenz number
and T = T (Iheat = 0) is the electronic temperature in the absence of any heater
current. Fits according to equation (36) are plotted in Figure 4.4(b) as solid lines. Good
agreement with the data can be observed and we will use the fits for an estimation of
the thermal excitation in the thermoelectric experiments later on. For the heater wire
resistance the fits yield Rheat ≈ 230 Ω, a value that is smaller than the 2-probe resistance
RFe = 1350 Ω of the iron wire. We attribute this to the thick copper wire which lies on
top of the ferromagnetic contact and acts as a cooling fin. Note here that the electronic
temperature T = TF (Iheat = 0) is slightly increased over the bath temperature T0 ,
especially at low temperatures. The probable reason for this is the incomplete filtering
of the thermal noise from higher temperature stages of the cryostat.
So far, possible heating of the superconductor due to the heating of the iron wire was
not considered. Since superconductors are poor heat conductors at low temperatures,
they can be heated easily. An increase of the electronic temperature of the superconductor TS is harder to identify in the conductance curve of a tunnel junction as it affects
the conductance only indirectly by reducing slightly the pair potential ∆. To infer TS
as a function of the heating current Iheat , it is therefore necessary to extract ∆(Iheat )
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Figure 4.5: Measurement configuration
which was used to estimate the heating of
the superconductor for a dc-heater current
Iheat applied to the iron wire. Here the
differential conductance of junction β is
measured.

first. In principle, one could do this by adjusting ∆ as free parameter in the fits of the
conductance curves of contact α which were shown above. However, the changes in ∆
are quite small so that they are dominated by the thermal smearing which originates
from the temperature increase δTF . It is therefore better to separate both effects and to
measure the differential conductance at contact β while the superconductor is heated
indirectly by applying heater current Iheat to the iron wire. The appropriate measurement configuration is sketched in Figure 4.5. As the distance between the contacts α
and β was d ≈ 1.5 µm and earlier experiments done by Arutyunov et al. [81] showed
that the length scale for the relaxation of the energy imbalance ΛT∗ ≈ 40 µm in superconducting aluminum at temperatures T  Tc , it is reasonable to assume that the
temperature TS of the superconductor is nearly equal at both junctions α and β.
Figure 4.6 shows the results of the measurements and the following data analysis.
Shown here are data of sample FIS2 where the most detailed measurements were done.
Figure 4.6(a) shows the differential conductance g of contact β as a function of the
voltage V for different heater currents Iheat . The base temperature here was T0 =
100 mK and the applied field was µ0 H = 1.3 T where the thermoelectric signal reached
its maximum value for sample FIS2 (shown in the following section). The conductance
curves measured for zero current Iheat = 0 and for moderate current Iheat = 0.43 µA
are almost matching in shape what indicates only a small heating of S. For a larger
current Iheat = 2.27 µA the energy gap is slightly reduced and moderate broadening of
the curve is visible. The broadening of the curves is probably induced by an increase
of the phenomenological life-time broadening parameter ΓLT due to the heating of the
superconductor [81]. For the quantitative analysis the conductance curves g(V ) were
fitted by equation (27) again. First the curve for Iheat = 0 was used to extract all
junction parameters which were then fixed. For the other curves the pair potential ∆
was adjusted as free parameter.
In Figure 4.6(b) the extracted pair potential ∆ is shown as a function of Iheat . In
the whole range the change in ∆ is only of the order of a few µeV with considerable
scatter on this small scale. To reduce the scatter two adjacent points were averaged
for calculating TS . We assumed δTS = 0 for Iheat = 0 and calculated the pair potential
∆(T, H) for the first two points. For the other data points the temperature increase
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Figure 4.6: Calibration of the electronic temperature TS of the superconductor. (a) Differential conductance g of junction β as a function of the voltage V for different heater currents
Iheat . (b) Pair potential ∆ as a function of the heater current Iheat extracted by fits of the
conductance shown in (a). (c) Increase δTS of the temperature of the superconductor as a
function of the heater current Iheat extracted by inverting ∆(TS ), together with δTF .

δTS = TS − T was extracted by the inversion of the self-consistency relation ∆(T +
δTS , H).
The resulting temperature increase δTS is shown in Figure 4.6(c) as a function of Iheat .
For comparison, also the increase δTF of the electronic temperature of the ferromagnet,
which was extracted at junction α before, is drawn here. We see that the temperature
increase of the ferromagnet is larger than that of the superconductor, so that a temperature difference can be generated across the tunnel junction depending on Iheat . For
clarification a dashed line marks the thermal bias δTF ≈ 100 mK which was usually
used in the following thermoelectric experiments. At this value one observes a temperature increase δTS . 20 mK of the superconductor. Hence, most of the thermal bias
drops across the ferromagnetic tunnel junction under this condition.

4.3

Thermoelectric measurements

After extracting the junction properties and calibrating the thermal excitation, all
requirements were fulfilled to measure the thermoelectric effect and to compare it to the
theory model. The measurements were done by second harmonic detection technique
in the configuration presented in Figure 3.6 for the samples FIS1, FIS3 and NIS, and
Figure 3.7 for sample FIS2 respectively. The heater current Iheat was adjusted with
the help of the calibration curves so that a thermal excitation of δT ≈ 100 mK was
generated across the tunnel junction.
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4.3.1

Thermoelectric current

Figure 4.7 shows the thermoelectric current Ith as a function of the magnetic field µ0 H
at different base temperature T0 . In panels (a),(c) and (e) data from sample FIS1 are
shown, in panels (b),(d) and (f) data from sample FIS2. First of all, we want to discuss
the data for T0 = 100 mK in Figure 4.7(a) and Figure 4.7(b). The shape of both curves
is similar. The current is vanishing in small magnetic fields and starts to rise in the
field regime where the Zeeman splitting of the quasiparticle density of states occurs.
With increasing fields the energy gap in the superconductor is reduced due to the rising
Zeeman splitting and Ith increases further. In the field where the energy gap completely
vanishes the thermoelectric current exhibits a maximum. For further increasing fields
the inner spin-split bands of the DOS overlap and the current shrinks again until it
vanishes completely once the critical field is reached. This behavior is observed for both
samples but with a differing field range due to the different critical fields both samples
had. For higher base temperature the signal keeps its shape but thermal broadening
of the current is observable and the maximum value of the current shifts to a smaller
field.
For modeling the current equation (27) was used together with the necessary junction
parameter extracted so far. We observed that the junction parameter set derived from
the fits of the zero-bias conductance g(V = 0, H) gave better results than the parameter
set derived from the conductance curves g(V ), so that we chose to use the first one
here. These are the same parameters which are listed in table 4.1. Again, the pair
potential ∆(TS , H) and the effective spin-splitting field Beff (TS , H) were calculated
self-consistently by the model of reference [78], so that Fermi-liquid renormalization
effects are included. As the ferromagnet was heated by an ac-heater current Iheat =
Iac sin(ωt) according to the heating
model, equation (36), the electronic temperature
p
2
of the ferromagnet was TF = T + δT 2 sin(ωt)2 with δT = Iac Rheat /4L0 throughout
the measurements. The nonlinearity of this relation was considered by modeling I(t) =
I(δT (t)) and extracting the second harmonic by discrete Fourier analysis [82].
Now we can compare our results to the theoretical prediction. In Figure 4.7 three theoretical calculations are plotted in each panel which are differing only by the assumptions
for the thermal excitation δT . First of all, the red dashed lines show calculations of Ith
under the assumption that only the iron wire is heated by the heater current, so that
δT = δTF . The calculated currents have the same shape as the data, but they overestimate the signal slightly. The green dash-dotted lines show the expected currents
when heating of the superconductor is also regarded, so that the thermal excitation
is δT = δTF − δTS here. Under this assumption the data are usually underestimated
a bit. Finally the blue solid lines show fits to the data with the thermal excitation as
free fit parameter δT = δTfit . They show excellent agreement with the data and it is
remarkable that the thermoelectric current can be described within the theory model
by fit curves with only one free fit parameter.
For comparison the values for δTfit are listed in table 4.2 for all samples and base
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Figure 4.7: Thermoelectric current Ith as a function of the magnetic field µ0 H for different
base temperatures T0 together with theoretical calculations. The data of panels (a),(c) and
(e) stem from sample FIS1, the data in (b),(d) and (f) from FIS2.
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sample
FIS1
FIS1
FIS1
FIS2
FIS2
FIS2
FIS3
FIS3
FIS3

T0
δTF δTF − δTS
(mK) (mK)
(mK)
100
250
500
100
250
500
100
250
500

100
120
80
100
100
90
135
90
42

80
82
50
93
64
50
-

δTfit
(mK)
86 ± 10
104 ± 19
72 ± 15
84 ± 8
68 ± 18
63 ± 20
87 ± 48
58 ± 32
30 ± 12

Table 4.2: Overview of the different assumptions for the heating excitations described in
the text.

temperatures together with the estimated values δTF and δTF − δTS . In almost all cases
δTfit fulfills the relation
δTF > δTfit > δTF − δTS ,
(37)
so that we assume it to be reasonable. For the calculations of the thermoelectric coefficients which we will show next we will always use δT = δTfit . The errors shown in
table 4.2 together with δTfit reflect the uncertainty of δT . As for sample FIS3 the calibration measurements for TS were unreliable (due to the not yet optimized calibration
measurements) the difference δTfit − δTF is taken as uncertainty.

4.3.2

Thermoelectric coefficients

So far, only raw data of Ith were shown. To compare the signal from sample to sample
it is helpful to normalize Ith to the heater excitation δT . Following equation (28), one
can calculate the thermoelectric coefficient
η = Ith ∗

T
δT

(38)

where T = T + δT /2 is the average temperature of the junction. Figure 4.8(a) shows
η normalized to the junction conductance GT and the pair potential ∆0 as a function
of the magnetic field µ0 H for different base temperatures. As for the calculation of
η from Ith only constant values are used, the shape of η is the same as that of Ith .
For higher base temperatures the broadening of the curves as well as the magnitude
of η increase. We can now compare the coefficient η to the theoretic predictions. In
reference [21] Ozaeta et al. calculated the coefficient α = η/P (the polarization P is a
constant for the FIS samples, but P = 0 for sample NIS) for different base temperatures
(see Fig.2 in [21]). Similar to our observation, they also predicted sharp signals for low
temperature, while for higher temperatures they predict broadening and an increase
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Figure 4.8: (a) Thermoelectric coefficient η as a function of the magnetic field µ0 H for
sample FIS1 at different base temperatures T0 . (b) Thermoelectric coefficient η as a function
of the normalized magnetic field H/Hc for sample FIS1,FIS2 and NIS at base temperatures
T0 = 100 mK.

of the strength of the coefficient. Hence, also here we observe good agreement between
our results and the theory.
In Fig. 4.8(b) η is shown for the samples FIS1, FIS2 and NIS as a function of the
normalized field H/Hc at T0 = 100 mK. For both ferromagnetic samples η exhibits the
typical dip shape with a maximum at H ≈ 0.8Hc and both show a thermoelectric effect
in the range 0.5 < H/Hc < 1. In contrast to the ferromagnetic samples, the data of
the sample NIS do not show thermoelectric current and thus η = 0 in the whole field
range. To guarantee a sufficient comparability also for sample NIS the whole measurement program was done including all characterization and calibration measurements.
The comparison of the three samples directly demonstrates the necessity of the spinpolarization P for the creation of the thermoelectric effect in a superconductor/metal
tunnel junction.
From the thermoelectric current, it was possible to infer the Seebeck coefficient S. It
is given by
Ith
η
=
.
(39)
S=
g · δT
g·T
and can be calculated directly from the data of Ith and the zero bias conductance
g(V = 0, H). Figure 4.9 shows the Seebeck coefficient S of sample FIS1 as a function
of the magnetic field µ0 H for different base temperatures T0 . The shape of S is similar
to that of η, but it shows a faster increase in small fields and also its maximum value is
observed in a smaller field. In contrast to η, the Seebeck coefficient is larger for smaller
base temperature T0 . This is induced by the freeze-out of the junction conductance
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Figure 4.9: Seebeck coefficient S of sample FIS1 as a function of µ0 H for different T0 . The
bar indicates the systematic error for T0 = 250 mK.

sample
FIS1
FIS2
FIS3

T0 = 250 mK

T0 = 500 mK

−96 ± 3 ± 17(δT )
−85 ± 9 ± 22(δT )
−46 ± 4 ± 16(δT )

−13.5 ± 0.2 ± 2.8(δT )
−19.5 ± 0.2 ± 6.2(δT )
−9 ± 0.3 ± 2.6(δT )

Table 4.3: Maximum Seebeck coefficient extracted from the data together with error (in
µV/K).

g which shows up in the denominator of equation (39). Thus, also the scatter of S
is amplified in the field regime were g(V = 0, H) is nearly zero, well visible in the
data for T0 = 250 mK. For T0 = 100 mK the scatter was so large that the data
became unreliable, so that they are not shown here. For a better orientation the solid
line shows the Seebeck coefficient calculated from the best fits of Ith and g. We find
good agreement between the data and the fits at T0 = 500 mK. At T0 = 250 mK
there is a larger deviation in small fields what again is a consequence of the freeze-out
of the quasiparticle conductance. As we divide by the small conductance, even slight
deviations between the data and the fit of g result in a large deviation between the
data and the fit for S.
The maximum values found for the Seebeck coefficient are surprisingly large. At T0 =
250 mK we found S ≈ −100 µV/K for sample FIS1. An overview of all maximum values
for the different samples and the different base temperatures is given in Table 4.3. Here,
S was averaged in a field region of 200 mT around the maximum to reduce the scatter
of the data. The increase of S for lower T0 is surprising, but a non-monotonic behavior
is actually predicted by the theory (see [21, equation (8)]). The standard deviation and
the systematic error which occurs due to the uncertainty of the thermal excitation δT
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Figure 4.10: (a) Thermoelectric current Ith as a function of the thermal excitation δT for
different magnetic fields µ0 H. (b) Thermoelectric coefficient η as a function of δT for the
same fields. In both panels data from sample FIS1 are shown for T0 = 250 mK.

are also shown in the table.

4.3.3

Dependence on the thermal excitation

In the following, the dependence of the thermoelectric current on the magnitude of the
thermal excitation δT is discussed. For this purpose, measurements of the thermoelectric current Ith were done at various fixed magnetic fields as a function of the applied
heater current Iheat as well as measurements of Ith a function of the magnetic field for
different fixed thermal excitations.
In Figure 4.10 data of Ith are shown as a function of δT for different magnetic fields µ0 H.
The data stem from sample FIS1 and were measured at base temperature T0 = 250 mK.
For the analysis of the data the heater current was initially converted into the thermal
excitation δTF with the help of the calibration curves. Then, the data were fitted by the
theory model for thermoelectric current, equation (27), and the reduction of the actual
thermal excitation was accounted by setting δT = a0 · δTF with a0 as free fit parameter.
This resulted in a0 ≈ 0.93 for all fits and the corrected thermal excitation δT was
used for the plot. In Figure 4.10(a) one first notes that the thermoelectric current is
increasing for higher magnetic fields which is consistent with the results of the field
dependent measurements of Ith (see Fig. 4.7). Furthermore, the current dependence on
the thermal excitation is linear in magnetic fields around µ0 H = 1 T, while in small
fields it has a nonlinear dependence on the thermal excitation.
This behavior can be understood by the following considerations. In the ferromagnet
the occupation of the states is given by the Fermi distribution, equation (17), which

42

4 THERMOELECTRIC EFFECT IN FIS JUNCTIONS ON TOP OF SIO2

Figure 4.11: (a) Thermoelectric current Ith as a function of the magnetic field µ0 H for
several thermal excitations δT . (b) Inferred thermoelectric coefficient η as a function of µ0 H
for the same δT . In both panels data from sample FIS2 are shown at T0 = 100 mK and fit
values were used for δT .

itself depends on the the electronic temperature TF = T + δT of the ferromagnet.
A higher thermal excitation δT broadens the Fermi distribution, so that states with
higher energy are excited in the ferromagnet. On the other hand, the density of states
in the superconductor exhibits a non-vanishing energy gap in small magnetic fields
which is reflected e.g. in the conductance spectra g(V ) (Figure 4.1(a)). Consequently,
in the small field regime only the tail of the electrons in the ferromagnet which have
energies above the energy gap can participate to the thermoelectric current. As the
Fermi distribution has an exponential energy dependence on the temperature itself,
the dependence of the current on the thermal excitation is also found to be nonlinear.
By increasing the magnetic field the energy gap closes, so that now all electrons near
the Fermi level can participate to the thermoelectric current. Therefore Ith increases
and the nonlinearity in the dependence on the thermal excitation vanishes.
In Figure 4.10(b) the coefficient η, normalized to GT and ∆0 /e, is plotted as a function
of δT together with fits (solid lines) to equation (27). It is derived by equation (38)
from the raw data of panel (a) and the best fit value for δT . One can see that it reflects
the behavior of the raw data. In small fields η shows a weak dependence on the thermal
excitation as it slightly rises with increasing δT , thereby illustrating the nonlinearity
of Ith . The larger the magnetic field is, the smaller becomes the dependence on the
thermal excitation. At µ0 H = 1 T, where the maximum for Ith , was found η finally is
almost constant. Thus, this field regime, where the superconductivity is gap-less, looks
promising for the detection of the electronic temperature of the ferromagnet as it can
provide linear response for small changes of the electronic temperature.
In Figure 4.11(a) Ith is shown as a function of the magnetic field µ0 H for different
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Figure 4.12: Colorized scanning electron
microscope image of junction α of sample
FIS3. Also depicted is the configuration
for measuring the thermoelectric current
Ith , while creating the thermal excitation
by heating the copper wire with the heat
current Iheat .

heater excitations δT . The data were measured for sample FIS2 at base temperature
T0 = 100 mK. The shown δT represent again best fit values. One observes an increase
of the thermoelectric current as well as a rise of the current in smaller fields for higher
thermal excitation. Thereby, again the nonlinearity of Ith in the small field regime is
visible. Larger thermal excitation increases the broadening of the Fermi distribution in
F and therefore the energy interval kB (T +δT ) around the Fermi level in which electronic
states are excited. So, also in small fields where the energy gap is still pronounced
electrons have enough energy to tunnel and to contribute to the thermoelectric current.
In Figure 4.11(b) the resulting thermoelectric coefficient η is shown as a function of the
magnetic field µ0 H. One observes that η has a slight dependence on δT in the whole
field range. As expected the dependence is more pronounced in small fields and smaller
near the critical field where the energy gap is reduced in the superconductor.

4.3.4

Heating the copper wire

For the samples with the 6-pole junction α it was possible to switch the measurement
configuration. The ferromagnet is then heated by applying the heater current Iheat
to the copper wire and the resulting thermoelectric current Ith is directly measured
between the aluminum wire and the iron wire. The appropriate measurement scheme
is depicted in Figure 4.12 in a colorized SEM image of junction α of sample FIS3. For
estimating the thermal excitation which is generated by a certain heater current Iheat
the calibration measurements were repeated, this time by measuring the differential
conductance g(V ) of the junction while the dc-heater current was applied to the copper
wire.
The results of the copper heating experiments are summarized in Figure 4.13. In panel
(a) the electronic temperature TF extracted from the calibration measurements is shown
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Figure 4.13: Overview of the measurements done at sample FIS3 to calibrate and measure
the thermoelectric effect while heating the copper wire. (a) Calibration of the electronic
temperature TF of the ferromagnet while dc-heater current Iheat was applied to the copper
wire. (b) Thermoelectric current Ith as a function of the magnetic field µ0 H for T0 = 100 mK.
The solid and the dash-dotted lines show theoretical calculations which are described in
the text. (c) Resulting thermoelectric coefficient η as a function of µ0 H for different base
temperatures T0 .
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as a function of the heater current Iheat . One observes a similar result as for the calibration measurements shown earlier (Fig. 4.4(b)). The electronic temperature TF of
the ferromagnetic part of the contact was fitted again according to the heating model,
equation (36). From the fits (solid lines) the heater resistance Rheat ≈ 220 Ω is extracted
which is similar to the two-probe resistance RCu = 390 Ω of the copper wire. The good
agreement of both values reflects the fact that the cooling effect of the thin iron wire
is smaller than that of the thick copper wire (for comparison see section 4.2). The
extracted calibration curves were used to estimate the thermal excitation δTF which
was applied for the thermoelectric measurements.
In Figure 4.13(b) the resulting thermoelectric current Ith is shown as a function of the
magnetic field µ0 H for T0 = 100 mK. It is visible that the switching of the measurement configuration had no impact on the qualitative behavior of the thermoelectric
signal. As for the other measurement configuration, Ith vanishes in small fields and
rises together with the Zeeman splitting of the density of states. In the field where the
energy gap closes the current has its maximum value and then goes back to zero as
the magnetic field approaches the critical field. Here, two theoretical calculations of the
thermoelectric current are plotted. They were done according to equation (27) with the
use of the characteristic junction parameters. The red dotted line shows a estimation
done under the assumption δT = δTF = 166 mK which is extracted from the calibration measurement, while the blue solid line shows a fit that results δTfit = 94mK. In
the larger deviation of both values it is reflected that the temperature calibration for
this sample was not yet as accurate as it was for the later measured (and previously
discussed) ones. As a reliable calibration measurement for TS was unfortunately not
done for sample FIS3, the modeled curve for the assumption δT = δTF − δTS is missing
here.
In Figure 4.13(c) the thermoelectric coefficient η is plotted as a function of µ0 H for
different base temperatures T0 . In principle, it shows the same behavior as for the
measurements where the iron wire was heated. Note that the measurements were done
with the same heater current Ith applied for all base temperatures while the thermal
excitation was calibrated afterwards. As at T0 = 500 mK the heating is less effective,
δT is smaller at this base temperature and thus the scatter of η is blown up. (For
the later measured sample we adjusted the heater current according to the calibration
curves to generate the thermal excitation δT ≈ 100 mK for all base temperatures.)
Altogether, we found no serious deviations of the measurement results for both heating
configurations, and as heating by applying current through the higher resistive iron
wire turned out to be more effective, in the main part of this work the results of
measurements with the iron heating configuration are shown.

4.3.5

Possible spurious effects

Several control experiments were done to confirm that the thermoelectric signals presented so far are real and not generated by spurious effects which are induced by
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parasitic contributions due to the measurement setup. As described above, the thermoelectric measurements were performed in such a way that only the thermal excitation
δT dropped across the ferromagnetic junction (see Figure 3.6). However spreading resistance of the iron/copper wires on top of the FIS junction (only samples FIS1, FIS3
and NIS) or crosstalk in the cryostat wiring (all samples) can produce a parasitic voltage excitation Vpar across the junction when heater current is applied. The parasitic
voltage itself produces a signal that mimics the thermoelectric current signal. This is
shown in Figure 4.14(a) where the current I2ω which is proportional to the second
harmonic of the excitation frequency ω is plotted as a function of the magnetic field
µ0 H. It was measured by using second harmonic detection technique simultaneously
with the zero-bias conductance. Here, a peak to peak ac-voltage excitation Vac ≈ 9 µV
was applied across the junction and the thermal excitation was δT = 0.
One observes that I2ω which is proportional to the derivative of the junctions conductance g2 = d2 I/dV 2 exhibits the same shape as the thermoelectric signal. This is
not surprising as according to Mott’s relation, equation (26), the thermoelectric effect
itself is proportional to the derivative of the conductance g. The red line in the panel
shows an estimation for I2ω which was done by using the junction parameters and the
excitations Vac ≈ 9 µV and δT = 0. The good agreement with the data shows that
the observed signal is caused by the voltage excitation. So, we see that a parasitic
contribution of voltage, caused by spreading resistance or crosstalk effects, can mimic
the thermoelectric effect and can not be excluded a priori.
However, a possible parasitic voltage Vpar can be estimated by measuring the part of
the current I(V, T ) which is proportional to the third harmonic. In order to understand
this, it is useful to expand the current I(V, T ) across the junction under the assumption
that the thermal excitation T (t) = T0 + Tac sin2 (ωt) and the voltage excitation V (t) =
V0 + Vac sin(ωt) are applied together. One obtains (expanded up to the second order in
V and up to the first order in T)
Tac
V2
I(t) = I(V0 , T0 ) + g2 ac + iT
4  2

3Tac Vac
+ gVac + gT
sin(ωt)
4


Tac
Vac2
+ iT
cos(2ωt)
− g2
4
2
Tac Vac
− gT
sin(3ωt)
4

(40)

where g = dI/dV, g2 = d2 I/dV 2 , gT = dg/dT = d2 I/dV dT are the conductance and
its derivatives, and iT = dI/dT is the thermoelectric current. With the help of equation (40) it is possible to discuss the lowest order spurious effect caused by Vac .
In Figure 4.14(b) the third harmonic part of the current I3ω is plotted as a function
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Figure 4.14: (a) Second derivative of the current g2 measured on sample FIS1 at T0 =
100 mK as a function of the magnetic field µ0 H. (b) Third harmonic measured with a thermal
excitation δT = 86 mK and no intentional bias excitation. The fit estimates the parasitic
voltage excitation Vpar ∼ 1.7 µV. (c) Second harmonic measured under the same condition.
The fit estimates the parasitic contribution of g2 to the signal, derived from the measurement
in (b). (d) Second and third harmonic as a function of the frequency f = ω/2π for sample
FIS2 at µ0 H = 1.2 T. Lines are linear fits. The data of all panels were taken at the base
temperature T0 = 100 mK.
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Figure 4.15: Frequency dependence of (a) the thermoelectric current Ith and (b) the third
harmonic part I3ω of the current. Both quantities are plotted as a function of the magnetic
field µ0 H and were measured for sample FIS2 at the base temperature T0 = 100 mK.

of the magnetic field µ0 H. It was measured simultaneously with the thermoelectric
current. We therefore know from our previous analysis (see Fig. 4.7(a) and table 4.2)
that the thermal excitation for this measurement was δT = 86 mK while the intended
voltage excitation was Vac = 0. From a fit, depicted as blue solid line in the panel, with
the characteristic junction parameters we can infer the parasitic voltage Vpar ≈ 1.7 µV.
Now, we are able to estimate the contribution of g2 to I2ω . The solid blue line in
Figure 4.14(c) shows the current that one can expect for Vpar = 1.7 µV and δT = 0.
For comparison, the black line shows the measured curve. On can observe that the
parasitic contribution is around two orders of magnitudes smaller than the measured
signal and can therefore be considered as negligible.
For sample FIS2 the frequency dependence of the thermoelectric signal was measured
to check further influences of crosstalk. In Figure 4.14(d) the second and third harmonic
parts of the current I(V, T ) are shown as a function of the excitation frequency f =
ω/2π at T0 = 100 mK. The data are shown for the magnetic field µ0 H = 1.2 T where the
thermoelectric signal reached its maximum value for this sample (see Figure 4.7(b)).
We observe that the second harmonic is nearly independent of the frequency as it
is expected for a thermoelectric signal driven by ohmic heating. On the other hand
the third harmonic signal is proportional to the frequency which indicates that it is
generated by crosstalk. As guide for the eyes linear fits are plotted here as solid lines.
In Figure 4.15(a) the thermoelectric current Ith is plotted as a function of the magnetic
field µ0 H for two different frequencies. Data which were measured with the usually
used excitation frequency f = 137.894 Hz are compared to data which were measured
at lower frequency f = 37.894 Hz. There are no deviations between both curves in
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the whole field range observable, so that the current can be assumed to be frequency
independent. For comparison in Figure 4.15(b) the third harmonic I3ω is plotted as
a function of µ0 H for the same frequencies. Here we find a clear deviation of the
amplitudes of both curves.
Altogether, the control experiments demonstrate that the observed thermoelectric current is real. It was neither mimicked by parasitic voltage contributions nor altered by
crosstalk.
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5

Thermoelectric effect in FIS junctions on top of
EuS

In this chapter further studies of the thermoelectric effect are presented for structures
where the superconductor is in direct contact with a ferromagnetic insulator. In the
literature [12,34–37] it is reported that in these systems an intrinsic exchange field B ∗ is
induced in S. This exchange field boosts the spin splitting of the quasiparticle density of
states in addition to the applied field µ0 H. Here, the ferromagnetic insulator europium
sulfide (EuS) is used as the fabrication of nanoscale superconducting hybrid structures
on top of this substrate was established recently [33] in our group. The aim of this
chapter is to discuss in how the exchange field B ∗ influences the thermoelectric effect.
The main results of the chapter are submitted and can also be found in reference [83].

5.1

Preparation of the sample

The fabrication process was done in a two-stage process. First plain europium sulfide
films were evaporated separately as described in chapter 3.2. On top of these films
samples for thermoelectric measurements were structured by the following fabrication
process.
The plain EuS films were purged in acetone- and isopropanol-baths before a PMMA
layer was spin coated on top of them. The following lithography and evaporation processes were in principal the same as for the samples which were structured on oxidized
silicon wafers. Additionally, an argon(Ar) ion milling step was included before the evaporation of the metallic structure, with the intention to remove PMMA residues from
the EuS surface. This step was required in order to improve the EuS/Al interface as
even small residues there can destroy the generation of the exchange field.
The samples were mounted in the evaporation system and first cooled in the main
chamber below −100◦ C for around an hour to prevent the resist from melting during
the Ar milling step. The cooled samples were transferred into the load lock where
the Ar milling was done. By a needle valve the flux of argon ions into the load lock
was regulated to achieve a constant pressure p ≈ 1 · 10−4 mbar. The Ar+ ions were
accelerated by applying a voltage U = 1 kV. The stability of the plasma during the
sputter process was checked by measuring the current flowing through the metallic
sample holder. Here, typically values Iion ≈ 60µA were found. Under these conditions
the EuS etching rate is expected to be approximately 0.75 nm/min [33]. Determining
the right duration of the Ar milling step is crucial as too short processes would not
remove all residues, while too long processes probably damage the EuS surface. In both
cases the properties of the exchange field are affected and it might be suppressed. As
a compromise, throughout this work a duration of t = 3 min was chosen. After the
Ar ion milling step was completed, the samples were transferred back into the main

52

5 THERMOELECTRIC EFFECT IN FIS JUNCTIONS ON TOP OF EUS

Figure 5.1: False-color coded scanning electron microscopy image of junction α of sample
EUS2. Additionally depicted is the scheme for the thermoelectric measurements.

chamber and metallic structures were fabricated by the usual evaporation process (see
chapter 3.1).
Altogether three thermoelectric samples on top of europium sulfide were measured for
this work. They are labeled as samples EUS1-EUS3 and all of them had the same layout
as sample FIS1 (compare to Figure 3.2(b)). Figure 5.1 shows a false-color coded image of
sample EUS2 together with the measurement scheme for thermoelectric measurements.
The samples consisted of an aluminum wire (blue) with the FIS junction α, which
was overlaid by an additional copper wire (green), and the NIS junction β. In the
picture only the main part, the ferromagnetic junction α is shown. As ferromagnetic
metal, again iron (red) was used. In the background of the SEM image, one recognizes
the granular europium sulfide substrate film. For a better comparison to the previous
samples, the thicknesses of the materials were again chosen to be tAl ≈ 20 nm, tFE ≈
20 nm and tCu ≈ 50 nm. The measurement program was the same as established in the
last chapter. First conductance measurements were done to characterize and extract
the properties of junction α, followed by calibration measurements for the estimation
of the thermal excitation δT . Finally, the thermoelectric measurements were done.

5.2

Proximity induced exchange field

We want to start the discussion of the measurement results with the conductance
spectra of junction α. Figure 5.2(a) shows the differential conductance g as a function
of the voltage V for different applied magnetic fields µ0 H. The data were measured for
sample EUS1 at base temperature T0 = 50 mK. For µ0 H = 0 one observes that g(V )
shows the behavior of a high-quality tunnel junction by the vanishing conductance at
small voltages and the coherence peaks at the gap of the superconductor for positive
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Figure 5.2: (a)Differential conductance g of contact α of sample EUS1 as a function of the
voltage V for different magnetic fields µ0 H at T0 = 50 mK. Fits according to equation (27)
are shown as solid lines. (b) Effective spin-splitting field Beff in the superconductor as a
function of µ0 H for the three EuS samples. The data were extracted by fits of the differential
conductance as described in the text. The dashed line marks Beff = µ0 H.

and negative voltages. In applied magnetic field one observes again a split-up of the
coherence peaks due to the spin splitting of the quasiparticle DOS. We observe that
the curve already exhibits a significant spin splitting for µ0 H = 0.2 T, while for sample
FIS1 (fabricated without EuS substrate) the spin splitting was only visible for fields
µ0 H > 0.5 T. The reason for this behavior is the additional intrinsic exchange field B ∗
which is induced by the spin-active scattering of the quasiparticles at the interface to
the ferromagnetic insulator.
To evaluate B ∗ the conductance curves g(V ) were fitted again to the standard model
for high-field tunneling, equation (27). The fits are plotted in Figure 5.2(a) as solid lines
and we see that they are in good agreement with the data. First, the spin polarization
P of the tunnel junction was extracted from the fits of the conductance curves in high
magnetic field, while for the spin-orbit scattering strength bso a suitable and reasonable
value was chosen. For sample EUS1 these values are P = 0.17 and bso = 0.04. Due to
the larger polarization of the junction (compared to the samples shown earlier), the
asymmetry of the peak heights for positive and negative voltages V is clearly visible
now. Then, P and bso were fixed and the normal conductance of the junction GT , the
pair potential ∆, the orbital pair-breaking Γ and the effective spin-splitting field Beff
were fitted for all fields.
The most interesting parameter here is Beff as the exchange field B ∗ can directly be
inferred from it. In Figure 5.2(b) Beff is plotted as a function for µ0 H for the different
EuS samples. The data in this panel stem from fits of the conductance curves which
were measured at T0 = 50 mK. Additionally, a dashed line marks Beff = µ0 H. We see
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Figure 5.3: Exchange field B ∗ = Beff − µ0 H as a function of µ0 H together with phenomenological fits according to Eq. (41). (a) Comparison of the data for all three samples. (b) B ∗ at
different base temperatures T0 for sample EUS3.

that the actual spin splitting is larger for all samples than that one which is expected
from the pure Zeeman splitting due to the applied field. We account this boost to the
intrinsic exchange field B ∗ and analyze it by calculating the difference between Beff and
µ0 H. For example, at µ0 H = 0.2 T we find Beff = 1.06 T for sample EUS1. So, the main
part of the spin splitting is generated by the exchange field B ∗ = Beff − µ0 H = 0.86T
here.
In Figure 5.3(a) the exchange field B ∗ is plotted in the whole magnetic field range for all
three samples. For the further progress of this work it was necessary to find a sufficient
phenomenological description of B ∗ (H) in order to model the effective spin-splitting
field as a function of the magnetic field. This is required later for the description of
the field dependence of the thermoelectric current. First attempts were done, following
the work of Michael Wolf [33], by fitting the data to a Brillouin function. However,
with this model we found a discrepancy between the data and the fits. Next, we tried
a logarithmic field dependence which is known from a study of Xiong et al. [37] for the
EuS/Al proximity system. In Figure 5.3(a) fits according to
B ∗ = a · ln(H/H0 )

(41)

with the phenomenological fit parameter a and H0 are drawn as solid lines. We see
that this model provides sufficient agreement between the fits and the data, especially
in the field range 0.1 T < µ0 H < 1 T. The deviations in small fields (samples EUS2
and EUS3) are tolerable as the thermoelectric current occurs mainly in high fields, a
region where the logarithmic fits show adequate agreement. Therefore, we included the
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intrinsic exchange field described by equation (41) in the model which we use to predict
the thermoelectric current. The effective spin-splitting field is then described by
Beff = µ0 H + a · ln(H/H0 ).

(42)

As seen for the samples without EuS, Beff is renormalized near the critical field (here
only visible for sample EUS3) due to the interaction of the quasiparticles, so that it
approaches to the normal state value
Beff =

µ0 H + B ∗
.
1 + G0

(43)

For sample EUS3 we checked the dependence of the exchange field on the base temperature since reference [37] revealed that B ∗ is weakened for higher T0 . As at junction α
the analysis of the exchange field is influenced by the presence of the fringing field of
the iron wire, the temperature dependence was measured at the non-magnetic junction
β. In Figure 5.3(b) the exchange field B ∗ is plotted as a function of µ0 H for different base temperatures T0 . While for junction β data for the base temperatures which
were usually used for the thermoelectric experiments are shown, for junction α data for
T0 = 50 mK which was the usual temperature for the measurement of the conductance
spectra are used. We observe that the general field dependence of the data is similar
for all T0 and that they show only slight deviations from each other. Supporting the
observations of reference [37], a slight reduction of B ∗ is found for T0 = 500 mK. However, due to the thermal smearing for this temperature the extraction of the effective
spin-splitting field Beff from the conductance curves g(V ) is also less reliable. As also
deviations of B ∗ from contact to contact cannot be excluded and the temperature dependence is found to be rather small, we decided to neglect it and to use directly the
exchange field measured at junction α for T0 = 50 mK.
One should note here that the field dependence of B ∗ showed a clear deviation of the
field dependence of the magnetization MEuS of the EuS film (compare to Figure 3.4(b)).
All films themselves had coercive fields Hco . 5 mT, so that their magnetization was
fully saturated above this field. In a simple picture one expects B ∗ to be coupled to the
magnetization of the EuS film. However, the data show a discrepancy between both and
the exchange field exhibits a slower increase especially in small fields. This observation
is consistent with the studies of Michael Wolf [33]. As reason for the different behavior
of MEuS and B ∗ the difference between bulk magnetism (tested in the magnetization
measurements) and the surface magnetism (tested in the conductance experiment)
seems feasible [12]. This suggestion is supported by the fact that the strength of the
exchange field varied from sample to sample. We account this observation to the problem that during the two stage fabrication process the surface of the EuS film might
be damaged by the Argon milling step, so that the proximity coupling is modified. To
achieve further clarity, studies of EuS/Al proximity systems with samples fabricated
in a one-stage process would be of great use.
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Figure 5.4: (a) Differential conductance g as a function of the magnetic field µ0 H at V = 0
for different base temperatures T0 . Data stem from sample EUS1 and are shown together with
fits according to equation (27). (b) Magnification of g near the critical field. (c) Hysteresis
measurements of g in small magnetic fields. Data were measured for sample EUS2 at T0 =
500 mK. The arrows indicate the direction of the field sweep.

5.3

Characterization and calibration measurements

For extracting the characteristic junction parameters which are necessary for modeling
the thermoelectric current later on again fits of the field dependent zero-bias conductance g(V = 0, H) were used. In Figure 5.4(a) data for g(V = 0) are shown as a function
of µ0 H for different base temperatures together with the fits (solid lines) according to
equation (27).
One observes that the field dependence of the zero bias conductance is similar as for the
samples without EuS, but that the critical field µ0 Hc (and hence the whole field range)
is reduced due to the additional exchange field. The fits are again in good agreement
with the data which indicates a reliable quality of our model which now also includes
the phenomenological magnetic field dependence of the intrinsic exchange field.
As a further trial to improve the fits, here, the Fermi-liquid parameter G0 was adjusted
by fitting g in the field region close to the critical field. In Fig. 5.4(b) a magnification
of the zero-bias conductance near the critical field is shown. One observes an enhancement of the conductance above the normal state value GT just below µ0 Hc for base
temperatures T0 = 100 mK and T0 = 250 mK. Such conductance enhancement was also
observed in earlier studies on thin aluminum films [84]. It is sensitive to G0 as many
quasiparticles are thermally excited in this field regime, so that the interaction amongst
them is strong. We extracted the values G0 = 0.21 for sample EUS1 and G0 = 0.26

5.3 Characterization and calibration measurements

sample
EUS1
EUS2
EUS3

tAl
GT
(nm) (mS)
20
22
20

1.33
0.66
0.78

P
0.15
0.17
0.185

bso

Tc
(K)

µ0 Hc
(T)

0.04 1.4
0.02 1.43
0.005 1.47

0.76
0.96
1.01
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∆0
µ0 Hc,orb
(µeV)
(T)
198
192
190

1.1
1.23
1.16

G0
0.21
0.26
0.26

Table 5.1: Overview of sample properties for the samples on top of EuS. Thickness tAl
of the aluminum wire extracted from AFM measurements, normal-state tunnel conductance
GT and polarization P of the FIS junction, spin-orbit scattering strength bso . Properties of
the aluminum wire: critical temperature Tc , critical magnetic field µ0 Hc , pair potential ∆0 ,
orbital critical field µ0 Hc,orb and Fermi-liquid renormalization parameter G0 .

for sample EUS2. For sample EUS3 the zero-bias conductance did not exhibit the enhancement peak, so that fitting of G0 was not successful and G0 = 0.26 was set. Both
values are in the range of the literature values for thin aluminum films, G0 = 0.17 [85]
and G0 = 0.3 [79] and therefore reasonable, so that we used them for calculating the
self-consistent quantities for the samples with EuS.
In small fields µ0 H < 50 mT an unusual increase of the conductance g was observed.
It was found for all temperatures and was most pronounced for T0 = 500 mK. In
Figure 5.4(c) a detailed measurement of the conductance in the field region around
zero is shown for this base temperature. The data here stem from sample EUS2. The
field was swept in both directions, arrows indicate the sweep direction. One observes
hysteretic behavior of g. Coming from high fields, first the conductance increases while
crossing zero field. In negative field, it reaches a maximum, then suddenly exhibits a
jump back to a smaller value at µ0 H = −30 mT. The same happens in the reverse field
direction. This effect was not observed for the samples on top of SiO2 (see Fig. 4.2(a)),
we attribute it to the inhomogeneous magnetization of the europium sulfide in small
magnetic fields. This may either induce an out-of plane stray field or an inhomogeneous
exchange field which both would weaken the superconductivity. In fields above 20 mT
the magnetization of the EuS film becomes homogeneous again and the conductance
flips back to its usual value. Due to the small field range of this effect, it had no impact
on the thermoelectric signal and is just mentioned here for completeness.
The characteristic properties of the samples are summarized in Table 5.1. All parameters were extracted in the same way as it was described in chapter 4.1.
For the samples with EuS the electronic temperatures TF of the ferromagnet and TS
of the superconductor also had to be calibrated against the heater current Ith . The
procedure followed the same principle as for the samples without EuS and is discussed
here only briefly. In Figure 5.5(a) the conductance g is shown as a function of the voltage
V applied across the contact for different heater currents Iheat at base temperature
T0 = 100 mK. The magnetic field µ0 H = 0.75 mT was set as the thermoelectric
current reached its maximum value there (next section). Again, one observes that the
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Figure 5.5: Calibration of the electronic temperature TF of the ferromagnet for sample
EUS2. (a) Differential conductance g as a function of voltage V for different heater currents
Iheat . (b) Electronic temperature TF as a function of the heater current Iheat for different base
temperatures T0 .

heater current leads to thermal broadening of the conductance, visible in particular
by the increase of g at zero voltage V = 0. By fitting the conductance curves for the
different heater currents the electronic temperature TF of the ferromagnet could be
extracted. The result is shown in Figure 5.5(b) where TF is plotted as a function of the
heater current Iheat for different base temperatures T0 . The heating is described again
by the model of a mesoscopic wire in quasi-equilibrium, equation (36). The fits here
result in the resistance Rheat = 94 Ω. Again this resistance is reduced due to the cooling
effect of the thick copper wire with respect to the two probe resistance of the iron wire
RFe = 527 Ω. The extracted fit curves were used to adjust the thermal excitation δT
for the thermoelectric experiments.
The control measurements done to check the impact of the heating on the temperature
of the superconductor were performed in the same way as described in the second
part of chapter 4.2 for the samples without EuS. The conductance of junction β was
measured as a function of V for different heater currents Iheat . Then, the pair potential
∆ was fitted as a function of Iheat . From ∆ the temperature of the superconductor
was inferred. Altogether no significant differences were found compared to the samples
shown earlier. Again, a temperature increase δTS . 20 mK of the superconductor
temperature was found for a thermal excitation δTF ∼ 100 mK of the ferromagnet.
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Figure 5.6: (a) Thermoelectric current Ith as a function of the applied magnetic field µ0 H
for different base temperatures T0 . Data stem from sample EUS2 and are shown together
with fits according to equation (27). (b) Thermoelectric coefficient η as a function of µ0 H.
Data are inferred from the thermoelectric current.

5.4

Thermoelectric effect

Figure 5.6(a) shows the thermoelectric current Ith as a function of the applied field
µ0 H for different base temperatures T0 . The data in this panel were measured for sample EUS2. For all base temperatures we applied a thermal excitation δT ≈ 100 mK
which was set by adjusting the heater current Iheat according to the calibration curve.
The thermoelectric current exhibits the familiar signal, however, one can identify the
influence of the exchange field. For T0 = 100 mK the current vanishes again in small
fields. But then it starts rising already around µ0 H ≈ 0.3 T until it reaches its maximum value at µ0 H ≈ 0.75 T. In higher fields, the signal goes back to zero while it is
approaching the critical field. One observes that the whole field regime in which the
thermoelectric current is measured shifts to a smaller range compared to the samples
without EuS. At higher temperatures the thermoelectric signal is thermally smeared
again, so that its maximum value is reduced but it has a larger contribution in small
fields.
The solid lines in Figure 5.6(a) show fits to the data which were done with equation (27)
and the junction parameters listed in Table 5.1. The exchange field is included in the
model described by equation (41) as mentioned earlier. In the panel this time only fits
for which the thermal excitation δTfit was adjusted are shown. For all three samples we
found δTfit ∼ 0.8 − 0.9 δTF which is consistent with the calibration measurements and
the observations for the samples without EuS. In general, excellent agreement between
the data and the fits can be observed also for all samples on top of EuS, demonstrating
again that the measured current is described well by the theory model [20, 21]. It also
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Figure 5.7: (a) Thermoelectric current Ith as a function of µ0 H, both in positive and negative
field, at temperature T0 = 100 mK. The data stem from sample EUS1. (b) Magnification of
the data of panel (a) in the regime around zero field. (c) Hysteresis of the thermoelectric
current around µ0 H = 0 for T0 = 500 mK. Here the data stem from sample EUS2.

demonstrates that the exchange field can be included into the model by an appropriate phenomenological description. This is not surprising in so far as the theory only
demands the presence of a spin-splitting field but does not specify its origin. Thus, adequate proximity structures might also enable the flow of thermoelectric current without
the presence of an applied magnetic field.
In Figure 5.6(b) the thermoelectric coefficient η, normalized to GT and ∆0 /e, is plotted
as a function of µ0 H. Here, η is inferred from the raw data of Ith , the electronic
temperature T and the thermal excitation δT = δTfit by equation (38). Again the
theoretically predicted behavior (Figure 2 in reference [21]) is observed. The signal is
sharpest for T0 = 100 mK and both broadens and increases in magnitude for higher T0 .
Also a shift of the maximum value to lower fields is found for higher base temperatures.
As for the samples without EuS we observed that the thermoelectric current crosses zero
in small fields (see Figure 4.7 (e) and (f)), further investigations on the magnetic field
dependence were done for the samples with EuS. In Figure 5.7(a) the thermoelectric
current Ith is shown as a function of the magnetic field µ0 H, this time both in positive
and negative field. The data stem from sample EUS1 and were measured at T0 =
100 mK. In a large majority of the field range we do not observes any influence of the
sign of the magnetic field on the thermoelectric signal.
A closer look in the regime around zero field is given in Figure 5.7(b) where a magnification of the data of panel (a) is shown. One sees that in a small range below zero
field the current has a positive sign. More pronounced the effect is found again for
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Figure 5.8: Dependence of the thermoelectric coefficient η on the thermal excitations δT .
The data were measured for sample EUS3 at T0 = 250 mK. (a) η normalized on GT and
∆0 /e as a function of the magnetic field µ0 H for different δT . (b) η normalized on GT and
∆0 /e as a function of δT for several µ0 H.

higher base temperature. In Figure 5.7(c) a hysteresis measurement of Ith is shown
for T0 = 500 mK. Here, the direction of the particular field sweep is marked with an
arrow in the same color. Coming from high fields Ith first crosses zero and continues
to rise until it exhibits a jump back to negative values at µ0 H ≈ −30 mT which is a
typical switching field of the iron wire. The same happens in the other field direction.
The change of the current sign can be understood as follows. After crossing zero the
direction of the field is reversed while at the same time the sign of the magnetization of
the iron wire (and therefore also the sign of the polarization P ) is not changed. Both
are therefore antiparallel to each other and the sign of the current changes. When the
field is large enough to flip the magnetization of the wire, the field and the polarization
are parallel again and the current sign flips back to the usual negative sign.
For the samples with EuS substrates also the dependence of the thermoelectric signal
on the size of the thermal excitation δT was measured. In Figure 5.8(a) the thermoelectric coefficient η, normalized to GT and ∆0 /e, is plotted as a function of µ0 H for
several δT (which represent the best fit value) at base temperature T0 = 250 mK.
One observes a slight dependence of the signal on the magnitude of δT , especially
in small fields. The dependence of η on the thermal excitation δT for fixed magnetic
fields, shown in Figure 5.8(b), also underlines this behavior. The signal is increasing for
higher magnetic fields in consistency with the behavior of the signal seen in the field
dependent measurements. In smaller fields η shows a slight dependence on the thermal
excitation, reflecting the nonlinearity of the thermoelectric current in this field regime.
In contrast, in the field regime near the maximum, η is found to be constant and therefore independent of the thermal excitation. Hence, the thermoelectric current is linear
again at fields where the energy gap vanishes in the superconductor. Altogether we find
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Figure 5.9: Seebeck coefficient S as a function of the magnetic field µ0 H for different base
temperatures T0 . The data in this panel stem from sample EUS2. Solid lines correspond to
the value extracted from the fits of Ith and g.

sample

T0 = 250 mK

T0 = 500 mK

EUS1
EUS2
EUS3

−136 ± 3 ± 14(δT )
−176 ± 1 ± 14(δT )
−165 ± 1 ± 31(δT )

−39.8 ± 0.3 ± 0.7(δT )
−42 ± 0.2 ± 2.4(δT )
−36.3 ± 0.1 ± 2.6(δT )

Table 5.2: Maximum Seebeck coefficient extracted from the data together with error (in
µV/K).

a similar dependence on the thermal excitation here as for the samples without EuS.
In Figure 5.9(a) the Seebeck coefficient S is plotted as a function of the magnetic
field µ0 H for different base temperatures T0 . It was inferred from the thermoelectric
current Ith , the zero-bias conductance g and the thermal excitation δT (best fit value)
by equation (39). Again, the shape of S is similar to the shape of Ith itself, but S
shows a faster increase in small fields. The maximum value is reached in a relatively
small field, afterwards S goes slowly back to zero. Only the data for T0 = 250 mK
and T0 = 500 mK are shown here as the Seebeck coefficient found for T0 = 100 mK
was unreliable again. The signals are of the same order, but slightly larger than for
the samples without EuS which might be induced by the larger spin polarization of
the tunnel junction that was found for the EuS samples. An overview of the maximum
values of the Seebeck coefficients for all samples and base temperatures is given in
Table 5.2. Here, S was averaged in a field region of 200 mT around the maximum.
At the end of this chapter, the thermoelectric signals of the samples with EuS are
compared to each other and to the signal of sample FIS1 which had the same sample design. In Figure 5.10 the normalized thermoelectric coefficient η is plotted as a
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Figure 5.10: Comparison of the thermoelectric coefficient η for the samples structured on
top of EuS with sample FIS1. Shown is the normalized coefficient η/(P GT ∆/e) as a function
of the magnetic field µ0 H for base temperature (a) T0 = 100 mK and (b) T0 = 500 mK.

function of the magnetic field µ0 H for all samples at T0 = 100 mK (panel (a)) and
at T0 = 500 mK (panel (b)). To obtain comparable signals, η had to be additionally
normalized to the junction polarization P here. First, it is noteworthy that the shape of
the thermoelectric signal is similar for all samples. However, for the samples on top of
EuS the overall signal amplitude is larger and the signals show up in a smaller magnetic
field range compared to the sample FIS1. Thus, the contribution to the thermoelectric
current in small fields is larger for the samples on top of EuS. This is especially visible
at T0 = 500 mK where the thermoelectric signals of the EuS samples are clearly larger
in the small field region than that of FIS1. A slight deviation of the current is also
observable for the different EuS samples, depending on the strength of the exchange
field they had.
In conclusion, the main change that was induced by the europium sulfide substrates is
the larger thermoelectric signal in the small field regime. The experiments show that
with a further improvement of the EuS/Al interface, which probably also would improve
the development of the exchange field, it might be possible to achieve large thermoelectric currents even near zero external field. This might eliminate the need to apply
large magnetic fields and is therefore a further step towards sensitive thermometry of
the electron temperature as well as towards efficient micro-refrigeration.
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6

Nonlinear thermoelectric effects

In the following chapter the thermoelectric effect is studied in the nonlinear regime.
Therefore, a voltage V is applied to the junction in addition to the thermal excitation
and the thermoelectric current is measured as a function of this voltage. Furthermore,
generalized Onsager relations are introduced that allow us to relate the experimentally
measured thermoelectric current to the heat current flowing across the junction. In this
way the cooling power of the FIS junction can be evaluated and its performance can be
compared to superconducting microrefrigerators based on NIS tunnel junctions [29,31,
32]. The chapter is based on reference [86] where the data presented here are already
published.

6.1

Generalized Onsager relations for the nonlinear regime

In the linear regime the Seebeck coefficient which relates the thermovoltage to the
temperature difference and the Peltier coefficient which relates the heat flow to the
current flow are linked to each other by Onsager relations [87, 88]. In the nonlinear
regime, this is not the case anymore. To evaluate the heat transport in the nonlinear
regime nevertheless, new theory was developed by Peter Machon and Wolfgang Belzig
in which the Onsager relations are generalized. For this purpose, we have to come back
to equation (27) which describes the charge current IT into the superconductor. The
heat current flowing out of the ferromagnet is related to IT by
IQ (V, T, δT ) = Iε (V, T, δT ) − V IT (V, T, δT )
Z
GT
[N+ (ε) + P N− (ε)] (ε − eV ) [f0 (ε − eV, T + δT ) − f0 (ε, T )] dε.
= 2
e
(44)
Because the charge current is now regarded as a nonlinear function of δT and V , it is
also useful to generalize the thermoelectric coefficient η to
η(V, T, δT ) = T

∂IT
.
∂δT

(45)

The physics of the nonlinear thermoelectric effect which is generated due to the additional voltage V can be understood by looking at the scheme depicted in Figure 6.1.
As we saw before the linear thermoelectric effect is a consequence of the breaking of
the electron-hole symmetry. Applying a finite bias V across a superconducting tunnel
junction also creates an asymmetry between forward and backward flowing currents
as it shifts the chemical potential in the metallic electrode with respect to the Fermi
level. Hence, the resulting net current is temperature dependent and a thermal excitation δT across the junction leads to thermoelectric effects. It should be noted that the
nonlinear effect is also visible in a normal metal superconductor tunnel junction as the
polarization is not crucial anymore for the symmetry breaking.
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Figure 6.1: Scheme of the
generation of the nonlinear
thermoelectric effect in a
NIS (or FIS) junction.

To understand the relation of the experimental accessible η(V ) to the thermal transport
in superconductor hybrid structures the heat current IQ has to be evaluated. It is related
to η by (a more detailed derivation can be found in reference [86])
Z
IQ (V, T, 0) = [η(V, T, 0) − IT (V, T, 0)] dV.
(46)
By using equation (46) we can directly evaluate the experimental data.

6.2

Experimental results

In Figure 6.2 η is plotted as a function of the voltage V at T0 = 100 mK for several
magnetic fields µ0 H. As described above, the nonlinear thermoelectric effect is observed
in the ferromagnetic samples (panel (a)) as well as in the nonmagnetic sample (panel
(b)). Here, the scale of η is around two orders of magnitude higher than for the linear
case η(V = 0). Therefore, the contribution of the linear effect at V = 0 can not be
resolved in Figure 6.2 and the signals behave equally for both samples.
The signals exhibit peaks near the gap voltage EG /e which are largest in zero magnetic
field. This observation is in contrast to the linear effect where the signals exhibited
their maximum value at high magnetic fields, but becomes clear by looking again at
Figure 6.1. As the energy asymmetry is driven by the voltage V now, it becomes largest
just when the chemical potential is tuned near the energy gap. Thus, the largest signals
are found under this condition and the effect is largest for µ0 H = 0 where the DOS in
the superconductor is sharpest. In higher magnetic fields the peaks of η are broadened
due to pair breaking effects and exhibit a double peak structure due to the Zeeman
splitting both for positive and negative voltages.
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Figure 6.2: Thermoelectric coefficient η as a function of the voltage V applied across the
contact for different magnetic fields µ0 H. The base temperature here was T0 = 100 mK.
Shown are data from sample (a) FIS2, (b) NIS.

Figure 6.3: (a) Normalized cooling power IQ e2 /GT ∆20 as a function of the normalized voltage
eV /∆0 for several magnetic fields µ0 H. (b) Theoretical cooling power for the same device
assuming P = 0 (non-magnetic junction) and P = 1 (perfectly polarized junction).

68

6 NONLINEAR THERMOELECTRIC EFFECTS

Figure 6.4: Predicted coefficient of performance COP as a function of the normalized cooling
power for the same parameters as in Figure 6.3(b) and V < 0.

We can now evaluate the heat current. In Figure 6.3(a) the prediction for the normalized
cooling power IQ is plotted. It is calculated from the thermoelectric coefficient η(V, 0)
and the dc current IT (V, 0) of sample FIS2 by equation (46). The experimental data are
represented by symbols, while the solid lines are fits to equation (44) directly. The good
agreement of the data and fits shows that it is possible to infer the heating power from
the experimentally determined coefficient η. It should be mentioned that the analysis
predicts the cooling power for δT = 0, while the actual cooling power under finite
δT will be smaller due to the back-flow of heat via the thermal conductance of the
junction. In zero field µ0 H = 0, the cooling power has the typical bias dependence of
a NIS microrefrigerator [28]. The cooling power is positive near the gap voltage and
reaches a maximum for eV ≈ ∆0 (in zero field and at low temperature ∆0 ∼ EG ). In
higher fields, the maximum of the cooling power decreases and shifts to smaller voltages
until it vanishes completely. The cooling effect due to the linear thermoelectric effect
at V = 0 is too small to be resolved due to the small polarization P = 0.08 of the
junction.
To evaluate the potential of FIS tunnel junctions as microrefrigerators, in Figure 6.3(b)
the cooling power is plotted for an idealized ferromagnetic junction with P = 1. All
other parameters were taken from the fits in panel (a). For comparison also the expected
power for a NIS cooler (P = 0) with the same properties is plotted as dashed line for
each magnetic field. As expected, there is no difference between the NIS and the FIS
cooler for µ0 H = 0. At finite magnetic field, the FIS cooler exhibits a contribution from
the linear effect, so that it outperforms the NIS cooler at smaller bias.
By following reference [89], one can define the coefficient of performance for a cooler
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as the ration

IQ
IQ
=
(47)
Pel
IT V
of the cooling power and the electric input power of the device. It is plotted in Figure 6.4
as a function of the cooling power, calculated with the parameters of Figure 6.3(b) for
V < 0. We see that the FIS cooler has a better efficiency over a wide range of cooling
powers. So, with an increase of polarization it seems possible to build improved cooling
devices. For this purpose, the use of spin-filter tunneling barriers [35] seems promising
and the linear thermoelectric effect might become useful for cooling applications.
COP =
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7

Hanle effect

In this section, first attempts of an experiment which is based on the spin transport
measurements of Florian Hübler [9] and Michael Wolf [11] are presented. As known from
these experiments, in a spin-split superconductor the spin imbalance which is generated
at a certain contact has a surprisingly large relaxation length and can be detected in a
nonlocal measurement geometry by a spin-polarized detector contact over distances of
several µm. So far, the spin transport has been investigated experimentally [9–11, 13]
only for the case of parallel alignment of the magnetization M of the electrodes and the
applied magnetic field H. Here, we also want to expand the study of the spin transport
for the case of perpendicular alignment of M and H. The chapter starts with a brief
summary of recent theory [39] for the case of noncollinear magnetization alignment.
Then follows a description of the sample design and the measurement technique used
here. The results of the spin transport measurements are divided into two sections. One
in which measurements in the normal state of the aluminum are discussed and one in
which results derived in the superconducting state of the aluminum are presented. In
both cases, measurements in the perpendicular magnetic configuration M ⊥ H are
compared to measurements with parallel alignment M k H.

7.1

Introduction

The spin Hanle effect is generated when the spin quantization axis of a charge carrier
and the applied magnetic field have a noncollinear orientation. In the extreme case
when both have a perpendicular orientation to each other the spin orientation will
precess around the magnetic field orientation with the Larmor frequency
ωL =

gJ µB µ0 H
~

(48)

where gJ describes the Land’e factor of the magnetic moment J. The effect was demonstrated for electronic charge carriers in metallic structures by Johnson and Silsbee [40]
in 1985 by studying the nonlocal resistance of a spin valve geometry. Since that time it
has been established in several experiments and different materials [41–44] for testing
the spin coherence. However, so far the effect has not been demonstrated in superconducting structures yet, although it is interesting here in so far as superconductors
provide long spin relaxation times in the presence of a spin-splitting field [9–11, 13].
For theoretical studies it is necessary to express the spin imbalance in the superconductor mathematically. This is done in analogy to the charge and energy imbalance which
is created by the unpolarized injection of quasiparticles. Like in a normal metal, the
spin-polarized current of a ferromagnet creates a difference in the occupation of spin-up
and spin-down states in the quasiparticle density of states. Hence, it is necessary to
introduce different occupation numbers fσ for each spin kind. Similar to the energy
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Figure 7.1: Colorized scanning electron microscopy image of sample FIS5. The aluminum
strip is colored in blue while the iron electrodes are colored in dark red. To reduce the film
resistance the iron electrodes are covered by a copper film (light red areas). The artifacts
of bare copper are colored in green. Additionally, the schemes for the measurements of the
differential local conductance gloc = dIinj /dVinj and for the differential nonlocal conductance
gnl = dIdet /dVinj are depicted in the SEM picture.

imbalance where the nonequilibrium can be expressed by a effective temperature T ∗
(see section 2.4), the inequality of the occupation numbers can be described by the
change of the chemical potentials µ↑ and µ↓ for spin-up and spin-down quasiparticles
respectively [90]. It is expressed by additional transverse and longitudinal spin imbalance modes [91, 92]. For the case of noncollinear magnetization, two modes for every
Cartesian axis exist [39] which follow coupled differential equations. One expects the
spin Hanle oscillations to be visible in the nonlocal signal which was used by Florian
Hübler [15] and Michael J. Wolf [11] for studying the spin relaxation in superconducting
aluminum.

7.2

Sample design and measurement setup

The samples were again fabricated with the use of e-beam lithography and shadow
evaporation technique as it was described in section 3.1. To study the spin transport
the design of them was changed compared to the thermoelectric samples. Figure 7.1
shows a colorized scanning electron microscopy image of the inner part of sample FIS5
which was used for the spin Hanle measurements. The sample consists of an aluminum
wire (blue) with a film thickness tAl ≈ 25 nm and six iron electrodes (dark red) with
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a thickness tFe ≈ 20 nm in various distances d = 0.15 − 4.3 µm from each other. To
reduce the lead resistance, the iron electrodes were covered with a thin copper layer
with thickness tCu ≈ 25 nm. Overlaying copper artifacts which formed due to the use of
shadow evaporation technique are colorized in green. In the following the six contacts
shall be denominated as contact A-F, starting with A from left to right.
Additionally depicted in Figure 7.1 is the scheme for the measurements of the differential conductance. The local differential conductance gloc = dIinj /dVinj was measured
with standard lock-in technique as described in chapter 3.3. The nonlocal current
Idet was detected simultaneously by a second circuit with an additional lock-in amplifier. It is considered as positive for current flowing from the superconductor into the
ferromagnet. From the ac part of Idet and Vinj the differential nonlocal conductance
gnl = dIdet /dVinj was calculated. To characterize the sample, first the spin transport
experiment [9] with the parallel magnetic configuration M k H was repeated. The
direction of the in-plane field for this configuration is indicated in the SEM image by
the yellow arrow Hpar . Subsequently, the sample was warmed up, the sample holder
was turned by 90◦ and the sample was cooled down again. Thus, the magnetic field
now was in parallel to the aluminum wire and perpendicular to the electrodes, this is
indicated by the green arrow Hperp in the SEM image. So the magnetic field direction
was perpendicular to the magnetization of the iron electrodes M ⊥ H.
As depicted in Figure 7.1 the circuits for local and nonlocal measurements were completely separated with the intention to avoid parasitic contributions. However, this led
to the disadvantage that the local conductance had to be measured in a two-probe
fashion with the resistance of the leads in series. But since the typical wire resistances
were in the range of a few 100 Ω, they were one order of magnitude smaller than the
contact resistance and we can assume that the main part of the voltage drops across
the junction and that we still mainly measure the conductance of the junction with
this measurement setup.
In the normal state of the aluminum, the measurements were done with an ac-resistance
bridge which provided a better signal to noise ratio. Here the local Rloc = Vinj /Iinj and
nonlocal Rnl = Vdet /Iinj resistances were measured directly.

7.3

Spin transport in the normal state

First, the spin transport in the normal state is discussed. For the measurements the
sample was cooled down to liquid helium temperature T0 = 4.2 K. In the parallel
magnetic field configuration (M k H) spin valve experiments were done in the nonlocal
measurement configuration. The technique was developed by Johnson and Silsbee [40]
and further established by Jedema et al. [41, 42]. A spin-polarized current Iinj was
applied at the injector electrode, so that a difference of the chemical potentials for
electrons of both spin kinds was induced in the normal metal [40, 93, 94]. The spin
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Figure 7.2: Nonlocal resistance Rnl at T0 = 4.2 K with the magnetic field H applied in
parallel to the electrodes. (a) Rnl as a function of µ0 H for both sweep directions (indicated
by the arrows) and a contact distance d = 0.6 µm. (b) Logarithm of ∆Rnl as a function of
the contact distance d. The solid line shows a fit according to equation (49).

imbalance then diffused along the wire and was detected by measuring the resulting
voltage Vdet at the detector electrode.
In Figure 7.2(a) the nonlocal resistance Rnl = Vdet /Iinj is shown as a function of the
applied magnetic field µ0 H for the contact distance d = 0.6 µm. The magnetic field
was aligned in parallel to the iron electrodes and magnetic field sweeps were done with
directions from negative to positive fields (blue curve) and reverse (red curve). One
observes that after crossing zero field the resistance exhibits first a jump to a smaller
value at |µ0 H| ≈ 50 mT and another jump back to the original value at |µ0 H| ≈ 70 mT.
These jumps can be identified with a switch of the magnetization of both iron electrodes
from the parallel state into the antiparallel one and vice versa. From the curves the
difference ∆Rnl of the nonlocal resistance for both states can be extracted.
In Figure 7.2(b) the logarithm of ∆Rnl is plotted as a function of the contact distance d.
The solid line shows a fit to the model of Jedema et al. [42] for the resistance difference
in a mesoscopic spin valve structure with tunnel junctions
∆R = P 2

λsf
exp(−d/λsf )
σA

(49)

with the spin polarization P , the spin-flip length λsf , the conductivity σ and the cross
section A of the aluminum wire. By the fit we extracted P = 0.08 ± 0.02 and λsf =
671 ± 105 nm. The value for the spin polarization of the junction is consistent with
the values for the spin polarization extracted by local conductance measurements in
the superconducting state which we showed in the preceding chapters. Also the value
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Figure 7.3: Resistance measurement in the perpendicular configuration M ⊥ H at T0 =
4.2 K. (a) Local resistance Rloc of contact C and D as a function of the magnetic field µ0 H.
(b) Nonlocal resistance Rnl as a function of µ0 H for several contact distances d.

for the spin diffusion length is in reasonable agreement with literature values [9, 42] for
aluminum structures of similar dimensions. From this value we were able to infer the
spin-flip time τsf = λ2sf /D = 170 ps and the spin-orbit strength bso ≈ ~/(3τsf ∆0 ) ≈
0.006. This value for bso is also consistent with the values found for the thermoelectric
samples (compare to Table 4.1 and Table 5.1).
Next, we turn to the perpendicular magnetic configuration (M ⊥ H). In this configuration measurements of the anisotropic magnetoresistance (AMR) were done. The AMR
was discovered in the middle of 19th century by William Thomson [95]. It describes
the change of the resistance of a ferromagnetic material [96]
R(φ) = R⊥ + (Rk − R⊥ ) · cos2 (φ).

(50)

depending on the angle φ in between of the magnetization direction of the material and
the current direction, so that it is a tool to investigate the direction of the magnetization
as a function of the magnetic field. Under the assumption that the iron wire has a
homogeneous magnetization, the angle φ can be calculated within the Stoner-Wolfarth
model [97]. This model describes the competition of the anisotropy of a ferromagnet
which prefers magnetization in a certain direction and the applied field which tries to
align the magnetization direction into the field direction. For the case M ⊥ H, φ is
given by


H − Hoff
(51)
φ = arccos
Hsat
where Hoff is the offset of the field due to the magnetic hysteresis of the ferromagnetic
wire and Hsat is the saturation field above which M is completely rotated in direction
of H.
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In Figure 7.3(a) AMR measurements for the contacts C and D in the middle of the
sample (see Figure 7.1) are shown. The local resistance Rloc is plotted as a function
of the magnetic field µ0 H. Due to the sample design it had to be measured in a 3probe fashion. Thereby, the resistance of the iron wire was measured in series with the
resistance of the complete lead and the resistance of the tunnel junction, so that the
total resistance is three orders of magnitude higher than the AMR signal. As expected,
a maximum is visible at zero field where M is parallel to the current direction. When H
is increased the resistance slightly decreases while the magnetization is turned into the
field direction by the increasing field. A constant value is reached for H > Hsat when
the magnetization is aligned completely within the field and therefore in perpendicular
to the current direction. The fit according to equation (50) exhibits a small offset
Hoff ≈ 0.06 T and the saturation field µ0 Hsat ≈ 0.3 T. If we neglect the hysteresis
effect, we can say that strictly speaking M ⊥ H is only valid for H = 0.
Next, we investigated the spin Hanle effect in the normal state. Therefore, the nonlocal
measurement configuration was used. In Figure 7.3(b) the nonlocal resistance Rnl is
plotted as a function of the magnetic field µ0 H for several contact distances d. For all
distances the signal exhibits a maximum at µ0 H = 0 and one dip at |µ0 H| ≈ 0.15 T
in positive and negative field respectively. The dip occurs at the field where the spin
projection of the injected electrons is rotated in the opposite direction just at the
detector electrode, in this case it is antiparallel to the magnetization of the detector
electrode. As the spin imbalance relaxes with increasing contact distance, the signal
of the Hanle oscillations decreases. Following the work of Jedema et al. [42], we can
model the nonlocal resistance
Z
P 2D ∞
P (t) cos(ωL t) exp(−t/τsf )dt
(52)
Rnl (Hperp ) =
σA 0
where the distribution function
P (t) = √

1
exp[−L2 /(4Dt)]
4πDt

(53)

is introduced. This function is proportional to the number of electrons that, once injected, arrive at the detector after the diffusion time t. Note that equation (52) reduces
to equation (49) for the case ωL = 0. In Figure 7.3 (b) fits to equation (52) are shown
which were calculated by using the parameters extracted from the spin valve measurements. The only free fit parameter here was the saturation field which was extracted
to be µ0 Hsat = 0.4 T. By adjusting this parameter we found good agreement between
the data and the fits.

7.4

Spin transport in the superconducting state

Now we turn to the measurement in the superconducting state which were done at
base temperature T0 = 50 mK. Since the strength of the nonlocal signals depends on
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Figure 7.4: Local conductance gloc of contact C as a function of the injector bias Vinj for
several magnetic fields µ0 H at base temperature T0 = 50 mK. Shown are data measured in
(a) parallel M k H and (b) perpendicular M ⊥ H field alignment. The solid lines are fits
according to equation (54).

the contact distance here only data of the contacts C and D which formed the closest
contact pair are presented. A detailed study of the distance dependence of the nonlocal
spin imbalance signal can be found elsewhere [9, 11].
First, measurements of the local conductance gloc which enable the extraction of the
characteristic junction properties are discussed. In Figure 7.4, gloc is shown as a function
of the injector voltage Vinj for several magnetic fields µ0 H. The data in panel (a) were
measured for M k H. By the voltage dependence in small fields we can identify the
good quality of the tunnel junction as the conductance shows the form one expects from
BCS theory. Noteworthy is that in high fields the Zeeman splitting is not visible in the
conductance here, in contrast to the conductance measurements which were presented
so far. The reason is the larger thickness of the aluminum wire here, so that the pair
breaking effect of the field dominates over the spin-splitting effect. To fit the data the
F
series resistance Rinj
of the injector electrode had to be taken into account due to the
two probe measurement configuration. So, the bias which actually dropped across the
F
junction was VT = Vinj − Iinj Rinj
and the implicit equation
F
Iinj = IT Vinj − Iinj Rinj



(54)

had to be solved. Here, IT (V ) is given by equation (27). Since simultaneous fits of the
F
normal conductance GT of the junction and Rinj
did not give proper values, the series
F
resistance was estimated to be Rinj = 300 Ω which is a reasonable value for a short iron
wire of this dimension overlaid with a thin copper film. For the fits the values P = 0.08
and bso ≈ 0.01 extracted from the normal state measurements were used. The pair
potential ∆, the pair-breaking parameter Γ and GT were left as free fit parameters.
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Figure 7.5: Fit parameter of the local conductance shown in Figure 7.4. (a) Pair potential
∆ as a function of the magnetic field µ0 H. (b) Pair-breaking parameter Γ as a function of
(µ0 H)2 . The lines in both panels show fits described in the text.

In Figure 7.4(b) the local conductance of junction C is shown for the perpendicular
case (M ⊥ H). A comparison to the parallel case in panel (a) shows that the superconductivity is destroyed much faster here. The energy gap is already clearly reduced
for µ0 H = 0.2 T and even completely closed for µ0 H = 0.4 T. Fits according to
equation (54) with GT , ∆ and Γ as free fit parameters are shown as solid lines.
The extracted parameters are plotted in Figure 7.5 for both magnetic configurations. In
panel (a) the pair potential ∆ is shown as a function of the magnetic field µ0 H. In the
parallel case M k H one observes the usual field dependence. A fit (solid line) according
to the self consistency equation is shown for a better orientation. From the fit the
parameters ∆0 = 215 µeV and µ0 Hc,orb = 0.94 T were extracted. The latter one which
describes the critical field in the absence of spin splitting is in good agreement with the
critical field µ0 Hc = 0.96 T read from the zero-bias conductance. This illustrates that
in aluminum wires of this thickness orbital effects of the magnetic field dominate over
the spin-splitting effect. For the case M ⊥ H one finds a different behavior for ∆. Here
the pair potential is reduced drastically even in small fields. At µ0 H = 0.3, where ∆ is
already strongly suppressed, the data exhibit a kink. Due to the strong suppression in
small fields, it was not possible to fit ∆ to the self consistent equation and one fails to
determine µ0 Hc,orb for the perpendicular case.
The pair-breaking parameter Γ is plotted in Figure 7.5(b) as a function of (µ0 H)2 . For
M k H it follows the theory of pair breaking, equation (35), which is indicated by the
dashed line. We see that for M ⊥ H the pair breaking is strongly enhanced. By a close
look at the data, one finds a kink in the data at (µ0 H)2 = (0.3 T)2 = 0.09 T2 also here.
So, both fit parameter show that the superconductivity is almost completely suppressed
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Figure 7.6: (a) Nonlocal differential conductance gnl as a function of the injector voltage Vinj
a as
for several magnetic fields µ0 H at base temperature T0 = 50 mK. (b) Asymmetric part gnl
a function of Vinj . Both panels show measurements in the parallel magnetic field configuration.
As injector contact C was used, as detector contact D.

on a field scale of 0.3 T for the perpendicular magnetic configuration. As we saw from
the AMR measurements, this is exactly the field scale on which the magnetization of
the electrode is rotated in parallel to the field direction. We therefore assume that
the suppression of the superconductivity is induced by the pair breaking effects of
the fringing fields of the iron electrodes. As the magnetization of the electrodes is
rotated, these effects are strengthened and the superconductivity is suppressed. So, the
field regime where the spin Hanle precession of the quasiparticle spin is detectable, is
restricted to a small range.
Finally, the nonlocal conductance gnl is discussed for both magnetic field configurations.
In Figure 7.6(a) gnl is shown as a function of the injector voltage Vinj for several magnetic
fields in the parallel configuration M k H. In zero field µ0 H = 0 the signal is zero in
the sub-gap regime |Vinj | . 200 µV and shows a monotonic increase for higher voltages.
This is induced by the charge imbalance (see section 2.4) and is symmetric in bias. In
higher fields this part of the signal is decreasing. Instead, an asymmetric signal develops
around |Vinj | ≈ 200 µV with a positive conductance for negative voltages and vice versa.
This part of the signal is caused by the spin imbalance in the superconductor and a
closer look is provided by calculating the asymmetric part of the conductance
g a (V ) =

1
· (g(V ) − g(−V )).
2

(55)

This part is shown in Figure 7.6(b). The signal is largest for µ0 H = 0.2 T. In higher
fields it slightly reduces and broadens. Additionally it is shifted towards smaller voltages
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Figure 7.7: (a) Nonlocal differential conductance gnl as a function of the injector voltage
Vinj for several magnetic fields µ0 H at base temperature T0 = 50 mK. (b) Asymmetric part
a as a function of V . Both panels show measurements in the perpendicular magnetic field
gnl
inj
configuration. As injector contact C was used, as detector contact D.

as the energy gap also decreases. Altogether this is the behavior that was reported in
the literature [9–11].
In Figure 7.7(a) the nonlocal differential conductance is plotted for the nonparallel
configuration M ⊥ H. We first note that the charge imbalance signal at |Vinj | > 200 µV
has the same behavior and the same quantity as in the parallel case. In Figure 7.7(b)
a
the asymmetric part gnl
of the nonlocal conductance is plotted as a function of Vinj .
One also observes the asymmetric spin signal for M ⊥ H, but with a different magnetic
field dependence. Here, the signal is small for small fields and it increases up to µ0 H =
0.3 T where it reaches its maximum. In higher fields it then decreases again. The
behavior of the nonlocal signal can be explained as the detector electrode measures the
spin projection in the direction of its magnetization M. The nonlocal signal increases
while the direction of M is rotated by the field for µ0 H < 0.3 T. So, we see that the
asymmetric signal is dominated by the spin imbalance mode that lies in the direction
of the magnetization of the electrodes.
Besides this effect, spin Hanle oscillation could not be identified in the nonlocal conductance for this sample. Further attempts are necessary and the use of europium sulfide
substrates seems favorable for this purpose as these induce an exchange field. Thus,
the spin splitting is boosted and one can avoid the need of large magnetic fields which
destroy the superconductivity by the fringing field of the electrodes.
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In the main part of this work the first experimental observations of thermoelectric
effects in superconductor/ferromagnet tunnel junctions were treated.
For this purpose, samples were fabricated which had a six-probe tunnel junction, so
that thermoelectric current could be measured simultaneously to the generation of
a temperature gradient across the junction. For the measurements a second harmonic
detection technique was established and during the experiments it was checked that the
results derived by this technique were real and not induced by spurious contributions.
The successful detection of thermoelectric currents showed that the breaking of the
electron-hole symmetry of the conductance in spin-polarized superconductor tunnel
junctions leads to large thermoelectric effects in the presence of a spin-splitting field
and confirmed the theoretical predictions [20,21]. By extracting the necessary junction
parameters and the heater calibration from local conductance measurements, we were
able to model the theoretically expected current quantitatively in applied magnetic
field and observed excellent agreement between experiment and theory. The inferred
Seebeck coefficients reached magnitudes around −100 µV/K, much larger than it is
typically observed in metallic structures. The absence of the thermoelectric effect in
a nonmagnetic sample of the same design showed that the spin polarization of the
junction is crucial for the effect and that spin and heat currents are coupled in highfield superconductor hybrid structures. By measurements of the dependence of the
thermal excitation on the thermoelectric current we observed that the thermoelectric
signal has a slight nonlinearity in small fields, but is almost completely linear in the gapless region of the superconducting state. Hence, this regime seems promising for highsensitive electron thermometry in improved devices [28]. Additionally, the direct proof
of the thermoelectric effect supports recent theoretical explanations [16–19] for the large
nonlocal spin transport signal in ferromagnet superconductor hybrid structures and is
thus a further step towards a better understanding of the physics in these systems.
Subsequently, the experiments were extended to ferromagnetic tunnel junctions with
superconductors coupled in proximity contact to a ferromagnetic insulator. For these
samples we first studied the dependence of the intrinsic exchange field on the applied
magnetic field. We could identify the influence of the exchange field on the effective spinsplitting in the superconductor, but observed a different magnetic field dependence than
it is expected from the magnetization of the pure ferromagnetic film. The thermoelectric
effect itself was measurable in the structures and by including the exchange field to
our model we observed again excellent agreement between the measured data and the
theoretically expected current. As a part of the spin splitting was now generated by
the intrinsic field, the maximum values of the thermoelectric signals shifted to smaller
magnetic fields and the samples on top of EuS showed higher signals in smaller applied
fields in general. For improved proximity structures, it seems possible to replace the
applied field almost completely by the intrinsic one. Hence, thermoelectric current
might be generated without having the need of applying a large magnetic field, which
would be a further step towards low-temperature thermoelectric devices.
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By the use of generalized Onsager equations we were able to calculate the heat flow
in the tunnel junctions in the nonlinear limit. To study the nonlinear regime experimentally, an additional voltage was applied across the junction while the thermoelectric
signal was measured. Large signals were observed near the gap voltage for ferromagnetic
and also for normal metal samples. The resulting heating power showed the behavior
which is known from NIS microrefrigerators. We could show that by the use of an ideal
ferromagnetic junction the FIS junction would outperform the NIS junction for smaller
voltages due to the additional contribution of the linear thermoelectric effect.
Finally, the first measurements of an experiment which has the intention to study the
Hanle precession of the quasiparticle spin projection in spin-split superconductors were
presented. The experiment was based on previous spin transport measurements [9,
11], but here also the case of perpendicular magnetization between the ferromagnetic
electrodes and the applied field was regarded. In the normal state of the aluminum,
we performed spin valve measurements for the case of parallel magnetic alignment
and we were able to measure Hanle precession of the electron spin for the case of
perpendicular magnetic alignment. In the superconducting state of the aluminum, the
situation differed. Here the spin transport measurements could be repeated for the
case of parallel magnetic alignment. However, in the nonparallel case we noticed that
the fringing field of the ferromagnetic electrodes destroys the superconductivity rapidly
while its magnetization is rotated into the field direction. For further studies of the spin
Hanle effect in superconductors it seems therefore recommendable to fabricate samples
where the spin-splitting is boosted by an intrinsic exchange field rather than by the
applied field to avoid the need of applying large magnetic fields. As we showed before,
this is possible by using europium sulfide substrates.
For the future, further efforts for the improvement of the fabrication of the europium
sulfide/aluminum proximity system seem to be promising. There are reports about
intrinsic exchange fields in zero magnetic field [35] and reproducing this results will
open the way to perform new interesting experiments which require an inhomogeneous
magnetization between the spin-splitting field and the magnetization of the electrodes.
Furthermore, by structuring the europium sulfide [38] itself the spin-splitting could
be controlled locally in the superconductor and a way to fabricate superconducting
spin-valve structures might open up.
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[9] F. Hübler, M. J. Wolf, D. Beckmann, and H. v. Löhneysen. Long-Range SpinPolarized Quasiparticle Transport in Mesoscopic Al Superconductors with a Zeeman Splitting. Physical Review Letters 109(2012), 207001
[10] C. H. L. Quay, D. Chevallier, C. Bena, and M. Aprili. Spin imbalance and spincharge separation in a mesoscopic superconductor. Nature Physics 9(2013), 84
[11] M. J. Wolf, F. Hübler, S. Kolenda, H. v. Löhneysen, and D. Beckmann. Spin
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I

A

Additional information
sample pseudonym real sample name
FIS4
FIS3
FIS1
FIS2
NIS
EUS1
EUS2
EUS3
FIS5

SK09-G1-S2
SK09-G2-S1
SK09-H1-S3
SK09-I3-S4
SK10-A1-S1
EuS10-H2-S2
EuS10-H4-S2
EuS10-I1-S3
SK08-B4-S2

measurement period
April 2015
April/May 2015
May 2015
June 2015
June/July 2015
October 2015
November 2015
February/March 2016
October/November 2014

Table A.1: Assignment of the here used sample pseudonyms to the real sample names that
were used while processing and measuring the sample. The measurement period is given
approximately.
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