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Zusammenfassung

Supraleitung und Ferromagnetismus sind gut bekannte physikalische Eigenschaften
fester Korper, die intensiv untersucht wurden und aufgrund ihrer unterschiedlichen
Spin-Ordnungen fiir lange Zeit als gegensétzliche Phénomene galten. Es wurde
gezeigt, dass die Kombination von Supraleitung und Ferromagnetismus zu einer viel-
faltigen und interessanten Physik fiihrt. Ein besonderes Beispiel, die Phasenoszilla-
tionen des supraleitenden Ordnungsparameters innerhalb des Ferromagneten, spielt
eine besondere Rolle fiir die in dieser Arbeit untersuchten Kontakte.

In dieser Promotionsarbeit prisentiere ich Josephson-Kontakte mit einer diinnen
Al,O3 Tunnelbarriere und einer ferromagnetischen Zwischenschicht, d.h. Supra-
leiter-Isolator-Ferromagnet-Supraleiter (SIFS) Schichten. Die Herstellung der Kon-
takte wurde hinsichtlich der Isolierung der Elektroden und der Homogenitat des
Stromtransportes optimiert. Die Kontakte waren entweder im 0 oder m gekoppel-
ten Grundzustand, abhangig von der Dicke der ferromagnetischen Schicht und der
Temperatur. Der Einfluss der ferromagnetischen Schichtdicke auf die Transporteigen-
schaften und die Kopplung (0, 7) der SIFS-Tunnelkontakte wurde untersucht.

Des Weiteren habe ich einen so genannten 0-m Josephson-Kontakt durch eine
gestufte ferromagnetische Zwischenschicht mit wohl definierten Dicken hergestellt.
Bei einer bestimmten Temperatur ist dieser 0-m Kontakt vollkommen symmetrisch.
In diesem Fall entsteht im Grundzustand ein supraleitender Stromwirbel mit einem
Magnetfluss von der Grofle eines fraktionierten magnetischen Fluiquants ®,. Solche
Systeme erlauben die Untersuchung der Physik fraktionierter Magnetfliisse und zu-
gleich die Konstruktion von verschiedenen elektronischen Schaltungen.

Die hier vorgestellten SIFS Kontakte haben eine exponentiell verschwindene Damp-
fung bei T" — 0. Die im Rahmen dieser Arbeit entwickelte SIFS Technologie kann zur
Herstellung von klassischen und Quanten-Bausteinen wie Oszillatoren, Speicherzellen
und Qubits eingesetzt werden.






Abstract

Superconductivity and ferromagnetism are well-known physical properties of solid
states that have been widely studied and long thought about as antagonistic phe-
nomena due to difference in spin ordering. It turns out that the combination of both
superconductor and ferromagnet leads to a very rich and interesting physics. One
particular example, the phase oscillations of the superconducting order parameter
inside the ferromagnet, will play a major role for the devices discussed in this work.

In this thesis, I present Josephson junctions with a thin Al,O3 tunnel barrier and a
ferromagnetic interlayer, i.e. superconductor-insulator-ferromagnet-superconductor
(SIFS) stacks. The fabrication of junctions was optimized regarding the insulation of
electrodes and the homogeneity of the current transport. The junctions were either
in the 0 or 7 coupled ground state, depending on the thickness of the ferromagnetic
layer and on temperature. The influence of ferromagnetic layer thickness on the
transport properties and the coupling (0, 7) of SIFS tunnel junctions was studied.

Furthermore, using a stepped ferromagnetic layer with well-chosen thicknesses,
I obtained the so-called 0-7 Josephson junction. At a certain temperature this 0-7
junction can be made perfectly symmetric. In this case the ground state corresponds
to a vortex of supercurrent creating a magnetic flux which is a fraction of the magnetic
flux quantum ®,. Such structures allow to study the physics of fractional vortices
and to build various electronic circuits based on them.

The SIFS junctions presented here have an exponentially vanishing damping at
T — 0. The SIFS technology developed within the framework of this work may be
used to construct classical and quantum devices such as oscillators, memory cells
and qubits.
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Introduction

Superconductivity and ferromagnetism are two opposing phenomena: a bulk super-
conductor expels a magnetic field, which in turn destroys the superconductivity.
The reason is the unequal symmetry in time: Ferromagnetic order breaks the time-
reversal symmetry, whereas conventional superconductivity relies on the pairing of
time-reversed states.

Conventional superconductivity has been described microscopically in a classical
work by J. Bardeen, L. Cooper and J. Schrieffer (BCS) [1]. According to this theory
due to the electron interaction with the crystal lattice the electrons form Cooper pairs,
consisting of electrons with opposite spins and momenta. The Cooper pair wave
function W can be used as the order parameter of the system. The superconductivity
is destroyed by a magnetic field via the orbital (interaction of the superconducting
order parameter with the vector potential of the magnetic field) and the paramagnetic
effect (magnetic exchange field tends to align the spins of Cooper pairs in the same
direction). Therefore the coexistence of superconductivity and ferromagnetism in
bulk materials is suppressed.

Surprisingly, the coexistence of superconductivity and ferromagnetism may be
easily achieved in heterostructures of thin ferromagnetic (F) and superconducting
(S) films, such as S/F, FSF or SFS multilayers. Inside the F-layer the supercon-
ducting order parameter is damped and spatially oscillating. This is the so-called
anomalous proximity effect, which is analogous to the inhomogeneous superconduc-
tivity predicted by Fulde and Ferrell [2] and by Larkin and Ovchinnikov [3].

In a classical paper B. Josephson [4] predicted that the supercurrent through an
SIS junction (I: non-magnetic insulating tunnel barrier) is given by I = I.sin(¢),
where ¢ is the phase difference of the superconducting wave functions of the two
electrodes and I, > 0 is the maximum supercurrent that can pass through the junc-
tion. When no current (I = 0) is passed through the Josephson junction (JJ), the
Josephson phase ¢ = 0 corresponds to the energy minimum. The solution ¢ = 7 cor-
responds to the energy maximum and is unstable. This is the so-called 0 Josephson
junction or 0 JJ.

If the F-layer thickness in an SFS stack is of the order of half the oscillation
length, the amplitude of the order parameter may go through zero at the center of
the F-layer. In that case, a state with the opposite sign of the order parameter, i.e.
a shift of 7, in the adjacent superconducting layer is provided. This is the so-called
7 Josephson junction or 7 JJ.

In an SFS or SIFS-type 7 JJ the critical current is negative and the Josephson
relation becomes: I = —I.sin(¢) = |I|sin(¢ + ) [5, 6]. Such a = JJ obviously
has ¢ = m in the ground state and the solution ¢ = 0 corresponds to the energy

vii



Introduction

maximum and is unstable. These novel types of Josephson junctions have been
recently realized using SFS [7, 8] and SIFS [9] technologies. They may substantially
improve the parameters of various classical and quantum electronic circuits [10-12].

Even more interesting things happen when the coupling of superconducting elec-
trodes changes within a single Josephson junction, i.e. one halfis a 0 JJ and the other
half is a 7 JJ. This is the so-called 0—7 junction. If the 0 and 7 parts are symmet-
ric (equal critical currents and lengths), the ground state of the system corresponds
to a spontaneously formed vortex of supercurrent circulating around the 0—7 phase
boundary. The ground state of the system is degenerated, as the spontaneously cir-
culating currents may rotate clockwise or counter-clockwise. The circulating motion
of Cooper pairs generates a magnetic field with the flux |®| < ®4/2 inside the junc-
tion. In case of a long one-dimensional junction, with junction length L being much
larger than the Josephson penetration depth A;, the vortex has the size ~ \; and
carries the flux ® = £d,/2, i.e. a semifluxon [13, 14]. For a shorter junction length
the vortex does not fit into the junction and the flux inside the junction is reduced.
The semifluxons have been actively studied both in theory and experiment during
the past few years[15-20, and references herein] .

For the first time semifluxons were observed using d-wave superconductors at so-
called tricrystal grain boundaries [21] and later in Y BayCuzO7—Nb ramp zigzags [22].
In these systems the phase shift of 7 takes place inside the d-wave superconductor
and not at the barrier.

Due to the advent of controlled coupling by proper chosen ferromagnetic thick-
nesses, O—m JJs have also recently been realized in low-7. SFS-like systems [23].
However there are still some disadvantages, such as the uncontrolled preparation of
the 0—m phase boundary and the indirect detection of the spontaneous flux in SFS
junction by an adjacent SIS junction. Furthermore, this system is strongly dissipative
due to the absence of a tunnel barrier.

In this thesis I present high quality 0 and 7 Josephson tunnel junctions and the
first controllable O-m tunnel JJ of SIFS type that are fabricated using a Nb/Al,O3/-
NigoCuyg/Nb heterostructure.

This thesis is organized as follows. In Chapter 1 a review of the theory of super-
conductivity relevant for the topics discussed in this thesis is given and the special
case of two weakly coupled superconductors, i.e. a conventional Josephson junction
(0 JJs), is discussed. Chapter 2 focuses on the physics of induced superconductivity
in a ferromagnetic film. The coexistence of magnetism and superconductivity in one
and the same material or their interaction in spatially separated materials leads to
a number of interesting new phenomena. The peculiar property of m JJs with inver-
sion of the coupling in the ground state will be described. In Chapter 3 the concept
of a junction with one half being 0 and the other half being 7 coupled, i.e. the
so-called O0-m junction, is presented. Chapter 4 explains the technological aspects
of sample fabrication. Special attention is paid to the interface properties of the
multilayer heterostructures and the oxidation process. The formation of a uniform
tunnel barrier is essential for low-dissipative junctions. Of further importance is the
patterning of samples to obtain a low junction-to-junction variation of parameters.
The formation of a step in the F-layer to fabricate a 0—m junction will be described
in detail. Chapter 5 concerns about the ferromagnetic material that was employed
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as a phase-change interlayer. Chapter 6 contains a detailed report on the studies of
0 and 7 coupled SIFS junctions. Results of extensive transport measurements are
given. The last Chapter 7 is devoted to the spontaneous flux arising in O—7 junctions.
The determination and calculation of the intrinsic spontaneous magnetic flux in the
junction are shown and the major results of this thesis are presented.

Some interesting experiments based on the SIFS junction were performed in coop-
eration with the University of Tiibingen and the Walther-Meissner-Institut in Garch-
ing, respectively. Appendix A is dedicated to Low Temperature Scanning Electron
Microscopy (LTSEM) experiments on Josephson tunnel junctions with ferromag-
netic interlayer. Experiments were done on samples with different thicknesses of the
F-layer and with various geometries of the junction area. The effect of an external
magnetic field on the Josephson current is studied. Appendix B deals with the escape
of the phase of a current-biased 7 Josephson tunnel junction from the zero-voltage
state by means of thermal activation or quantum tunneling as well as the presence
of weak microwave radiation at temperatures down to 40 mK.

ix
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Chapter 1

Basic properties of Josephson
junctions

In this Chapter I give a short review on superconductivity and a detailed study of the
general properties of two coupled superconductors. Of special interest are Josephson
junctions (JJs) with a dielectric tunnel barrier. The dynamics of charge carriers
and of the electromagnetic fields in the Josephson junction are related to the phase
difference ¢ of the wave functions W, of each superconducting condensate. The
static and dynamic properties of the Josephson junctions are discussed.

1.1 Superconductivity

The most striking property of a superconductor is the vanishing electrical resistance,
when cooled below the transition temperature T, as discovered in 1911 by Heike
Kamerlingh-Onnes [24]. This effect was later called superconductivity. Moreover its
ideal diamagnetic behavior when placed in magnetic fields (Meissner effect) and the
quantization of the magnetic flux through a hole in a superconductor are likewise
staggering.

According to the microscopic theory by John Bardeen, Leon N. Cooper and John
R. Schrieffer [25], developed in 1957 for so-called low-T. superconductors, on which
I will focus on, the conduction electrons are interacting with phonons of the crystal
lattice. If the temperature is below 7, the interaction gives rise to an effective
attraction between electrons and leads to the formation of the Cooper pairs - two
electrons with opposite spins and momenta. Due to the anti-parallel combination
of electron spins and momenta, the total spin of each pair vanishes. Therefore the
Cooper pair has a bosonic character and below T, all Cooper pairs are condensed
into a common electronic ground state of the superconductor. The single electron,
or quasiparticle, is considered as an excitation. It has an energy at least by A higher
than the ground state. The bosonic nature of the Cooper pair enables the description
of the superconducting state by an effective macroscopic wave function

¥(r) = VioPE) 90, 8

with an amplitude proportional to the Cooper pair density n°F and their phase ©.
The phenomenological theory of superconductivity given by V. Ginzburg and L.



CHAPTER 1. BASIC PROPERTIES OF JOSEPHSON JUNCTIONS

Table 1.1: Typical values for bulk Nb and Al from [29].
. X & AJ&h 2 B
(K] [om] [nm] meV] [T]
niobium  9.25 39 38 1.02 3.0 0.21
aluminium 1.17 16 1600  0.01 0.34 0.01

Landau [26], prior to the BCS theory, gives a very good description of the macroscopic
properties at T' < T, by using ¥ as the order parameter. Two characteristic lengths
are introduced: at the vicinity of a superconductor surface or near the interface
to an ordinary conductor, the order parameter W varies from its bulk value over
the coherence length &. The second characteristic length is the London penetration
depth A\r,, which describes the fall-off of magnetic fields and screening currents inside
a superconductor.

A remarkably interesting phenomena is the quantization of magnetic flux through
a superconducting ring. The electromagnetic induction effect (Lenz rule) and the
vanishing electrical resistance generate a persistent current whose magnetic flux is
frozen. In analogy to atom physics where the wave function of the orbital electron
has to contain an integral number of the wavelength, the enclosed magnetic flux in
a superconductor can only assume integral multiples of the magnetic flux quantum
[27, 28]:

h
Py = — = 2.07 x 107 Wh.
2e

The table 1.1 gives an overview about the superconducting properties of niobium
and aluminium, which are used to fabricate Josephson junctions for this thesis.!

1.2 The Josephson Relations

The state of the superconductor can be described by the macroscopic wave function
U, Eq.(1.1). When two superconductors are brought close together and are only
separated by a thin insulating barrier, the wave functions penetrate through the
barrier from both sides and couple with each other. The system energy is reduced
due to the coupling. The time evolution of the wave functions of the superconductors
1,2 on each side of the barrier can be described by

OV
ih—22

= F,,¥ KWv
o 12¥12 + 2,15

with the eigenenergies of the superconductors E;, and the coupling constant K
describing the wave functions interaction. It is assumed that a voltage is applied
between both superconductors so that e*(Va — Vi) = Ey — By = €*V with applied
voltage V' and e* = 2e the charge carried by a Cooper pair. By changing the wave

INote that the transition temperature of aluminium is below the standard measuring tempera-
ture of 4.2 K.



1.2. THE JOSEPHSON RELATIONS

Figure 1.1: Two superconductors are separated by a weak link, e.g. a tunnel barrier
(SIS) or a normal metal (SNS). The proximity effect in the weak link leads to an
overlap of the wave functions.

functions to the more convenient form in terms of the pair densities

—  /,CP_i©®
\111’2— 77,1’26 1’2,

the gauge invariant phase difference across the junction is introduced as
¢ =0, — 0. (1.2)

One obtains o
on 2
6;’2 = j:ﬁK n{PnsP sin ¢, (1.3)

00 K |nfP eV

The rate of pair density change in one superconductor is opposite to that in the
other. No change in total pair density is happening, as this would create a charge
imbalance. Instead, this displays just a tendency to change the pair charge density
due to the supercurrent flowing from one electrode to the other. Equation (1.3) can
be written to obtain the first Josephson relation [4]

and

js = jc sin ¢’ (15)

where the critical current density j. is a constant. The free energy E; of the Joseph-
son junction, the so-called Josephson energy is generally given by the integral

¢
E;(¢) = %;A/0 Jesin (¢) do = %Ic(l —cos ), (1.6)

where I, = A-j. is the critical current and A the junction area. In case that the phase
difference ¢ between both superconductors is zero, the energy gain from coupling is
maximal, and is reduced as ¢ — 7/2 and the current density j raises to its maximum
je. For larger currents the Josephson junction switches into the voltage state. The
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CHAPTER 1. BASIC PROPERTIES OF JOSEPHSON JUNCTIONS

motion of the phase ¢ can be calculated from equation (1.4) using Eq.(1.2) to obtain
the second Josephson relation:

Doy =Ty (1.7)

Thus, if the applied voltage is constant, I get for the phase ¢ = ¢g + w,t, where

s 2e 1 MHz
= V==V ith — = 483.6 .
Yo, T T g, v

(1.8)

Using the first Josephson relation (1.5)
Js = Jesin (wyt + ¢p).

The time average of the evolution of phase can be monitored by measuring the dc
voltage across the junction and using the second Josephson relation (1.7)

Under an applied dc voltage across the weak link the current through the barrier is
an ac current with the Josephson frequency w; o< V.

1.2.1 Types of Josephson junctions

A Josephson junction is formed by two superconductors separated by a thin insulator
(SIS type), so that the Cooper pairs can tunnel through it. The Josephson effect was
first observed in such so-called Josephson tunnel junctions (SIS) [30]. Besides tunnel
junctions, a weak link between two superconductors can be formed in many other
ways, such as superconductor-normal metal-superconductor (SNS) sandwiches, thin
film bridges, point contacts [31], grain boundary junctions or others [32]. For the
work presented here SIS, SINS and SIFS-like Josephson junctions were investigated,
with F being the ferromagnetic layer (see Chapter 2 for details).

1.3 Tunneling of Cooper pairs and quasiparticles

I want to focus on the current transport through an SIS-type Josephson tunnel junc-
tion. The different tunneling regimes for the current-biased junctions are plotted in
the I-V characteristic (IVC) in Fig. 1.2(a) and the energy scheme in Fig. 1.2(b).

e A: Starting from zero current, the zero voltage current branch corresponds to the
tunneling of the Cooper pairs, as described by the dc Josephson relation (1.5).

e B: When reaching the critical value I, the lossless current transport breaks down
and the system jumps into a voltage state that corresponds to the double gap energy
2A/e. The gap energy expresses the binding energy of the Cooper pairs. For the
voltages V' = 2A/e the tunneling current is dominated by quasiparticles, i.e. single
electrons, as the peaks in the densities of states of both superconductors are over-

lapping.
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Figure 1.2: (a) I-V characteristic of Josephson tunnel junctions (SIS: red, SiISs:
blue) with different tunneling regimes. Indicated by I, is critical current, V,; gap
voltage, R, normal resistance and R, subgap-resistance; (b) Bose representation of
electron density states of superconductor i) Cooper pair tunneling (CP — CP), ii)
quasiparticle tunneling (QP — QP) and iii) Cooper pair dissociation and tunneling
into quasiparticle states (CP — QP).

e C: A further increase of the bias current merely displays Ohm’s law at V' > 2A/e
with normal resistance R,, and direct tunneling of single electrons.

e D: When the bias current is decreased a hysteretic behavior is observed. The tun-
neling current remains to be carried by quasiparticles and for zero temperature the
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[‘f IJ I d

IRl X=F/
JJ |C

o
olU

Figure 1.3: Equivalent circuit in the RCSJ model. R and C' denote the shunt resistor
and capacitor, respectively. The ideal Josephson junction is depicted by the cross.

current should decrease to zero before the systems jumps into the zero voltage state
again.

e I: For finite temperatures a sub-gap quasiparticle current is observed due to the
temperature induced breaking of Cooper pairs. In case of A} # A, a peak in the
IVC appears at V =| (A; — Ay)/2 |. More details can be found in Fig. 1.2.

1.3.1 Resistively and Capacitively Shunted Junction model

W. C. Stewart [33] and D. E. McCumber [34] introduced a simple model of equivalent
circuits for Josephson junctions to describe the I-V characteristic of a Josephson
junction for bias currents below and above the critical current I.. The model is
called Resistively and Capacitively Shunted Junction (RCSJ) model. According to
the Kirchhoff circuit law equations, the total current flowing through such a system
is the sum of the currents in each of the three paths, i.e. the Josephson-current I,
the quasiparticle current I, and the displacement current I, (cf. Fig. 1.3). Assuming
that the resistance R is voltage independent I, = V/R, only valid for small tunnel
currents, the total current I can be expressed as

Voo
=L+ 1+ 1= Lsing+ 5 +CV,

with condensator C' = I,/ V carrying the displacement current and ohmic shunt resis-
tance R for the normal electron current. The voltage V., = I.R is the characteristic
voltage of the Josephson junction. Inserting the second Josephson relation (1.7),
yields a differential equation for phase difference ¢

. 1®, - Dy -
0=—-1+1I-s -— C—a. 1.9
w TRor ¢+ o ¢ (1.9)
oU/d¢
Normalizing the time to the inverse of the plasma frequency t = wp_olﬁ I obtain from
Eq.(1.9) the equation of motion for the phase difference

1

0=—y+sin¢+ —¢+o. (1.10)
VB
The plasma frequency is given by
2rl.
- - 1.11
wPO q)oC ( )
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normalized current

normalized voltage

Figure 1.4: I-V characteristic for over- (blue) and underdamped (red) current-biased
junctions. Calculated using STKJJ simulator [35].

and the bias current I through a Josephson junction is normalized to the critical
current I, and called 7. Eq.(1.10) is a nonlinear second order differential equation
and identical to that describing a driven and damped pendulum. The dimensionless,
material dependent parameter

B ol R*C

Je
f o,

is called Stewart-McCumber parameter. It is the inverse square root of the dimen-
sionless damping coefficient o« = 1/y/5. and describes the damping of the plasma
oscillations in the junction.

Junctions with dielectric barriers such as Al,O3 have usually a high RC' product
and therefore a high §. and low damping coefficient . In the I-V characteristic,
shown in Fig. 1.4, this manifests as a large hysteresis, when one measures in the
current-biased mode. Junctions with a metallic interlayer instead of a tunnel barrier,
i.e. SNS-type junctions, usually have . below 0.7 and are overdamped (see Fig. 1.4).
In the low damping limit (3, > 1), the Josephson junction can be still in the voltage
state for bias currents I < I. and switches back to the zero-voltage state at the
return current I,.. For strongly underdamped junctions 3. can be calculated from
measured . and I, as

Be>1 |41, 2
B. =~ LT]} . (1.12)

The SIFS-type junctions, which are subject of this thesis, have some intermediate
values of 3., that strongly depend on the thickness of the F-layer and the temperature
(see Chap. 6.4).
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phase ¢
n 1 n 1 n 1 n 1
0.00 3.14 628 942 1256 1570 18.84

-20 P B |

Figure 1.5: ”Tilted washboard” potential for different bias currents v = I/I.. The
phase particle is indicated by a circle.

1.3.2 Temperature dependence of j. in SIS and SNS junc-
tions
The temperature dependence of the maximum supercurrent density, the so-called

critical current density j., through an SIS junction was calculated from microscopic
theory by Ambegaokar and Baratoff [36, 37] as

. T AT) . A(T)
T) =22 tanh
Jo(T) = 5 T

where A(T') is the temperature dependent energy gap of the (identical) supercon-
ductors, kg is the Boltzmann constant and py is the specific resistance per unit area.
For SNS junctions the temperature dependence of the critical current density is [25]

o 37T A(T) dN/gN

'r’ T)=— )
JT) = S T sinh (d JEn)

with £y the characteristic coherence length of the Cooper pair density inside the
normal metal N and dy its thickness. Note that in both cases (SIS and SNS-type
junctions) the critical current density j.(T) increases for decreasing temperature.

1.3.3 Washboard potential

The potential energy U of the system can be derived by considering the Eq.(1.9) as
the second Newtons law ma = F, and formally defining U as F' = —0U/0¢. In this
case U has the form:

U(y,¢) = —Ej(y+cosp— 1), (1.13)

with Josephson energy E; = %20,

The dynamics of the Josephson phase is equivalent [33, 34] to that of a particle
of mass m = C (%?)2 with velocity ¢ proportional to the voltage and coordinate

¢ moving in the tilted washboard potential U, see Eq.(1.13). Depending on the
current bias v and the damping «, the phase ¢ can be constant, oscillate with small

10



1.4. JOSEPHSON JUNCTION IN MAGNETIC FIELD

amplitude, rotate over 7, 27 et cetera. In case of small phase oscillations, the average
voltage is zero, whereas if the phase rotates, a dc-voltage drop appears across the
junction.

For currents v < 1, the particle is in the so-called locked state, where it is trapped in
a local minimum and may oscillate with the plasma frequency

wp(7) = wpo (1 - "/2)1/4 )

where wyy is the oscillation frequency of the particle when the potential is not tilted.

The damping is given by a dimensionless damping parameter a = 1/Q = 1/1/3.,
where @) = w,RC is the quality factor. A current v through the Josephson junction
tilts the potential and the slope depends on the bias current . Therefore, the
potential barrier height, which separates two local minima, decreases with increasing
v, see Fig. 1.5.

When the bias current is ramped from v = 0 up to 1, the junction is in the zero
voltage state in the absence of thermal and quantum fluctuations.

At finite temperature, the Josephson phase may switch or escape from a shallow
minimum into a finite voltage state even for v < 1. Two escape mechanisms are
present. Due to the thermal energy, the particle escapes from the well over the bar-
rier, which is the so-called classical or thermal escape. It was introduced by Kramers
[38] and later extended by Biittiker et al. [39] for the case of an underdamped
Josephson junction. Including quantum mechanics, the so-called quantum escape or
macroscopic quantum tunneling (MQT) [40] can take place. The particle in Fig. 1.5
has a finite probability to tunnel through the potential well even for v < 1.

Another quantum phenomena is the existence of quantized energy levels in the
washboard potential (1.13), which can be probed spectroscopically by exciting the
phase from the ground state to higher energy levels. This is similar to the quantized
energy states of a harmonic oscillator. The microwave induced population of the
higher energy levels can be observed in the distribution of switching current I, of
the Josephson junctions (cf. Ref. [41, 42]).

1.4 Josephson junction in magnetic field

The aim of this Section is to derive the influence of an in-plane magnetic field on the
supercurrent through the junction (see Fig. 1.6). For the sake of simplicity the mag-
netic field of the bias current is neglected. The effective magnetic thickness A of the
junction for the magnetic field penetration, caused by screening currents, is defined
by the London penetration depth Az and the thicknesses of the superconducting
electrodes ¢, and t». The quantity A is given by [43]:

t t
A =d; + Ap tanh (2;L> + \r, tanh <2/\2L> .

In case of thick superconducting electrodes (t1, o > A;) this reduces to A = d;+2A,.
The characteristic length scale for spatial variation of ¢(z) is the Josephson pen-
etration depth A;. This length indicates how far a magnetic field can penetrate into

11
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Figure 1.6: i) Distribution of the screening currents for a Josephson tunnel junction
in magnetic field H, ii) closed integration path across tunnel barrier.

an extended Josephson junction of length L > X\;. The Josephson penetration depth

is defined as:
Dq
A=) ——. 1.14
T\ 2mpod'je (114
The quantity d’ is given by

t t
d' =d;+ Apcoth [ =) + A coth [ =),
AL AL

and reduces to d' = dy + 2Ap, if 1,0 > Af.

As one can see from the Eq.(1.14) A, is inversely proportional to the square root
of critical current density j.. Therefore the normalized length ¢ = L/\; can be
varied by changing j.. If either the junction length L or width w is much larger
than A; the so-called long Josephson junction (LJJ) is obtained. Usually one studies
one-dimensional LJJs, i.e. L > \; and w < Ay, see Section 1.4.1.

The magnetic field H parallel to the layers is related to the gauge invariant phase
difference ¢, Eq.(1.2), as

2
¢:%—&+5/X£
B

where A4 is the electromagnetic vector potential. The phase difference for two dif-
ferent points separated by dx at coordinate z is then (Fig. 1.6)

2 2 4
o(r +dx) — ¢(x) = il [/ 1—4>(x + dzx) —/ Z(m)] .
Do |4 3
The enclosed flux in the path 1234 (Fig. 1.6(b)) is calculated as
5<I>:/,u0HdS:j£Adl:/ Adl+/ Adl+/ Adl—l—/ Adl. (1.15)
s 1 2 3 4

0 0

12



1.4. JOSEPHSON JUNCTION IN MAGNETIC FIELD

The second and fourth term in Eq.(1.15) are vanishing when the horizontal parts
of the integration path are considerably deeper from the barrier in the supercon-
ductor than A;.2 Taking the enclosed magnetic flux ® into account one gets for a
differentially small section dz of the junction

¢z + dr) — ¢(x)

s
=, =00 = — AugH,
dr ¢ o, Ho

where g is the vacuum permeability and AugH is the magnetic flux per unit length.
Therefore, the magnetic field induces a gradient of the phase difference, i.e. the
Josephson phase ¢, across the Josephson junction. Assuming that L < Aj, the
magnetic field penetrates uniformly. Then one can integrate to arrive to

2w
o= aAMOHﬂf + ¢,
0

and the current density as

2w

i) = sosin (0(0) = josin (T-AsoH + 6o ).
0

The local supercurrent density is sinusoidally oscillating along the junction. The
total supercurrent is given by I.(H, ¢o) = [ j(x)dz. The maximum supercurrent for
a given field is calculated by maximizing I.(H, ¢) with respect to ¢o:

: P
110 7T —
Sm D,

)
7T ®o

I.(H) = /ch(x) sin (CQI:;ANOHI + ¢0> de =1, , (1.16)

assuming at the last equal sign:

e homogenous critical current density j.

e rectangular junction with junction length L and I, = L?j,

o & = ygHAL is the flux induced by H on the total JJ cross section

This results holds only for short Josephson junctions (SJJ) (L < A;) and if the
self fields of the bias current are neglectable. The sinc-type critical current diffrac-
tion pattern is often referred to as Fraunhofer pattern (Fig. 1.7) in analogy to the
diffraction of light through a slit.

1.4.1 Sine-Gordon-model

I want to derive the general differential equation for a long Josephson junction.
In this model, the junction is described by a parallel connection of small RCSJ-
like JJs interconnected by a parallel connection of an inductance and a resistance.
Superconducting screening currents and penetrating magnetic field from outside the
interface are required to investigate the local current density j(x). The external bias
current density j. and the magnetic field H(z) are added. The external current I, is

2The case of thin electrodes ~ A, is treated by Weihnacht [43].
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Figure 1.7: I.(H)/1.(0) pattern of a short JJ (red line) and a short 0—r JJ (green
line), discussed in Chap. 3.

injected in each JJ and the external magnetic flux ® threading each junction cell is
taken into account. The wave equation is derived considering the flux quantization
and the inductive current [}

o .
¢n+1 - ¢n = 3 ((I) - ///Od ]d d.’L')
0

where the magnetic flux through each junction loop n can be expressed as & =
toAHdz. After some calculations based on the Kirchhoff law and the subsequent
transformation to the continuous limit (see for example [14]) one gets for the spatial
variation of ¢ due to external magnetic fields

AOH(z) ., .
d, 8I ]c J3x2 _.76 ]a

(1.17)

where j the current density through the Josephson barrier. Rewriting the Eq.(1.9)
in terms of the local current densities yields:
Dy -

. o Oy .
Jj(x) = jesing + 27rp0¢+ 0277(;5’ (1.18)

with specific resistance py. Here C* = eey/d; is the capacitance per unit area and d;
is the insulator thickness. Equation (1.17) can then be expressed using Eq.(1.18)

2 2 ; 2
3%—%%—Sln¢:i%_£ 2mitolX; OF (1.19)
z Wpo ot we Ot Je. Dy ox

as partial differential equation in one dimension and time with the Josephson plasma
frequency wyo, cf. Eq.(1.11), and the characteristic frequency w. = 2mj.po/Po. Equa-
tion (1.19) is the perturbed sine-Gordon equation [31] which describes the long Joseph-
son junction as a non-linear system with the boundary conditions given by the junc-
tion geometry and the externally applied magnetic field. For theoretical investigation
of the system standard normalized units are used, i.e. the coordinate is normalized

14



1.5. EXCITATION IN LONG JOSEPHSON JUNCTIONS

to the Josephson penetration depth A; and the time to the inverse plasma frequency
wyy'- After such normalization the Eq.(1.19) becomes

Gpx — Ou — SING = ady — v + ha(2), (1.20)

with the dimensionless damping coefficient o the normalized bias current density
and h(z) = poH (x)2mAX;/®y. There are no analytical solutions of Eq.(1.20) for the
general case.

1.5 Excitation in long Josephson junctions

In long Josephson junctions (L > \;) exists many linear and non-linear electromag-
netic excitations. They can be analyzed theoretically by considering the junction as
a non-linear waveguide described by the sine-Gordon equation (1.20) [44].

The analogy between the dynamical equation describing a short Josephson junc-
tion and that describing a simple plane pendulum subjected to damping ~ o and an
applied mechanical torque ~ 7 is well known and is widely utilized, see [45, 46]. In
extension of this analogy to the case of long Josephson junctions an elastic coupling
between adjacent pendula described via ¢, is added, see Eq.(1.20).

In a long Josephson junction are three types of fundamental excitations: plasma

oscillations, breathers and fluzons[47].
e Plasma oscillations stem from oscillatory motions of a single pendulum. In the
simplest case all the pendula in a chain oscillate in phase. The motion is equivalent
to the eigen oscillations of a single pendulum. Less trivial are the running or stand-
ing plasma waves ¢  sin (kz — wt) with dispersion relation w = /1 + k2, which
have a gap in the spectrum of allowed frequencies from 0 to wyy. The velocity of
electromagnetic waves in the barrier is given by

_ dr
Co = Ajwpo = C\/ —

ed'’

reflecting the fact that electric fields exist only across the barrier thickness d;, whereas
magnetic fields exist throughout the magnetic field penetration d’. ¢, is called Swi-
hart velocity [48], which is typically equal to a few percent of the speed of light ¢ in
vacuumn.

e Breather oscillations are unstable with respect to the perturbation terms and there-
fore they decay after some transient time. They can be interpreted as a bound state
of a fluxon-antifluxon pair.

e The fluron stems from rotary or over the top motions of a single pendulum. A
single fluxon is just a 27 twist in the pendulum chain. The fluxons are highly robust
objects. They emerge due to topological reasons, therefore they are called topologi-
cal solitons. Mathematically, the fluxon corresponds to a 27 kink of the phase ¢(z),
see Fig. 1.8. For the analytical solution of the unperturbed sine-Gordon equation
(1.20) (r.h.s. is zero) the function

¢(z,t) = 4arctan |f%Xp <_xl_)i(22)>]
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Figure 1.8: Appearance of a fluxon in a long Josephson junction (top) as a 2w-kink in
the phase difference ¢(x) and as a solitary wave with the magnetic field proportional
to ¢, () and supercurrent ¢..(z).

is chosen, which is the well-known single soliton solution (traveling wave) to the
sine-Gordon equation with X (¢) = ut and constant u with |u| < &. The magnetic
field associated with the phase change of a fluxon is given by ¢, (z) and its total flux
is the magnetic flux quantum ®,. This magnetic flux is generated by a circulating
supercurrent j(x) = sin (¢(x)), often called Josephson vortex, located between the
superconducting films separated by the weak link, as depicted in Fig. 1.8. A sketch
of phase, magnetic field and supercurrent associated with a fluxon can be found in
the Fig. 3.1, too.

The fluxon behaves very much like a relativistic particle with respect to the limiting
velocity ¢y, carrying a magnetic flux equal to £®(. It interacts with the environment
of the junction, such as an externally applied magnetic field and injected currents.
The 0-m LJJ system, where a 7 kink of phase takes place, is described in Chapter 3.

1.5.1 Zero Field steps (ZFS)

Applying a bias current 0 < v < 1 through the junction in the absence of a magnetic
field causes a uniform phase ¢ = arcsin~y. After introducing a fluxon into the junction
it will be pushed to one end of the junction via the Lorentz force, caused by the bias
current . If the fluxon arrives to one end of the junction with enough kinetic energy
the pendulum chain will continue to wind op. The end pendulum will undergo a
rotation of 27 + 27 = 47 and the resulting antifluzon will be pushed towards the
other junction end. This leads to a dynamic steady state, with the fluxon bouncing
back and forth along the junction. In the mechanical model the angular velocity
corresponds to a voltage ~ qb in the junction and a state with (gb) # 0 manifests as
steps in the current-voltage characteristic when tracing out the Stewart-McCumber
branch. At sufficiently slow rotation velocity the pendulum chain can spontaneously
develop a dynamic instability that results in one or more fluxons trapped in the
LJJ, and zero field steps (ZFS) appear in I-V characteristic when increasing the bias
current again. The asymptotic voltage of these steps is given by

n~<I>0~EO

7 , (1.21)

Vn,ZFS =
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where n is the number of fluxons in the junction and L is the junction length [49].
At a bias current v < 1 the systems switches back to the quasiparticle curve shown
in Fig. 1.2(a).

In presence of damping some energy is lost during the reflection at each edge. If
the kinetic energy is not sufficient enough to survive the reflection the junction phase
relaxes after short breather-like transient oscillations into the static equilibrium:

¢ =0.

1.5.2 Fiske steps

By switching on an external magnetic field H in-plane and perpendicular to the LJJ
axis, the reflection of fluxons becomes energetically adverse. The external field adds
energy to fluxons reflected at one boundary, but subtracts energy on the opposite
side. This breaks the symmetry and leads to an unidirectional fluxon motion for
sufficient high magnetic fields. Fluxons are nucleated at one end and decay at the
opposite end of the junction. The energy released in the decay process may propagate
as decaying oscillation with velocity close to the Swihart velocity ¢ to the other end
of the junction. If the effective length of the junction ¢ = L/)\; is of the order of
the coherence length of the oscillations or shorter, then the electromagnetic wave
reaches the opposite edge of the junction. After the reflection it interferes with itself
and forms a standing wave. The frequency of oscillations of the Josephson phase
¢ in the standing wave is defined by the length of junction, the Swihart velocity of
the electromagnetic waves and mode number n. The pumping of energy into the
standing electromagnetic wave, when the fluxon leaves the junction, takes place in
phase with the wave. This gives rise to resonances, so-called Fiske steps, in the IVC
[50] with asymptotic voltage

’I'L'@o’éo

Vn = )
JFS 2. L

which is just half of the spacing for ZFSs.

1.6 Shapiro steps

An interesting effect is that the Josephson phase ¢ can be become phase-locked to
an externally applied alternating current, i.e. a microwave with the frequency w,s.
This happens if the Josephson frequency w; is nearly similar to an integral multiple
of the microwave frequency, i.e. w; = n - wy. The phase changes synchronously to
the external frequency (% = wy). After Eq.(1.7) this corresponds to a voltage of

The phase-locking can be observed as the appearance of a current step, the so-called
Shapiro step, at multiples of the voltage V; in the IVC [51]. The maximum critical
current depends on the microwave power and is described by the Bessel function
Jo(A). Here A is the amplitude of the microwave.
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Chapter 2

JJs with ferromagnetic barrier

In the preceding Chapter the simple case of a Josephson junction with a non-magnetic
barrier (SIS and SNS type) was considered. In this Chapter the physics of Josephson
junctions with a ferromagnetic interlayer is reviewed.

Superconductivity, which causes ideal diamagnetism (at least in low T, supercon-
ductors) and ferromagnetism were long though as contradicting phenomena, as the
magnetic field can destroy conventional superconductivity by exchange mechanism.
Microscopically they are two competing phenomena: while ferromagnetism forces
the spins to be aligned in parallel, the singlet superconductivity prefers antiparallel
spin orientation of the electrons in Cooper pairs. Actually, interesting physics can
be studied when the two phenomena are combined in superconducting ferromagnets,
ferromagnetic superconductors or as follows, in heterostructures of thin magnetic
and superconducting layers [52].

2.1 The 7 state

As pointed out in Chapter 1, the current-phase relation I,(¢) and the energy E; of
the conventional Josephson junction Eq.(1.6) are given by

o 27TaEJ

Pyl
s(9) = D 00

s

= Isin(¢)  Ej(¢) = (1 —cosg),

where ¢ is the phase difference of the macroscopic superconducting wave functions
U, 5 (order-parameters of each electrode) across the junction.

In the standard situation I, is positive and the minimum of the Josephson energy
is at ¢ = 0. However, in 1977 Bulaevskii et al. [5] calculated the supercurrent
through a barrier with magnetic impurities and predicted the possibility of a negative
supercurrent, I. < 0. As a result the solution for —I.sin(¢) = 0 with ¢ = 0
is unstable and corresponds to the maximum energy, while ¢ = 7 will be stable
and corresponds to the ground state. Such JJs are called 7 junctions, opposite to
conventional 0 junctions with positive I.. In case of a m Josephson junction, the first
Josephson relation and consequently the energy-phase relation are modified to

o q)Ojc
27

I(¢) = I.sin(¢p+ m) = —I.sin(¢) E; [1—cos(¢+ )] = E;(1+ cos ).

18



2.1. THE 7 STATE
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Figure 2.1: Current-phase relation I;(¢) at T = 0 and the corresponding energy-
phase E;(¢) relation for 0 and « JJs.

The measured critical current in a single junction is always positive and is equal
to |I.]. Tt is impossible to distinguish 0 JJs from 7 JJs if one just measures the
IVC of a single Josephson junction. In Fig. 2.1 the Josephson energy F,(¢) and
supercurrent Is(¢) are plotted for 0 and 7 JJs. In general, the phase of the Josephson
junction can be expressed by é(z,t) +6(x), where (z) = 0, 7 is the order parameter
related component of phase. The physical reason for the sign inversion of the order
parameter inside a ferromagnet is given in Sec. 2.2.

2.1.1 Proximity effect in F-layer

In this Section the basic physics of the superconducting proximity effect in mag-
netic metals is explained. The Curie temperature T of the ferromagnetic metal is
supposed to be much larger than the superconducting transition temperature T..

In a bilayer between a superconductor S and a normal metal N the Cooper pair
density from S decays in N over a certain distance &y, which is called the coher-
ence length. Thus, superconducting properties are induced in the N-layer. This is
the so-called prozimity effect. Simultaneously, the superconductivity is weakened
in the superconductor (inverse prozimity effect) [53]. The supercurrent flow in SNS
stacks is understood phenomenologically in terms of the proximity effect: the Cooper
pairs diffuse from both superconductors into the normal metal over the characteristic
length &y. If the normal metal is not to thick compared to this coherence length, a
supercurrent can flow.

In S/F bilayers the Cooper pair density n®Y not only decays over the distance &gy,
but acquires a spatially dependent phase inside the ferromagnet. It oscillates with the
characteristic oscillation period £ry. The schematic behavior of the superconducting
order parameter at S/N and S/F interfaces is depicted in Fig. 2.2. The oscillation of
n°? depends on the exchange field E., and results in spatial oscillations of the T}, in
S/F bilayers and multilayers [54] as well as of the critical current density I, in SFS
trilayers, and is explained later in this Chapter, cf. Fig. 2.7(a)-(d).

2.1.2 Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state

The physical picture of the proximity effect in S/F bilayers is also referred to as
induced Fulde-Ferrel-Larkin-Ouvchinnikov (FFLO) state [2, 3]. In the FFLO state of
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Figure 2.2: Schematic behavior of the superconducting order parameter in S/N and
S/F bilayers. In the absence of a potential barrier at the interface the order parameter
varies continuously.

a ferromagnetic superconductor the superconducting order parameter W is generated
in the presence of an exchange field. Energetically a spherically symmetric distrib-
ution of the electrons is less favorable than the distribution extended along one of
the directions perpendicular to the exchange field, due to the Zeeman splitting of
the electron levels. It turns out that Cooper pairs with a non-zero center of mass
momenta appear, and a spatially inhomogeneous distribution function n°F develops.
However, as electron pairing and phase coherence occurs together, the FFLO state
occupies a small part of the phase diagram and is fragile to atomic disorder. Instead,
in S/F or SFS hybrid structures only the phase coherence is required for the prop-
agation of the superconducting correlations in the F-layer. It is more robust in this
artificial heterostructures as the electron pairing takes place inside the S-layer.

2.2  Microscopic origin of 7 shift

In this Section the physics of itinerant ferromagnetism is reviewed, as its unequal spin
up and spin down density of states D' lead to a finite center of mass momentum of
the Cooper pairs and to the spatial oscillation of the superconducting order parameter
inside the F-layer.

2.2.1 Itinerant magnets

The Pauli principle forbids two electrons of the same spin to be in the same state at
the same time. The antisymmetry of the fermionic wave functions leads to vanishing
amplitudes of the electron wave functions with same spin at the crossing point. As a
consequence the Coulomb repulsion energy is reduced. If on the other hand two elec-
trons with opposing spins are in the same state the repulsion energy increases. The
electrostatic energy of the system depends on the relative orientation of the electron
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Figure 2.3: (a) Stoner model describes the appearance of itinerant magnetism as elec-
tron with spins | and | have different density of states due to long-order correlations.
(b) Fermi-wave vectors of both spins in metallic magnets.

spins. The difference in energy is defined as the exchange energy F., and results
from an attractive dipolar interaction between electrons with the same orientation
of spins.

The origin of magnetism in 3d magnets, such as Co, Ni, Fe and their alloys like
NiCu, was explained by Stoner by the model of itinerant magnetism based on the
exchange interaction among electrons from the 3d band [55]. The magnetic ordering
of the band electrons results in an increase of kinetic energy, but a decrease of the
potential (exchange) energy. The total density of states D! is divided into spin up
and spin down densities, defined as

D = Dy(E F Eq).

The Stoner criteria predicts correctly that some of the 3d transition metals have
magnetic ordering if _
ID(EF) > 17
where T is the exchange integral for itinerant electrons.
In equilibrium the total energy of both electron gases with spin T and | is the
same. The kinetic energy of the majority electrons at the Fermi level is bigger than

the one of the minority electrons. The excess above Fr is given by the exchange
energy FEe., depicted in Fig. 2.3. The kinetic energy of both spin gases is given by

El} = Ep + Eq,
and for the wave vectors at the Fermi level:
ki = kp +q,

where ¢ is the shift of electron wave vectors at the Fermi level. Under the assumption
that the exchange energy F. is smaller than the Fermi energy Er and the dispersion
relation is parabolic, one can relate the difference of the wave vectors k;l at Fermi
level to the exchange energy Fo. by

_ Ecx
q= hUF,
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Figure 2.4: SNS stack: transfer mechanism for Cooper pairs through N by Andreev
reflections. Electron e~ generates a hole h™ at the N/S interface due to conservation
of charge and momentum.

where v is the Fermi velocity in the ferromagnet.

2.2.2 Andreev bound states in SNS and SFS junctions

I want to focus on the Cooper pairs transport through SNS and SF'S junctions. For
simplicity the Cooper pair, which adiabatically crosses the S/N or S/F interface, has
an electron momenta perpendicular to the interface. When the Cooper pairs enters
the N-layer (F-layer), where it is not an eigenstate, it becomes an evanescent state
and decays exponentially on the length scale of the normal metal coherence length

fN = UF/27TT.

SNS junction

Microscopically the transfer of Cooper pairs through an SNS junction occurs via
Andreev reflections at the two interfaces [56], creating discrete Andreev bound states
(ABS). The spectrum of these levels is sensitive to the superconducting phase differ-
ence between the electrodes. An electron-like excitation € in the metallic N-layer with
energy lower than the superconducting energy gap A, i.e. between Er and Fr + A,
is evanescent in the superconductor (since between Er and Er + A no quasiparticle
states exist) and propagates in the N-layers. It is reflected at the N/S interface as a
hole and is then reflected back as an electron at the opposite S/N interface [57], as
illustrated Fig. 2.4. During the reflection process a Cooper pair is condensed in the
superconductor due to conservation of charge and momentum. The relative phase
of the electron-hole pair changes by A¢ = 2 - 0k - dy, where dy is the length (or
thickness) of the normal metal and 0k = ¢/hvpr. A bound state appears at energy e,
when this phase shift A¢ matches the phase difference at the two interfaces, modulo
2m. Hence, the phase shift is given by

€
Ap =2—"-dy.
hl)p
The constructive interference of the electron- and hole-like excitations gives rise to
bound states, which carry the supercurrent.
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Figure 2.5: SFS stack: Cooper pair going from superconductor to ferromagnet ac-
quires a momentum +2Ap = 2hq = 2E./vp. Adapted from [54].

SFS junction

The same mechanism accounts for the Josephson coupling through a ferromagnet
(SFS JJs), although the spectrum of the ABS is modified by the spin splitting of the
electron bands, as the Andreev reflections reverse the spin of the quasiparticles [58].
The spectral current density that describes the current density per bound state in
the F-layer is a function of the exchange energy Fey, as shown in the next part.

The Pauli-shift of the conduction bands, see Fig. 2.3, in the ferromagnet raises
the potential energy of the spin-down electron of the Cooper pair by the ferromagnetic
exchange energy Fe, and lowers the potential energy of the spin up electron by the
same amount. Conservation of energy forces the spin-up electron to rise its kinetic
energy while the spin-down electron decreases its kinetic energy to balance the chance
of the potential energy.
In detail: A Cooper pair entering the ferromagnet (Fig. 2.5(a)) may acquire a center
of mass momentum 2q = 2hAp = 2FE. /vr or —2¢q, as in Fig. 2.5(b). Fermionic
antisymmetry requires to consider both cases. The total momentum of the Cooper
pair in the F-layer is nmon-zero. The phase shift of the Andreev pairs contains the
additional term £2¢gdp due to the exchange energy. Therefore the expression for the
phase shift is modified:

Ap— o EBey
hUF

where dp is the length (or thickness) of the magnetic metal. The Cooper pair wave

function in the singlet state (7| — 1) becomes [53]
‘I/(dF) = \IJO (ei(¢+A¢) + ei(¢*A¢)) ~ COS (dF/EFQ)eidF/éFl,

with £p, Epo the characteristically coherence and oscillations lengths.

From this expression the singlet Cooper pair density is spatially oscillating in the
F-region as the superconducting wave function oscillates in the ferromagnetic layer
along the direction normal to the S/F interface. The oscillation length is given by
&ro. The phase of order parameter can be shifted by 7 for a certain thickness dp.
Then, the minimum of the energy which corresponds to the ground state of SFS is
obtained for ¢ = 7, i.e. a 7 junction.

The dependence of the critical current on the F-layer thickness I.(dg) and tem-
perature I.(T) can be described by the general Ginzburg-Landau functional [25] with
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the superconducting order parameter ¥, as done by Buzdin and Ryazanov [59, and
references herein]. The order parameter

U~ o r/er — o=dr/Er p—idr /Ep2

is a function of the complex coherence length £, = f;i + if;%, where dp is the coor-
dinate in the direction perpendicular to the interface. The Cooper pair distribution
oscillates on a scale set by the material and temperature dependent parameter &ps.
This ansatz for the oscillations of order parameter will be used in the next Section.

2.3 Theory of 7 junctions

I want to focus on SFS junctions with a conductive ferromagnetic barrier and later
study the complex system of SIF'S junctions with I-layer being a tunnel barrier.

The equations for the superconducting order parameter in the semiclassical ap-
proximation are based on the Eilenberger equations [60] in S/F bilayers and further
simplified in the case of the strong elastic scattering (the diffusive approximation)
by Usadel [61].

Review of clean and diffusive limit

There is a quantitative difference between the coherence lengths in clean (£/&p1 > 1)
and diffusive (£/{m < 1) ferromagnets, where ¢ is the electron mean free path. The
diffusive limit implies that the mean free path is the second smallest spatial scale
after the Fermi wavelength kp. In the diffusive limit and at zero temperature the
coherence length coincides exactly with the oscillation period ({p1 = &ra) [6, 62],
whereas in the ideal clean limit the coherence length gy is formally infinite [63].
However it is limited by elastic impurity scattering [64] or spin-orbit scattering [54],
but still exceeds the oscillation period £mo. In presentence of magnetic scattering the
system becomes even more complex, as we will see below.

Although the ground state with 7 phase shift can be achieved in any SFS struc-
ture, in practice the spatial oscillations are easier to observe in cleaner systems due
to the weaker damping, but the short oscillations length might be of the same order
of magnitude as the layer roughness. Diffusive diluted ferromagnetic alloys like NiCu
and PdNi have a smaller exchange energy and therefore a longer oscillation period,
but usually a shorter coherence length as the clean ferromagnets Co, Fe or Ni. To
avoid roughness effects, the first experiments were performed on SFS junctions in
the diffusive limit.

The following overview on 7 coupled junctions is based on a recent review of
Buzdin [53].! The I.(dr) dependence is affected by the interface transparency (SFS-
/SIFS-type junction), the electron mean free path ¢ (clean/diffusive limit) and the
spin-flip and spin-orbit scattering time.

!Note that all calculation presented here are only strictly valid near 7.
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2.3.1 Josephson effect in the SFS/SIFS sandwich

Up to now the majority of experimental work on 7 coupled junctions has been done in
SFS-type junctions [7, 8, 65-67]. I want to review these high transparency junctions
before discussing the SIFS-type junctions.

High transparency (SFS) junctions without magnetic scattering

In the clean limit and in the absence of magnetic scattering the critical current
through an SFS junction is [63]:

- dp
TA2 ’sm(g—)
I.R(dp) = TGTpv (2.1)

F

with &g = Epg = 4Fey /up, whereas in the diffusive limit it is [6]:

odF

I.R(dr) 2

2.2
cosh zng cos QEd—F (22)

cos £ smh dF + sm £ cosh dF ‘
b

with & = &pe = /hD/E., diffusion coefficient of the ferromagnet D, normal
resistance R,, = dppr/A, specific resistance of the F-layer pp and the junction area
A. In the clean limit I.(dr) decays o 1/dp whereas in diffusive limit it decays
exponentially oc e~ /47

Fig. 2.6 depicts I.(dr) of SFS JJs given by the two Egs.(2.1, 2.2) for I.R(dr). Note
that in clean and diffusive limit £z, g1 and Epg may differ substantially.

SF'S junction with magnetic scattering in F-layer

The influence of magnetic scattering on the order parameter has to be included for
the diffusive limit, as it changes the I.(dr) dependences [54]. Two types of electron
scattering sources exist: spin-orbit and spin-flip scattering. Both lead to a decrease
of the coherence length £ry and an increase of the oscillations length £ps.

e In the presence of the spin-orbit scattering the spin singlet Cooper pair changes by
spin-flip scattering to a spin-triplet and the pairs with net momentum ¢ mix up with
pairs having momentum —q. Therefore, such a Cooper pair sees an exchange field
which changes its sign along the x-direction. The average exchange field Feo, experi-
enced by the pair is decreased. The decay to a spin triplet state is a pair breaking
effect, giving the pairs a finite lifetime, which is determined by the exchange field.
The spin-orbit scattering is strong in metals with large Z, thus it can be neglected
for NiCu alloys used in this work.

e Spin-flip scattering is inherent to ferromagnetic layers because of magnetic impuri-
ties like clusters, spin-waves or non-stoichiometric lattices. Spin-flip scattering arises
in weak ferromagnetic alloys such as Ni,Cu,_1, because their vicinity to the disap-
pearance of ferromagnetism makes them prone to large magnetic disorder. Although
using a weak alloy as F-layer has the advantage that they can be made thick enough
to avoid roughness effects. In SFS JJs based on diluted ferromagnetic alloys this is
the mayor source for magnetic scattering.
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Figure 2.6: I.R dependence on the F-layer thickness (dr) for Egs.(2.1, 2.2, 2.3,
2.4). Note that &, Ep1 and &y depend on electron mean free path and the kind of
scattering. They differ in quantity for all four cases.

For the complete theoretical analysis one needs to take thermal energy contri-
butions for the pair-breaking processes into account. This is done by introducing a
complex wave vector k = (k1 + iky) with

1 —
k1,2:? 1+C¥2i(1,
F

where @ = 1/73Fey and &g = \/hD/FEe is the oscillation length without spin-flip
scattering. Since the F-layer is a diluted alloy, the timescale of the inelastic magnetic
scattering 7, is important. The coherence length £z = 1/k; may be substantially
smaller than the oscillating length ro = 1/ky. In the absence of magnetic scattering
(1s — 00), the coherence and oscillation wave vectors are the same: k; = ko [68].

In the limits of E. > T, short coherence length £r; < dp and non-spin active
interfaces, cf. Ref. [69], one obtains the following analytical expression for the high
transparent SFS system, where the interfaces transparency parameters vyp; of S/F
and ~ypo of F/S are zero:

I.R(dF) x |cos dr + g sin e ert . (2.3)
Er2 &2 &2

This equation is valid for the SFS junctions with NiCuF-layers from Ryazanov
et al. 7, 65], where the transition from 0 to 7 ground state was observed for the first
time.
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SIFS junctions with magnetic scattering

The tunnel barrier, necessary for low transparent SIFS junctions, is difficult to realize
due to the appearance of microshorts in the barrier if the interface roughness is
comparable to the tunnel barrier thickness. SIFS-type Josephson junctions have
been implemented in 2002 by Kontos et al. [9] using a very thick Al,O3 tunnel
barrier and later on samples with a much thinner tunnel barrier fabricated for this
thesis.?

If just the F/S part of the ferromagnetic barrier is transparent (v, = 0) and the
other S/I/F part, treated like a single interface, has a low transparency parameter
vp1 the critical current can be expressed as [72]:
dr

cos —| . (2.4)
F2

1 e
I.R(dp) x —e T

Vi

When neglecting the F/S contribution v52 = 0 (yp2 < vp1) one can estimate the
total transparency of the junction yp; = v = R/Apr&*, where R is total resistance,
A the junction area, pp is F-layer resistivity and &* = \/hD/27kpT.,.

Equation (2.4) is valid for SIFS JJs based on NiCu alloys, which were used for
this thesis. The temperature dependence of the critical current .(7") requires much
more calculations [53, 68].

The I.R(dr) dependences for the four cases treated above (clean/diffuse SFS-JJs

and diffusive high/low transparent SIFS JJs with magnetic scattering) are shown
in Fig. 2.6. For the low transparency SIFS JJs the first maximum occurs at lower
thickness than for high transparency SFS junctions. This is due to the effect of the
insulating layer on the Andreev amplitude at the F/S interface.
Note that the I.R(dr) dependences were derived under the assumption that {py =
const. In principle &g is a weak function of the temperature, thus the critical
crossover thickness d%™ between the 0 and 7 phase, where I.R(d%™) = 0, is temper-
ature dependent. d%™ decreases as T drops and the 0 to 7 crossover may be observed
by measuring the I.(T") dependence of a JJ with dp near d%™.

2.3.2 Spontaneous supercurrent in 7 coupled loop

Bulaevskii et al. [5] predicted that a 7 coupled junction incorporated into a long
superconducting ring (e.g. a rf-SQUID with 7 junction or a de-SQUID with 0 JJ
and 7 JJ) may generate a spontaneous supercurrent in the ring. The corresponding
magnetic flux depends on the inductance of the ring and the length of loop and may
be as large as half a flux quantum ®,. It is caused by the phase difference over
the 7 junction in the ground state. This phase difference generates a circulating
supercurrent in the ring which short-circuits the junction. In case of a small loop the
flux may be absent and the junction is still in the 0 state, as this increases the energy
of the JJ, but still reduces the total energy of the system. In case of a long loop
the magnetic field can be +=®,/2, depending on the direction of circulation of the
supercurrent (clockwise or counter-clockwise). The spontaneous flux can be detected
either by superconducting quantum interference device (SQUID) magnetometry in
a rf-SQUID configuration 73], or by a micro-Hall sensor [74].

2Recently, SIFS junctions were fabricated by Born et al. [70] and Latempa et al. [71], too.
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Figure 2.7: Several detection techniques for m coupling: (a) Nonmonotonic F-layer
thickness and (b) temperature dependences of the normalized critical current I./I..
(c) Critical temperature T../T., dependence on the F-layer thickness dp for SF bilay-
ers, (d) I.(H) of de-SQUID.

7 junction in superconducting ring

The magnetic field dependence of I, in a superconducting loop with an odd number
of identically coupled junctions allows one to determine the kind of coupling (0 or
m) of these junctions, see Fig. 2.7(d). This has been exploited by Ryazanov et al.
[75], who used a triangular SF'S arrays to observe a temperature-induced change of
coupling from 0 to w. Similar phase sensitive experiment was done by using a dc
SQUID with just one of the two junctions being = coupled [76].

The junctions consisting of 0 and 7 coupled parts in one long Josephson junction,
so-called 07 LJJs, exhibit an intrinsic magnetic flux of ®y/2, too. The 0-7 LJJ is
an analog of a 0—7 SQUID with long rather than point-like JJs and loop size — 0.
For clarity I refer only to fractional vortices in these types as semifluzons. They are
considered in detail in Chapter 3.

2.3.3 Ciritical temperature 7, of SF multilayers

Prior to the first unambiguous experimental demonstrations of the T-induced O-7
transition via I.(T') [7] in 2000, several experiments were done on S/F multilayers.

If the F-layer thickness is smaller than g9, the pair wave function in the F-layer
changes just a little and is similar to the superconducting order parameter in the ad-
jacent superconductor. This corresponds to the 0 phase. If dp &~ {pa/2 the Cooper
pair wave function may change the sign inside each F-layer. This corresponds to a
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Figure 2.8: (a) Temperature dependence of the critical current density j.(T') for
SFS junctions with Nis3Cuy; for various dg. The cusp at T = 3 K for dp = 11 nm
indicates a temperature induced crossover from 0 to w state and the one at T = 1.7 K
for dp = 22 nm a crossover from m to 2w = 0 state. (b) j.(dr) dependence for SFS
junctions at 4.2 K. Data from Ref. [68].

difference of 7 of the superconducting order parameter between adjacent S-layers.
Increasing the thickness of the F-layer may provoke subsequent transitions from uni-
form 0-0-0-0... to 0—7m—27—3m... superconducting order parameter phases. The
Josephson phase will be 0-0-0... or 7—7r—... This results in a nonmonotonic depen-
dence of the critical temperature T, on dp.

S/F bilayers cannot exhibit transitions between 0 and 7 coupling but nevertheless
show a nonmonotonic dependence of T, on dp. A common feature, shown in Fig.
2.7(c), is the dip and saturation of 7, with increasing dp, because the superconduc-
tivity is suppressed in an adjacent diffusive ferromagnet with thickness drp > &ps.
The dip is a self-interference effect of the spatially oscillating order parameter. In a
recent work by Zdravkov et al. [77] a pronounced re-entrant superconducting tran-
sition temperature 7, for Nb /Ni,Cu;_, bilayers was reported. A review about S/F
bilayers was given by Fominov et al. [78].

2.4 Experiments with SFS/SIFS Josephson junc-
tions

Temperature induced 0 to 7 crossover

The oscillation length g is temperature dependent, and drops for decreasing tem-
perature, as pointed out in Section 2.3.1. This temperature dependence is the origin
of the anomalous dependence of the critical current I. on temperate for JJs with
dp mnear the crossover thickness d%™, cf. Fig. 2.7(b). Ryazanov and coworkers
[7, 68, 75, 79] observed the first phase crossover in SFS JJs by I.(T) measurements.
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Figure 2.9: Dependence of the Josephson coupling I.R on F-layer thickness dp for
SIF'S junctions with F=PdggNijs. The minimum at dp = 65A indicates the transition
from 0 to 7 coupling. The inset shows typical IVCs of SIFS (full circles) and SIS
junctions (empty circles). Data from Ref. [9)].

They have realized an inversion of coupling by using the diluted ferromagnet Niso Cuyg
(T about 20-30K and dpr &~ 22 nm). The weakness of the exchange field E., allowed
them to drive the phase crossover by temperature at zero magnetic field [7], see Fig.
2.8(a). Five years later systematic studies [68] of I.(dr) in JJs based on Nis3Cuyz
have revealed that the 0 to 7 transition occurs at dp = 11 nm, and the transition
from 7 to 27, i.e. 0, takes place at dp = 22-23nm. A very strong variation of I.(dr)
over six orders of magnitude was observed in the thickness interval 8-28 nm, which
is related to the strong effect of magnetic scattering, see Fig. 2.8(b).

A similar experiment on the I.(T) dependence was done later by Sellier et al.
[65] using NiggCuse as an F-layer. It should be noted that their alloy showed no
sign of magnetic hysteresis, but only an enhanced magnetic moment at low temper-
atures, unlike the hysteretic NiCu alloys from Ryazanov et al. [7]. The crossover
thickness is determined as d%™ = 18 nm. The thicker NiCu layer for the crossover
is supported by theoretical indications that even a paramagnetic interlayer or ferro-
magnetic impurities in the barrier can lead to m coupling [5]. Sellier [65] noted the
presence of magnetic scattering and demonstrated that it strengthens a decrease of
I.(dr) and, at the same time, increases the spatial period of I.(dr) oscillations. This
was confirmed by recent measurements of the local density of states (DOS) on the
upper surface of a NijgCuss film for various thicknesses using a very low temperature
scanning tunneling microscope [80].

F-layer thickness induced 0 to 7 crossover

Kontos et al. [9] observed for the first time oscillations of the critical current as a
function of the F-layer thickness in SIFS JJs based on Nb/Al-Al,O3/PdggNijs/Nb
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heterostructures. This I.(dr) is shown in Fig. 2.9. The correct theory for I.(dr)
can be found in [81]. The I-layer was rather tick and the specific resistance of the
barrier was high (pg ~ 3mQcm?). The critical current density j. in the 7 state was
below 7mA /em?. The Josephson coupling V. = I.R at 1.5 K can be estimated from
the data and is of the order of 20 pV, i.e. 50 times lower than that measured on SIS
junctions without a PANi interlayer. The very low critical current densities in the
7 coupled state demanded very large junction areas (1 mm?) and led to a very large
Josephson penetration depth A\; = 3.7 mm.

In this thesis I report on 7 JJs having much higher j. and I.R values (see Chap.
6). In the 7 state a critical current density j. ~ 5 A/cm? was reached at T' = 2.1 K,
resulting in I.R ~ 400 pV and \; ~ 160 pm.

Oscillations of I.(dp) were also reported by Blum et al. [82] using a strong
ferromagnet as barrier in Nb/Cu/Ni/Cu/Nb structures and Bell et al. [66] using
an epitaxial bottom electrode and ferromagnetic barrier by in Nb /FegNigy/Nb JJs.
Although the data scattering in both cases is large. Multiple 0 to 7 transition were
reported in a recent publication by Born and coworkers [70]. They used SIFS JJs
based on Nb /Al-Al,O3/NizAl /Nb heterostructures. NizAl provides an F-layer with
very weak decay of Cooper pairs, i.e. clean limit. The inversion of coupling in JJs
with strong ferromagnetic barriers of Co, Ni and NiggFeqy was recently observed by
Robinson et al. [83].

2.5 Advantages of m coupled SIFS junctions

The SIFS junction exhibits considerable advantages over the SF'S junction. At the
S/I/F interface the wave-like properties of the Cooper pairs give rise to a finite
tunneling probability, i.e. an exponential dependence of the Josephson current on
the barrier thickness. Cooper pairs and quasi-particle tunneling probabilities are
strongly reduced, resulting in a lower supercurrent /. and higher resistance R as in
comparison with the entire metallic SF'S junctions. SIFS junctions offer the freedom
to tune the essential electric parameters, such as j., over a wide range and still
keep high I.R products. In addition, niobium based tunnel junctions are usually
underdamped (3. > 1), which is desired for applications where low dissipation is
required, e.g. superconducting qubits [84].

The low junction resistance in SFS junctions (~ 10 u2) demands sophisticated
methods for voltage measurements like a superconducting quantum interference de-
vice (SQUID) voltmeter or a lock-in amplifier, whereas for SIFS junctions a room
temperature voltage amplifier can be used.

SES or SIFS 7 junctions have been proposed as potential logic elements in quan-
tum computing circuits. For the quiet flux qubit [12, 84] based on active 7 JJs,
which is self-biased and well decoupled from the environment, one needs to use
high quality 7 JJs with 1) high resistance to avoid decoherence and ii) reasonably
high critical current density j.. High j. is required to have the Josephson energy
Ej; o I.=j.-A> kgT for junction areas A of a few square microns or below and to
keep the Josephson plasma frequency w, o 1/j., which plays the role of an attempt
frequency in the quantum tunneling problem, on the level of a few GHz. Similar re-
quirements are applicable for 7 junction circuits working in the classical domain, e.g.
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CHAPTER 2. JJS WITH FERROMAGNETIC BARRIER

for rapid single flux quantum (RSFQ) logics [11, 85], where an important parameter,
which defines the speed of the operation, is the product of the critical current I, and
the resistance R.

2.6 Higher harmonics: sin2¢ component

Generally speaking, the current-phase relation I;(¢) has to be periodic in ¢, so the
second or even higher harmonics are possible:

- 2e 3E]

I(¢) = T o0 I sin(¢) + Irsin(2¢) + ... (2.5)

Until now the higher harmonics were neglected (I; = 0), but indeed they appear in
Josephson junctions formed by point contacts or nonequilibrium normal metals [86,
87]. In SFS or SIF'S junctions the amplitude of the first harmonic I is proportional to
e~ /& and the second harmonic contribution I, is proportional to e~2¢/¢r  Usually
I5 is much smaller than I; and can be neglected [88, 89]. However, for dr and T in
the vicinity of the 0—7 crossover the first harmonic vanishes and the contribution of
the second harmonic becomes important.

Up to now I am aware of two experiments on SFS junctions with controversial
results.

First, Sellier et al. [90] observed half-integer Shapiro steps (ref. Sec. 1.6) at
the 0 to 7 transition in SFS JJ with dr = 17 nm. They attributed these fractional
steps to the doubling of the Josephson frequency due to the sin 2¢ component in the
current-phase relation (CPR). At the temperature driven 0 to 7 crossover the I, was
non-zero.

Second, the measurements by Frolov et al. [73] on a SFS junction with Nis3Cuyy
as the F-layer provided no evidence for the appearance of the second harmonic in the
CPR at the 07 transition point. However, these measurements have been performed
on a junction with the F-layer thickness about 22 nm, i.e. near the second minimum
on the I.(dr) dependence, where the 7w to = 0 transition occurs and I exponential
lower than at the first crossover point [89]. The much higher critical current near the
first minimum at dr &~ 11 nm may be better suited for the detection of the second
harmonic.

Note that F-layer thickness inhomogeneities resulting in non-uniform j.(z,y)
could give an alternative explanation of the experimental result of Sellier et al. [90].
More details can be found in a recent publication [91] on a simultaneous coupled 0-m
JJ with a stepped F-layer, described in Chap. 3.6.
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Chapter 3

Fractional vortices in 0—71 JJs

The appearance of a spontaneous supercurrent, so-called Josephson vortex at the
boundary between a 0 and a 7 coupled long Josephson junction, i.e. a 0-7 LJJ, was
predicted by Bulaevskii et al. in 1978 [92]. This supercurrent carries a fractional flux
of half-integer flux quantum ®,/2 and is called semifluzon (SF). In this Chapter a
theoretical analysis based on the perturbed sine-Gordon equation is given and various
systems showing such 0—m phase boundaries are discussed.

3.1 Sine-Gordon equation including 0—r phase bound-
aries

The difference between conventional 0 or 7 Josephson junction and the 07 (or 0—7—
0,...) junction examined here is the presence of boundary points in the phase with
steps of 7 along the junction axis.

The first calculation of the free energy for a long O—r Josephson junction was done
in 1995 by Xu et al. [13] and two years later corrected and extended for junctions
of intermediate length by Kirtley et al. [15]. They calculated the difference in the
free energy of a 0—7 junction with spontaneous fractional flux and a O—r junction in
the flat phase state, i.e. with no flux. In the following I summarize an alternative
calculation given later by Goldobin et al. [14].

In comparison with the usual normalized perturbed sine-Gordon equation (1.20),
the equation for the dynamics of the Josephson phase in 0—7 junctions contains the

additional term B
Oua(r) = 7Y 040a(t — 1)
k

which describes the boundary points with -7 phase jumps at xx. It is convenient
to present the phase ¢(z) as a sum of the magnetic component y(z) and the order
parameter related component 6(z) = 0,7

6, 1) = (1) + 0(a). (3.1)
Therefore the Eq.(1.20) with the phase given by Eq.(3.1) can be simplified by rewrit-
ing it only for the magnetic component p(z)

faw — fe — sin(u) cos(0) = apy — y(x) + he(). (3.2)
£
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Figure 3.1: Comparison of semifluxon and fluxon shapes. Top: total phase ¢(x) and
magnetic component p(z), middle: magnetic-field profile ji,(z), bottom: supercur-
rent profile sin(¢) = g, (x) [14].

It should be stressed that this is the usual perturbed sine-Gordon equation as dis-
cussed in Chapter 1 with just the sign of sin(u) changing at each 0-7 phase bound-
ary. This model is valid for both d-wave based and SFS/SIFS-type JJs. The phase
i (continuous) is a real value in SFS/SIFS-type JJs, while ¢ is the phase in d-wave
JJs.

3.2 Integer and semi-integer fluxons

Solving Eq.(3.2) for the static case without the perturbation terms, i.e. pf, = £sinpy,
yields the semifluzon shape in terms of the magnetic phase p(z) as
w(z) = —4sgn(z) arctan (tall(ﬁ/S)ef‘x‘) ;
For comparison, the total phase of a fluxon with center at x = 0 is given by Eq.(1.5):
¢(z,t) = 4arctan (e¥).
The derivative of p(x) is equal to the magnetic field at a given point of the junction
[14]:
(2) = .
falt) = cosh(|z| — Intan(7/8))

The field in the center of the semifluxon is y1,(0) = v/2 = 1.414 and the total area
under p, is 7, i.e. /2 in absolute values, whereas the field in the center of a fluxon

(3.3)
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is equal to 2 and the total area is 27 (®g). The supercurrent density is calculated as

sin f) = +sin(p) = pry — —2sgn(z sinh(|z| — Intan(w/8)) '
(n+0) = £sin(u) = p 2sgn( )Cosh2(|1’|—lntan(7r/8))

Fig. 3.1 gives an overview of the functions ¢(x), u(x), p.(x) (magnetic field), and
tzr(x) = sin(¢p(x)) (supercurrent) of a semifluxon and a fluxon. Note that all is in
normalized units.

The semifluxons are pinned at the O—7 phase boundary, carry half a quantum of the
magnetic flux and have a sharp maximum that looks like a cusp with an exponential
tail, whereas the fluxons are moving objects carrying one quantum of the magnetic
flux.

The semifluxon is generated by Josephson currents in the absence of a driving
bias current y and an external field h. It can be directly detected by measuring I.(H)
in a LJJ [15], by scanning superconducting quantum interference device (SQUID)
microscopy’ or by low temperature scanning electron microscopy (LTSEM) [94].

3.3 Short and long 0—7 JJs

The presence of a semifluxon or a fluxon in a LJJ generates a finite magnetic field
1. () # 0 even at a distance of 3\ or larger from the O—m phase boundary in the
center, as shown in Fig. 3.1. Until now the LJJ limit was considered, where the
phase of the semifluxon extends completely inside the junction and the magnetic
flux trapped in the LJJ is equal to half a flux quantum (semifluxon). If L ~ A, the
solution (3.3) for the magnetic field, depicted in Fig. 3.1 and 3.2(a) by the dashed
line, is not valid, as the boundary conditions ¢, (£L/2) = 0 are not satisfied anymore.
The flux in shorter JJs is smaller than |®/2|, so in the case of the SJJ limit I will
refer to the spontaneous flux as fractional vortex instead of semifluxon.

To construct the solution for a fractional vortex in a 0-7 JJs of finite length
¢ = L/\;, mirror images (i.e. anti-semifluxons) are situated outside to the left and
the right of the junction at a distance of L/2 from each edge. For the complete
solution one needs to introduce an infinite chain of mirror images with alternating
polarities [95]. The final magnetic field profile u,(x) is shown at the top of Fig.
3.2(a) by the thick solid line.

3.3.1 Enmnergy of symmetric and asymmetric 0—r JJs

Kirtley et al. calculated the free energy of 0-m JJs for various lengths of 0 and 7
parts [15]. The bottom part of Fig. 3.2 addresses the generation of spontaneous
flux in O—7 junctions as a function of the reduced length L/)\; and the degree of
asymmetry L,/L =1— Ly/L, where Ly, L, are the lengths of 0 and 7 parts, so that
L = Ly + L,. Fig. 3.2(b) depicts the ratio of free energies F),/Fy of the state with
some spontaneous flux normalized to the state with no flux. The dashed line is the
incorrect result of Xu et al. [13] for junctions of intermediate length L/);. Contrary
to their results the state of the symmetric 0-m junction (Lo/L = L./L = 0.5) with

Lif junction is in the LJJ limit [22, 93], like the sample depicted in Fig. 3.5.
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Figure 3.2: (a) Sketch of the fractional vortex in a symmetric O—r J.J and two mirror
images outside the junction. Dashed line: magnetic field of semifluxon in an infinite
LJJ, Solid line: magnetic field of the fractional vortex in a JJ of ¢ = L/\; = 2. Arrow
indicates the 0—m phase boundary created by external current injectors. Published
in Ref. [95]. (b) Ratio of the free energy for the solution with spontaneous flux F,
to that with no flux Fy and (c) spontaneous total flux ®/®, for a 0-m junction as
function of the length of the  part L./ and for different asymmetries L, /Ly. The
inset shows ®/®q for a symmetric (L, = Ly) junction on a log-log scale. Data from
Ref. [15].

spontaneous flux has lower energy than the state without flux. Thus, the symmetric
0— junctions should always have some selfgenerated flux. Although, as we seen from
Fig. 3.2(c) the spontaneous flux vanishes as L — 0.

For example, a symmetric 0—m JJ of the total length A; has a spontaneous mag-
netic flux ® = /87 ~ 0.04®, (for calculation see next Section). A symmetric 0-m
JJ of the length 8\, has a spontaneous flux of some 2 — 3% below ®g/2.

3.3.2 Spontaneous flux in short 0—7 JJs

Fig. 3.2(c) depicts the spontaneous flux ® versus L,/)\; for various asymmetries
L./L. The inset shows the spontaneous flux ® for a symmetric short junction. In
the SJJ limit the phase of junction p,(x) deviates just a little from the average value
of 0, and the spontaneously generated magnetic field 1, () increases linearly towards
the center of the junction, starting at zero at the edges (Fig. 3.2(a)). For these short
junctions with length ¢ the spontaneous flux @ is calculated by a simple geometrical
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argument. The spontaneous flux of symmetric SJJs is determined by the area below
its magnetic field, described by ji.(2) = p.(2) — p(€/2). f.(x) is vanishing at the
junction border.

O [ = [ e ()%«

20 iy 02 2) " 8’

as plotted by the straight line in the inset of Fig. 3.2(c).
For asymmetric SJJs the state with no flux ® = 0 has the lowest free energy. There is
no spontaneously generated flux up to a critical value of L, /A; & 1. The amplitude
of the spontaneously generated flux approaches ®y/2 as L./\; gets larger.

Until now all it was assumed that j.(7) = —j.(0) and the 0-7 JJ is asymmetric
in length. In principle the ratio of asymmetry § is given by the product of the current
density j. times the junction length L, i.e.

[Je(m)| X Ln
1-20 = F—F~F—r.
17:(0)] x Lo

3.3.3 0—7 JJ in magnetic field

The magnetic diffraction pattern I9™(H) for 0-m junctions differs from the corre-
sponding patterns for conventional 0 or 7 coupled Josephson junctions. For simplicity
I want to concentrate on the two limits L < A\; and L > Aj.

e [, < \;: In a short 0—m JJ the sign difference between the supercurrents flowing
through the 0 junction and 7 junction causes a reduction of I, at zero magnetic field.
The analytical form for a symmetric 0—7 JJ with equal absolute j.(0) and j.(7) and
I. = A j., junction area A, is

sin? 71'%
i
as given by Wollman et al. [96] and Xu el al. [13]. The IO™(H) of the short
Josephson junctions (SJJs) is given by equation (1.16). The magnetic diffraction
pattern of the short 0 and the 0w JJs are compared in Fig. 1.7 and for various

junction length in Fig. 3.3 (a,b) (for inline geometry?).

e L.>> A;: The I™(H) for short and long 07 junctions are different, due to
the spontaneous complete formation of a semifluxon in the latter one. The effect
of increasing L on the magnetic diffraction pattern of a 0 junction (shown as 0-0
junction in Fig. 3.3(a)) in inline geometry is to reduce both the height of the central
peak and amplitude of the successive oscillations for increasing magnetic field H.
Instead, for the O—7 junction, the increase of junction length L leads to a reduced
depth of the central minimum at H = 0. However, even for L/\; = 10, the critical
current initially increases with the external magnetic field up to ®/®¢ =~ 0.5. If
L/A\; — oo the curves for the 0 and O-7 junction still differ, as the I.(H) of 0
junction has always a plateau-like I.(H) pattern for small magnetic fields, due to the
complete formation of the semifluxon at the center of junction [13, 15].

[B_TF(H) =1 , (34)

2Note that in this thesis the junctions are patterned in overlap geometry, where the current is
uniformly distributed and the critical current I, increases uniformly with the junction length L.
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Figure 3.3: I.(H)/l, for a series of junction lengths L/A;. (a) 0-0 junction and (b)
symmetric 0—m junction in inline geometry. Solid curve is the analytical result in the
short junction L < \; limit. Curves have been offset vertically by 0.5. Data from
Rel. [15]. (c) I>™(H) of symmetric 0-m short (L = 2\;) and long JJ (L = 10\;),
simulated with STKJJ [35]. Magnetic field polarizes the fractional vortex and the
diffraction pattern depends on magnetic history. Degree of polarization shift depends
on the amplitude of the fractional vortex.

For a complete discussion the effect of polarity of the fractional flux on the I (H)
pattern should be included. This can be done using the STKJJ simulator [35]. In Fig.
3.3(c) the magnetic diffraction pattern for a symmetric O—7 JJ in short (L = 2\;)
and (L = 10);) long limit are plotted. For L = 2\, the diffraction pattern, apart
from the region near H = 0 (depicted on the inset), is still symmetric, whereas for
LJJs (L = 10A;) it becomes asymmetric. Its final form depends on the magnetic
history, as the magnetic field may flip the semifluxon when penetrating inside the
Josephson junction.

3.4 Bias current and semi-integer fluxons

What happens if a uniform dc bias current is applied to a 0—7 LJJ? The current
acts like a driving (Lorenz-) force which tries to push the pinned SF in a certain
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Figure 3.4: Bias current ~ deforms magnetic phase p(x), magnetic field u,(x) and
supercurrent sin(u(x) + 6) of the symmetric 0-r junction of length 10)\; containing
a negative SF. Arrows indicate the direction of a change. For v > 2/m ~ 0.635 the
JJ is in voltage state and the SF flips between PSF and NSF state. Simulated with
STKJJ [35].

direction, depending on the polarities of the SF and of the bias current. In Fig.
3.4 the phase p, magnetic field p,and supercurrent profile in a long 0-7 JJ with a
negative semifluxon (NSF) are shown under various bias currents ~.

A bias current from 0 up to 2/7 cannot move the SF, but just change its shape.
The junction switches into the voltage state at v = 2/7 =~ 0.635 [17]. Now the
junction is in the voltage state (not shown in Fig. 3.4). The negative semifluxon
(NSF) becomes unstable and splits into a negative fluxon (=antifluxon) and a positive
semifluxon (PSF), so that the total flux is conserved. The antifluxon moves away to
the left under the action of the driving force v. The PSF is still pinned but pushed
to the right by the same driving force and consequently splits into a fluxon and a
NSF. The fluxon moves away to the right. Thus, after emission of an antifluxon and
fluxon, the system returns to the initial state with one trapped NSF and the whole
switching process repeats, i.e. a SF of any polarity in a resistively biased LJJ emits
two trains of fluxons: fluxons to the right and antifluxons to the left [17, 97, 98].

Finally, it should be mentioned that in the case of a asymmetric JJ with flat
phase in the ground state p.(z) = 0 a bias current or magnetic field may provoke
the appearance of some fractional flux [17].

3.4.1 Semi-integer Zero Field steps

In a short O—m JJ the hopping of spontaneous flux under a driving bias current can
take place, too. The centered SF and its mirror images (i.e. pinned NSF-PSF-NSF
system) change the polarity at the same time. The PSF exchanges its position with
one of the images (NSF), so that a NSF is in the center and a virtual fluxon ®q is
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Figure 3.5: SFs in connected (a) and unconnected (b) Y BayCuzO7-Au — Nb zigzag
structures with facet length a = 40 pm, imaged by scanning SQUID micrographs.
The inset show geometries of the structures. (a) AFM-ordered, yellow/red and blue
dots: semifluxons with opposite polarity, zero background flux: green, (b) FM-
ordered, all semifluxons have same polarity (yellow/red), zero background flux is
blue. Data from Ref. [22].

transferred through the edge of the junction. Now the system is equivalent to PSF-
NSF-PSF and the process repeats again, thus transferring another virtual fluxon.
The net transferred flux results in a finite voltage across the junction as the phase of
junction is changing with time. This process is very similar to the dynamics which
takes place in a LJJ biased at the zero-field step (ZFS) (see Sec. 1.5.1). The total flux
transferred per reflection is 2m and is twice smaller than for conventional ZFS. The
velocity of the virtual fluxon does not exceed the Swihart velocity, so semi-integer
ZFSs [16] can be observed in the experiment, as done by Goldobin and coworkers
[95] in a 07 junction created with current injectors.

3.5 Realization of 0—7 junctions

0-m Josephson junctions with a spontaneous flux in the ground state can be realized
using various technologies. The presence of a spontaneous flux has been demon-
strated experimentally in Y BayCuzO7-Nb ramp zigzags [22], in long Josephson 0—m
junctions fabricated using conventional Nb/Al-Al,O3/Nb technology with a pair of
current injectors [95] and in the so-called tricrystal grain-boundary LJJs [93, 99, 100].
In this Section I want to focus on the first two systems® before the 07 JJ based on
SFS/SIFS technology will be explained.
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Figure 3.6: (a) Optical microscope picture of a LJJ with two current injectors.
Junction width of the LJJ is w = 5 ym, A\; = 30 ym and j. = 100 A/cm?. The
fractional flux is formed between the current injectors. (b) I.(H) dependence for 0-0
and +7-0 and —7-0 states of the junction. Data from Ref. [95].

3.5.1 Y BayCu3O; — Nb ramp zigzags

By fabricating a ramp JJ in two directions different by 90° and along the a and b
axis between an anisotropic superconductor such as Y BayCu3O; and a metallic su-
perconductor, e.g. Nb, 0 and 7 JJs can be realized in one multilayer [22]. The d,2_,2
wave order parameter symmetry in Y BayCu3zO; and the s-wave order parameter
symmetry in Nb establish a phase shift of = along one axis. From the top, these
junctions look like zigzags with 7 jumps of the Josephson phase at the corners. The
SFs are formed at the corners of the zigzag. Disadvantages are i) the rather large
damping (SNS like junction), ii) the fixed geometry due to d,2_,» wave order para-
meter symmetry and iii) the very different 7.’s of the superconducting electrodes,
complicating the heating to the normal state to get rid of parasitically trapped flux.
In the scanning SQUID microscopy image presented in Fig. 3.5, a spontaneously
induced magnetic flux is clearly seen at every corner of the zigzag structure. The
length of each facet (3> \;) are well within the LJJ limit, thus the spontaneous flux
at each corner is equal to ®/2. The observed SFs may be arranged antiferromag-
netically, Fig. 3.5(a), or ferromagnetically, Fig. 3.5(b). For example, in the latter
case there is no superconducting connection between the separate flux-generating
0-m corner junctions and just individual, uncoupled vortices of 0-m LJJs, aligned by
a weak magnetic background signal, are present.

3.5.2 Artificial 0—« junctions

Using a pair of current injectors attached to one electrode of the LJJ, see Fig. 3.6(a),
one can create an arbitrary phase boundary , not just 7, of the Josephson phase ¢(x)
near the injector points [95, 101, 102]. Ideally, the injectors should have vanishing
width and distance between them and carry an infinite large current. In reality,
instead of a jump by &, a rapid increase of the phase from ¢ to ¢ + k over a small,

3Twin boundaries in d-wave superconductors usually appear as a parasitic effect during the film
growth, but can be controlled to some extend.
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ariical current /1,

Figure 3.7: Symmetric SIFS junctions with a step in the F-layer such that 1.(dy) =
—1.(dy) and dy (d2) being the F-layer thicknesses for 0 (w) coupling of the supercon-
ducting electrodes. Right: schematic layout of 0—r JJ based on SE'S/SIFS technology.

but finite distance takes places. Physically this means that by passing a certain
current from emitter to collector through the piece of the top electrode, the phase ¢
is twisted by x over the small distance 2Aw + Az between the injector points (cf.
Fig. 3.6(a)). This means a magnetic flux equal to ®gr/27 is injected in this region.
In Ref. [95] the artificial phase twisting region is about 10% of A; when using optical
photolithography. The large injector current ~ 13 mA, its magnetic self-field and
the finite distance and width of the injectors are disadvantages of this system. The
magnetic diffraction pattern with and without the injector current is depicted in Fig.
3.6(b). The artificial O—7 LJJ with L & 2\, has a strongly developed minimum at
H=0.

3.5.3 SFS/SIFS Josephson junctions

As described in Chapter 2 the 7 coupled SFS (SIFS) junctions are characterized
by an intrinsic phase-shift of m in the current-phase relation or, in other words, a
negative critical current. By a proper chosen F-layer thickness dp the phase can be
set to 0 or m (Fig. 3.7) and the amplitude of the critical current densities j.(0) and
je(m) can be controlled to some degree. The advantage of this system is that it can
be prepared in a multilayer geometry (thus allowing topological freedom of design)
and it can be easily combined with the well-developed Nb /Al-Al,O3/Nb technology.

The starting point is the comparison of IVC and I.(H) for the reference 0 and 7
JJs to estimate the important parameters such as the critical current /.., the Joseph-
son penetration depth A; and the ratio of asymmetry 0.
The fabrication of 0 and 7 JJs on the same chip based on SFS/SIFS technology, e.g.
in a de-SQUID with 0 and 7 junctions was reported [76]. However, for 0-7 junctions
one needs 0 and 7 coupling in one junction, setting high demands on the fabrication
process.

Thus, the two* exclusive experimental works on the fabrication of 0-m JJs based
on SFS technology [23, 91] do not give information about j.(0) and j.(7). Hence,

4Beside the sample presented in Chapter 7.
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Figure 3.8: (a) I.(H,T) pattern of SFS junction showing deviations at low tem-
peratures, (b) simulated diffraction pattern using the deduced ferromagnetic barrier
profile, (c) stepped F-layer deduced from I.(H) measurements, (d) IVC showing rf-
induced Shapiro steps both at the usual voltages V, = il =L and at half-integer values

2
at V;/2 near 0 to m transition. Data from Ref. [91].

the Josephson penetration depth \; cannot be calculated for these samples and the
ratio of asymmetry 0 is unknown.

The ideal 0-7 JJ would have equal |j.(0)] = [j.(7)| and 0-7 phase boundary
in its center to have the symmetric situation. Furthermore the junctions should be
underdamped (SIFS structure) since low dissipation is necessary for the study of
dynamics and have high j. (and hence small A\; x v/J.) to reach the LJJ limit and
to keep high V, = I.R products. The SIFS based 0-7 junctions fabricated in this
thesis do fulfill these requirements, as shown in Chapter 7.

3.6 Current status of 0—r SFS/SIFS junctions

Spontaneous current in 0—7 JJ

Recently, Frolov, Ryazanov and coworkers [91] reported on a spontaneous flux and
half-integer Shapiro steps in SFS 07 Josephson junctions. From the magnetic dif-
fraction pattern, shown in Fig. 3.8(a,b), they deduced a stepped F-layer, Fig. 3.8(c),
which was caused by inhomogeneities during the fabrication. By applying a mi-
crowave current and tracing the IVC they observed Shapiro steps, cf. Sec. 1.6, near
the finite minimum of the I.(T) curve, see Fig. 3.8(d).

They suggested that this JJ with an non-intended step in the F-layer resembles
a 0-m de-SQUID, where the phase-lock of the spontaneous circulating current to the
driving frequency can create integer and half-integer Shapiro steps [103].

The sin(2¢) component is always present in case of the O0—7 SQUIDs. It is not re-
lated to the existence of some fractional flux in such a O—r junction, which depends
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on the asymmetry § of the junction. To reliably verify the presence of a micro-
scopic sin(2¢) component in an SFS junction with uniform F-layer thickness,® the
simultaneous observation of half-integer Shapiro steps and period doubling in the
current-phase relation is required, as the half-integer Shapiro steps can be caused by
a 0-7 phase boundary due to unwanted roughness of the ferromagnetic layer.

As pointed out earlier in this Chapter the flux created at 0-x JJ depends on the
ratio of asymmetry and total junction length. The highly transparent SF'S junction
of Ref. [91] has a critical current density® of j. ~ 500 A /cm? and A\; &~ 17 um, setting
the 10 x 10 pm? junction to the SJJ limit and the strong asymmetry of the 0- step
should prevent the spontaneous formation of magnetic flux in ground state (see Sec.
3.3.1).

Semifluxons in 0-7 JJ as classical spins

A publication by Della Rocca et al. [23] verifies that the spontaneous flux appearing
in ferromagnetic 0-m Josephson junctions behaves as a classical spin. From theo-
retically point of view this was clear, as the semifluxon has two degenerated ground
states. They realized a 0—r junction using SF'S technology. The SFS-type 0—m source
junction is placed above a SIS-type detector junction. The step in F-layer was again
achieved by uncontrolled roughness in the F-layer in the encircled part of Fig. 3.9(a).
The I(H) dependence of the source junction (Nb?/PdNi/Nb-Al) was not measured
directly because of the extremely small characteristic voltage V.. Instead, the pres-
ence of the spontaneous fractional flux was detected by a miscellaneous SIS detector
junction (Nb'/Al-Al,03/Nb?) inductively coupled with the SFS JJ.

By varying dj they fabricated samples with dz(PdNi) = 40 A and 100 A, where
dr =100 A corresponds to the 7 coupled ground state. The top Nb—Al electrode had
a superconducting transition temperature below 4.2 K. The [.(H) of the detector
was first measured at 4.2 K, when the structure is SIS-SFN like and the spontaneous
flux is absent. Below 2.0 K the top electrode becomes superconducting (SIS-SFS
structure) and in case of a 07 source junction (dr = 100 A) the I.(H) of the detector
junction shifts, as can be seen at the bottom part of Fig. 3.9(b).

The 0-7 JJ induced a shift in the magnetic diffraction pattern of the detector
by approx. half a semifluxon (~ ®,/4). The spontaneous flux pinned in the 0-m JJ
depends much on the ratio of asymmetry, which is unknown in this experiment, too.
Maybe even multiple O— steps are present in the F-layer. As these high transparent
SFE'S junctions have probably a very small \; the junction could be in the LJJ limit
and the spontaneous flux might be approaching ®,/2.

The magnetic remanence of the PANi film lifts the degeneracy of the ground
state and polarizes the supercurrent. As consequence, the sign of the shift in I.(H)
is always the same below the Curie temperature (7c = 100 K), indicating the same
spontaneous current polarization. The authors showed by the equal distribution of
positive and negative shifts by ~ ®q/4 of the I.(H) of detector junction in zero field
cooling from room temperature (T' > T¢), as depicted in Fig. 3.9(c) and the exact

Sclaimed by Sellier et al. [90], see Sec. 2.6.
6Magnetic scattering in the F-layer and the trilayer fabrication with breaking of vacuum result
in this moderate j..
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Figure 3.9: (a) Semifluxon (source) is Nb®/PdNi/Nb-Al stack with T, = 3.6 K.
Detector (Nb'/Al-Al,05/Nb?) is coupled to source by common electrode (Nb?). The
loop indicates the location of SF. 0 coupling is set by holes in PANi layer. (b) I.(H)
of the detector for sources with dp(PANi) = 40,100 A corresponding to i) 0 coupling
and ii) m coupling. Red: measurements taken at T = 4.2 K (SIS-SFN) and blue:
T < 2.0 K (SIS-SFS). Shift of I.(H) about ®,/4 appears in (ii) case, where a 0—r
JJ is realized, (c¢) Amplitude histograms of the spontaneous shift for 26 different
cooldowns of different samples from T' > T¢ and Gaussian fits. The Gaussians have
mean values of 40.24®, and —0.26®,. Data from Ref. [23].

flux compensation upon field cooling, that these O—r junctions behave as classical
spins.
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Chapter 4

Sample preparation

The fabrication of Josephson tunnel junctions with a ferromagnetic interlayer (SIFS
stack), exhibiting a uniform transparency for Cooper pairs through the insulating
and ferromagnetic double layers was challenging. To measure the tunnel current the
superconducting electrodes on the bottom and the top of the I/F layers had to be
contacted. The simple deposition of a multilayer stack was not sufficient. The device
had to be patterned by thin film techniques in a crossbar geometry.

This Chapter describes the deposition method of multilayer films with a focus
on the tunnel barrier formation and the lithographic patterning of samples. For
the production of Josephson tunnel junctions a combined deposition and patterning
process was utilized, which included sputter deposition, ion-beam etching, anodic
oxidation and optical lithography. Individual process steps were modified in part to
fulfill the particular requirements of SIF'S junctions in the 0 and 7 coupled regime. To
ensure a high yield of functional junctions, the standard SNEAP patterning process
[104, 105] for Nb/Al-Al,O53/Nb (SIS) junctions was modified and optimized for the
SIFS-type junctions.

The fabrication of SIFS JJs with symmetric O—r coupling was a task with many
obstacles. The sophisticated patterning process for obtaining a step of a few tenth
of nanometer height in the ferromagnetic layer (F-layer) is treated in the last part
of this Chapter.

The structural and electrical characterizations of the junctions are described in
Chapter 6 (SIFS junction with a uniform F-layer) and Chapter 7 (SIFS junction with
a stepped F-layer).

4.1 Sputter deposition

The fabrication of multilayers was performed in situ by a computer-controlled Ley-
bold Univex 450B magnetron sputtering system (Fig. 4.1).

The deposition of thin films by a plasma was originally discovered in 1852 by Sir
Grove and 1858 by Pliicker. The term sputtering was first used in the 1920s by I.
Langmuir and K. H. Kingdon and is derived from the Latin sputare (to emit salviva
with noise). It is used for the erosion of a solid state surface (the target) by an
energetic particle bombardment in the limit of small particle flux [106].

In an electric field between substrate and target the positive charged ions are
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accelerated towards a negative charged target. By momentum transfer to the target
atoms these ions generate non charged atoms with kinetic energies of about 10 eV,
which move isotropic in space and are deposited in part on the substrate. A noble
gas like argon is used as process gas at a pressure of several 1072 mbar. Due to
the natural radioactivity the gas atoms are partly ionized and the free electrons are
accelerated towards the anode. Thereby more ions and electrons are produced in a
cascade manner. The lower limit for the ionization voltage depends on gas, geometry
of the set-up and the target material. Since the recombination of the gas ions and
electrons takes place inside the plasma a discharge glow is visible.

To enhance the sputter rate magnetron-sputtering is used, where the stray fields
of permanent magnets are focusing the plasma in a ring-formed area near the target.
This increases the charge carrier density and leads to higher sputter rates. The dis-
tance between target and substrate is about 6 cm in the employed system. A rotary
arm places the sample below the target. A computer controlled shutter between tar-
get and sample allows precise pre-sputtering and deposition timing. Typical power
for metals is about 150 W for a 4 inch target (1.9 W/cm?), yielding deposition rates
of 1 nm/s. To decrease the deposition rates and to ensure a highly uniform grows of
films the sample can be rotated under the target (down sputter method).

4.2 Multilayer deposition

Thermally oxidized 4-inch Si wafer served as substrates. The wafers were clamped
onto a water cooled Cu-block.

First of all, the 120 nm Nb bottom electrode and the 5 nm thick Al layer were
deposited.

Second, the aluminium was oxidized at room temperature for 30 min in a separate
chamber at an oxygen partial pressure ranging from 0.001 to 50 mbar, depending on
the desired critical current density j. of the superconducting tunnel junctions.

separate chamber
6 inch target
300°C heater

main chamber
rotary arm
4 inch targets

oxidation chamber
Hg UV lamp
300°C heater

transfer
chamber
with roboter

load lock
RF-sputter clean

Figure 4.1: Layout of Leybold Magnetron sputter machine Univex 450B.
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Figure 4.2: (a) SIFS stack with wedge-shaped F-layer and (b) decreasing of NiCu-
sputter rates across a 4 inch wafer off-placed underneath the target.

Third, for the SIFS junctions the ferromagnet (i.e. a NiCu alloy) was deposited. For
realization of the wedge shaped NiCu-layer, see Fig. 4.2(a), the substrate and sputter
target were shifted about half the substrate length. This enabled the preparation
of SIF'S junctions with increasing F-layer thicknesses along the direction of the shift
to avoid the inevitable run-to-run variations. The sputter-rates for NiCu along the
gradient were determined by thickness measurements on reference samples using a
Dektak profiler. In this way I prepared SIFS stacks with the F-layer thickness ranging
between 1 and 15 nm, see Fig. 4.2(b).!
At the end a 40 nm Nb cap layer was deposited.
SINFS-type multilayer stacks with a normal metal N, i.e. Cu, were prepared, too.

The radius of neutral Ni and Cu atoms is about 0.15 nm. The polycrystalline
structure of the NiCu film and the inherent interlayer roughness of room-temperature
sputtered films prevent the exact estimation of the layer thickness. In addition,
my experimental results suggested that a continuously variable-thickness model was
more suitable for the junctions than a monolayers-thickness model. The mean F-
layer thickness of the Josephson junction was calculated from its location on the
shifted substrate and the sputter rates, shown in Fig. 4.2(b).

Nb and NiCu were statically deposited, while Al and Cu were deposited during

!The estimated variation of the F-layer over a length of 100 um was less than 0.02 nm, i.e. it
could be neglected.

Table 4.1: Deposition parameters for SIS, SIFS and SINFS stacks.

metal Ar pressure power density  rate deposition type
[1073 mbar] [W/cm?] [nm/s
Nb 7.0 5 2.0 static
Al 7.0 1.9 0.05 rotation
NiCu 4.2 0.6 < 0.34 shifted from target
Cu 4.2 1.9 0.1 rotation
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E

metal barrier oxygen metal barrier oxygen metal barrier oxygen
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Figure 4.3: Energy scheme for oxidation of metals. (a) electron transfer through
barrier, (b) after ion transfer, asymmetric barrier, (¢) UV-enhanced oxidation.

sample rotation and at much lower deposition rates to obtain very homogeneous and
uniform films. Details of the deposition process are depicted in table 4.1.

4.3 Oxidation process of tunnel barrier

The quality of a tunnel junction depends very much on the properties of the tunnel
barrier. The tunneling probability is exponentially dependent on the barrier thick-
ness. The inhomogeneity of the tunneling current scales with the interface roughness
of the barrier. The chemical structure of the aluminium oxide and impurity atoms
in the barrier influence the electronic properties such as the conservation of electron
spin during tunneling.

As a result of the wetting of Al on Nb [107-109] the Nb/Al-Al,O3/Nb trilayer stack
is the standard choice for the fabrication of Josephson tunnel junctions. After a few
monolayers of Al on Nb a closed Al layer is formed. The oxidation of aluminium
is self-limited and the AlyOj3 layer is 30% thicker than before oxidation. Detailed
studies on metal oxidation were performed by Cabrera and Mott [110, 111] and are
shortly summarized for the case of aluminium.

The first Al monolayer oxidizes immediately in high vacuum due to the remaining
oxygen in the residual gas. The lowest unoccupied orbital of the oxygen is energeti-
cally lower than the Fermi-energy of aluminium. After adsorption of oxygen on the
Al, O3 surface, electrons are tunneling into the oxide-gas interface. This leads to
a surface charge and thus to an electric field between the Al metal and the upper
most oxide-layer. Subsequently positive Al-ions migrate toward the oxygen layer
and form a new Al,O3. The maximum thickness of the AlyO3 barrier is determined
by the potential difference between the Fermi-level of Al and the lowest unoccupied
orbital level of the adsorbed oxygen, which depends on the partial oxygen pressure.

To form a thick AlyO3 barrier, of particular importance for junctions with very
low critical current densities, an ultraviolet light (UV) assisted oxidation process
[112, 113] was used. As UV source a mercury lamp with emission lines at 254 nm
and 185 nm was employed. By this irradiation the molecular oxygen is transformed
into highly reactive atomic oxygen and ozone. At 100 mbar the absorption length
is larger than 30 cm, whereas the distance between lamp and substrate is less than
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Figure 4.4: Set-up for anodic oxidation of Nb and Al, used for i) the structural
analysis of Nb /Al-Al,O3/Nb and ii) the formation of NbyOj5 for the junction insu-
lation.

10 cm. The photoelectric effect increases the energy of the aluminium-electrons (i.e.
the electric field over the aluminium-oxide) and the final Al;O3 thickness is enhanced.

4.4 Anodic oxidation process

Anodization is an electrolytic process in which a metal, in this case niobium and alu-
minium, serves as the anode in a liquid electrolyte. The anodization was performed
at room temperature using the standard anodization techniques [114] (see Fig. 4.4).
The electrolyte is a mixture of 156 g ammonium pentaborate, 1120 ml ethylene gly-
col and 760 ml HoO [104]. The partially submerged Nb was used as anode and a
gold-covered metal serves as cathode. The electric contact was made outside the
electrolyte to the anode. By protecting parts of the niobium electrode with photore-
sist only a well-defined area was oxidized. When a constant current passed through
the Nb or Al film in the electrolytic solution, the surface of the metal was converted
to its oxide form. The oxidation front progressed from the electrolyte towards the
metal. The final oxide thickness was determined by the maximum built-up voltage.
About 0.88 nm of Nb was consumed and about 2.3 nm of NbyO5 was produced for
each volt applied across the anodization cell. The partial derivative of the voltage
drop with time dV/dt over the substrate depended on the metals, if the anodization
current density was kept constant.

The anodic oxidation was used twice for the preparation of Nb based junctions:
to monitor the sharpness of the Nb-Al and Al,O3-Nb interfaces (see Section 6.1.1)
and to form niobium oxides for the tunnel junction insulation. Anodization processes
of this type have been extensively used in the past for the fabrication of Nb based
Josephson junctions [104, 105, 115-117].
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(a) Multilayer deposition (b) lon beam etching

J |

(c) Niobium anodization (d) Wiring deposition

Figure 4.5: (a) to (d) Three level photo mask procedure including ion-beam etching
and Nb-anodization for junction insulation.

4.5 Patterning

In general, tunnel junctions are patterned using optical lithography and Ar ion-
beam milling. The standard procedure for the patterning of SF'S or SIFS junctions
[8, 9, 65, 79] is done by a three level photolithographic mask procedure, similar to
Kroger et al. [104] and Gurvitch et al. [105]. The insulation of the junction is done
by a self-aligned deposition of silicon-oxides after the etching.

For this thesis the patterning was modified to ensure a high yield of functional
devices. A NbyOj5 insulator was formed by anodic oxidation of Nb after the ion-beam
etching. The NbyOj5 exhibited a nearly defect free insulation between the supercon-
ducting electrodes, even for ferromagnetic interlayers of 15 nm thickness.

e With the first photolithographic process the bottom SIFS-layer areas were defined
by a lift-off process. The situation after deposition of the SIFS sequence is shown in
Fig. 4.5(a).

o After lift-off various kinds of the tunnel junctions were defined by applying the
second photo mask step and followed by Ar ion-beam etching of the Nb, NiCu and
Al layers. The etching was controlled by a secondary ion mass spectrometry (SIMS)
and the procedure was stopped after the complete etching of the Al,O3 tunnel bar-
rier, as shown in Fig. 4.5(b). During the etching the substrate was tilted by 70°
and rotated to avoid etch fences at the edges of the mesas. The mass spectrum is
plotted in Fig. 4.6. Note that the sensitivity of the spectrometer to Al allowed an
accurate stop of etching just below the Al layer. The mesas were isolated by the
SNEAP (Selective Niobium Etching and Anodization Process) [105], Fig. 4.5(c).
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Figure 4.6: Mass spectrometer graph: Etching of Nb, NiCu, Cu and Al,O3 —
layer of SINF'S type stack down to S-layer. The wedgelike NiCu-layer provoked a
smearing of peaks of the underlying Al and Cu layers. The Ni peak can hardly be
distinguished from the background signal.

eln the last photolithographic step the wiring layer was defined. After a short ion-
beam etching to reduce the contact resistance, a 300 nm thick Nb wiring was de-
posited. Fig. 4.5(d) shows the schematic cross section of the fully patterned device.

It is interesting to note that the anodization was successful in presence of the
NiCu layer. No problems with parallel currents through the NiCu layer during
anodization were obtained. Probably the ferromagnetic layer was so thin that it
was immediately overgrown by NbyOj5 shortly after starting the anodization proce-
dure. At a rate of about 1 V/s the junction was anodized up to a voltage of 60 V
(corresponding to 52 nm of anodized Niobium). The form factor of 2.3 for Niobium
oxidation corresponds to 120nm of formed Nby O3, providing a complete side coverage
of the barrier and the ferromagnetic layer.

4.5.1 Idle region and capacitance

The formation of the junction area was done by leaving a window in the insulating
region of NbyO5 (dielectric constant € ~ 30). The AlyO3 tunnel barrier has a di-
electric constant € ~ 4 — 9. The insulating area between bottom and top electrodes,
which provided the passivation of the bottom electrode all around the tunnel area,
is the so-called idle region, see Fig. 4.7. It was shown that the presence of the idle
region changes the static [118] and the dynamic properties [119] of Josephson tunnel
junctions.

The total specific capacitance of a J osephson junction is given by Ct ) = Cip0,+
Cszo5 with capamtance C* = € ¢o w;;/dy’, and the total specific self-inductance by
Ltotal = LA];O; + Lszor with self inductance per unit length L;; = po d; ;/wi g,
width w;;, dielectric constant ¢, ;, insulator thickness d” and magnetic thickness
d; ; = df’ + Apcoth (t1/Ar) + A coth (t3/Ar). The indexes 1 and j refer to the idle
and the junction region, respectively.
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Figure 4.7: Optical microscope picture (top view) and cross section of a window
junction with idle region. The area of the junction is 100 x 100 pm?.

A junction with idle region is characterized by a larger capacitance Ciopa and a
smaller self-inductance L, per unit length, compared to the naked junction.? The
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Thus, the Swihart velocity is increased outside the window region, i.e. inside the idle
region. The idle region plays a prominent role in the phase velocity of the electro-
magnetic wave and can influence the estimation of Swihart velocity, capacitance and
magnetic thickness d' of junction. Monaco et al. [119] reported for junctions with an
idle region i) along the long junction dimension a frequency dependent increase and
ii) along the end of junctions a frequency independent decrease of the phase velocity.

The focus of this thesis was on the static properties of Josephson junctions, i.e.
the coupling of phase. This was done by measurements of the critical current I,
when changing the magnetic field, the temperature or the F-layer thickness. For the
sake of simplicity, the junction layout was not optimized for measurements in the
dynamic region. Fiske step measured for junctions with different geometries, but
same thickness of AlyO3 tunnel barrier, yielded different values for the capacitance.
The estimated capacitance was decreasing with increasing ratio of the idle over the
junction region. I calculated the capacitance using the junction with the smallest
idle region. The aluminium oxide tunneling barrier formed at 0.015 mbar gave a
specific capacitance C' of ~ 8 uF /cm?. The detailed study of dynamics in 7 or 0-7
coupled junctions is subject of future work.

2 Junctions with a neglectable idle region.
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4.6. SIFS JUNCTIONS WITH STEP IN THE F-LAYER

Table 4.2: Final patterning and deposition/etching receipt for SIFS junctions with
a step in the F-layer. 0 (m) JJ with the F-layer thickness dy (ds) is denoted as SIF,S
(SIF,S) and the F-layer step height is Adp = dy — d;.

receipt assets and drawbacks

deposition of SIF,S well defined v/

etching down to SIF, etching of S (completely) and F (about Adg) ?
roughness of Fg 7

deposition of cap Nb high transparent Fy/S interface ?

4.6 SIFS junctions with step in the F-layer

Although some time was spent on the complex and sophisticated fabrication of SIFS
junctions with a stepped F-layer, the description is brief, as just the successful at-
tempt is described.

The 0 JJ with the F-layer thickness d; is denoted as SIFS, the w JJ (dp = dp) as
SIF,S and the F-layer step height between both coupling regimes is Adr = dy — d;.

The SIFS junctions with step in the F-layer were based on the SIFS structures
described in Section 4.5. The sign of the critical current and therefore the phase ¢
(0 or ) in the ground state depends on the thickness dg of the ferromagnetic layer.
Rigorous control of both F-layer thicknesses was mandatory to achieve a symmetric
0-m JJ with F-layer thicknesses d, d2 and step-height Adp. Both parts (0, 7) of the
junction should have the same length Lo = L,. The proper chosen thicknesses of the
F-layers should yield the same absolute critical current densities: j.(d1) = —j.(dz).

Accuracy of stepped F-layer

Magnetron sputtering is based on the combination of ion production and acceleration
near the target. The isotropic deposition of the sputtered metal atoms leads to
shadow effects (~ 10 pm) if using metal or Si shadow masks to define the 0—m step.
In addition, the inaccuracy of in situ mask handling sets a handicap for patterning
of the 07 step. Using optical lithography the condition Ly = L, could be fulfilled
up to an accuracy of 1 um. The shadow effect at the side of the photoresist was
much reduced, as the resist had a height of ~ 1 ym. Patterning of the structures by
optical lithography is done ex situ by means of water, organic polymers, developers
and solvents under thermal heating of the resist up to 120°C. Thus, the top surface
of the sample was oxidized and had to be removed by short ion-beam etching to
obtain similar interface transparencies in 0 and 7 parts.

Reactive dry etching

In the past two decades a lot of research was done on the use of selective etching
in Nb/Al-Al,O3/Nb stack fabrication processes, such as wet etching, CF4 and SFg
reactive ion etching (RIE) or other techniques [120, and references herein]. In par-
ticular, it was shown that SFg provides an excellent RIE chemistry for low-voltage
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Figure 4.8: The complete SIFS, i.e. the high quality SINF'S, stack was protected
in part by photoresist. The Cu-layer was necessary for uniform current transport
(cf. Chap. 6.3.1): (a) reactive etching of Nb with SFg down to NiCu layer, (b)
ion-etching of NiCu to set 0 coupling and (c) in situ deposition of cap Nb layer.

anisotropic etching of Nb with high selectivity towards other metals [120]. I have
chosen SF¢ to remove the Nb-layer.

The inert SFg dissociated in a rf-plasma and the fluor diffused to the surface of
the substrate, where it reacted with niobium

5F + Nb — NbFs.

The volatile NbF5 was pumped out of the etching-chamber. For reactive dry etching
the still existing shadow-effects by the photoresist at the side of junction could be
neglected.

4.6.1 Patterning of step in the F-layer

The patterning of the 0—r JJ can be done by several approaches. For this thesis the
receipt from table 4.2 was chosen.

The deposition of a m coupled JJ with subsequent in situ etching of the S and F-
layers and deposition of the S-layer to define the 0 coupled parts was the most likely
technique to yield functional 0—m JJs with small variation of parameters. The 0—r
patterning was done after the complete deposition of the SIFS stack and before the
definition of the junction mesa by argon-etching and NbyOs5 insulation. The actual
junction was centered at a step in the F-layer, visible by the non-uniform Nb layer
above (ramp of ~ 20 nm height and ~ 1 pm width). Hence, it took place between
steps (a) and (b) as shown in Fig. 4.5.

Reactive and ion-etching

Simple ion-etching of both Nb and NiCu did not provide a good control over the final
F-layer thickness, as this unselective long-timed etching has the disadvantages of non-
stable etching rates and an non-uniform etching front. Thus, either the tunnel barrier
was partly etched, or the etching was stopped before reaching the ferromagnetic layer.
If reactive dry etching was used, the last part of etching still had to include an ion-
etch to remove all non-metallic etching products such as fluorides and sulfides from
the top-layer of the NiCu, in case that SFg was used as process gas.
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4.6. SIFS JUNCTIONS WITH STEP IN THE F-LAYER

Etching/Deposition parameters

The 0-m patterning process is depicted in Fig. 4.8. The key points were i) selec-
tive reactive etching of the Nb, ii) ion-etching of the NiCu to define SIF, and iii)
subsequent in situ deposition of Nb.

After deposition and lift-off of the complete SIF .S stack the junction was partly
protected with photoresist to define the step location in the F-layer.
e The unprotected 40 nm Nb cap layer was removed by reactive dry etching with
SFgs. The SFg gas pressure was 1.5-1072 mbar and the power density was 0.6 W /cm?.
The selective etching provided an etching rate® of Nb ~ 1 nm/s, whereas the NiCu
served as an etching barrier due to the much lower etching rates of Cu and Ni. Nb
was completely removed to avoid any (superconducting) short circuits at the side.
At the same time the NiCu surface was still homogeneous and flat, as can be deter-
mined from the electric transport measurements (see Chapter 7).
e A few tens of nanometers of NiCu were Ar ion-etched at a very low rate: 0.008 nm/s.
The argon pressure was 5 - 1072 mbar and the power density was 0.6 W/cm?. The
low power density of the etching-source reduced the damage of the NiCu film below
the surface and at the same time gave a good control over the thickness.
e Finally a 40 nm Nb layer was deposited by magnetron sputtering.
The complete etching and subsequent deposition of 40 nm Nb cap layer was done in
situ at a background pressure below 2 - 1075 mbar.

In Fig. 7.5 a centered 0—m coupled SIFS junction is presented, although the 0—
7 step could hardly be resolved by optical microscopy and is denoted by the black
dashed line. To my knowledge, this was the first controlled patterning of 0—m Joseph-
son junctions based on a ferromagnetic interlayer.

4.6.2 Structural analysis of the step

On reference samples I structured multiple 0-m steps with 2 ym gap and width for
structural analysis after etching and Nb deposition. The topography was obtained
by SEM (Hitachi-S4100) with a field-emission electron gun operating at 6.3 kV and
AFM (S.I.S Picostation) in non-contact mode, as depicted in Fig. 4.9(a+b). For
SEM the photoresist was left on the sample and for AFM it was removed by lift-off
technique. While etching with SFg the NiCu-layer served as etching barrier. Thus
it facilitated the over-etching of the Nb to ensure its complete removal. Just the
short-timed argon-etched NiCu-layer was slightly non-uniform near the resist walls
(resist height 1 pm) due to the anisotropic etching front. Since in real 0-7 JJs the 0
coupled part had dimensions about 10 pm or larger, the non-uniformity of the NiCu
layer near the 0—m boundary, created by shadow-effects of the resist, was averaged
out in transport measurements and could be neglected.

However, the deposition of Nb after the reactive and ion-beam etching led to a
non-uniform cap layer. The slight asymmetry in the wall gradients of the resist, as
seen in SEM, caused a variation of the Nb deposition rates near the resist walls.
This explains the difference in stack height (much larger than Ady), as can be seen
at the AFM image of the SINFS stack shown Fig. 4.9(b).

3The etching rates were estimated from reference samples with thick films.
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Figure 4.9: Topography of (0-),, reference sample with 2 ym wide gaps after etching
and Nb deposition. (a) SEM image before removal of photoresist (protecting m
coupled parts). (b) AFM image (7 x 7 ym?) after removal of photoresist.
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Chapter 5

Ferromagnetic NiCu alloys

The magnetic properties of the F-layer in the SIFS stack are of great importance in
the search for m coupled Josephson junctions. The choice of the ferromagnetic layer
has great impact on the current transport characteristics. All the essential parame-
ters of m coupled JJs, such as the critical current density and related parameters like
damping of the plasma oscillations are determined by the F-layer. For this thesis I
have chosen the NigyCuyg alloy, consisting of the strong ferromagnet Ni and diluted
with diamagnetic Cu.

5.1 Theory of NiCu alloys

The saturated magnetic moments of the 3d transition atoms can be changed over a
large range in binary alloys by changing the number of electrons per atom [122]. The
well-known Slater-Pauling curve shows a linear correlation for the average moment
my and the number of electrons per atom for alloy atoms which differ only by one
or two atom-numbers, such as ,gNi and ,Cu.

In fact, bulk NiCu alloys have been very intensively studied in the second decade
of the 20" century as model systems for the onset of magnetism. They vary smoothly
from paramagnetic to ferromagnetic order with increasing Ni content (see Fig. 5.1).
For just a few Ni impurities in a Cu matrix some magnetic Ni clusters arise from
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Figure 5.1: Magnetic moment my; per atom and Curie temperature T¢ of bulk NiCu
alloys. Measured by Ahern at al. [121] in 1958.
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CHAPTER 5. FERROMAGNETIC NICU ALLOYS

statistical concentration fluctuations. If the impurity concentration increases further,
the cluster spins begin to overlap with their nearest neighbors and a correlation devel-
ops, which leads to large but local ferromagnetic regions. Thus, the inhomogeneity
is the onset of ferromagnetism in those disordered alloys. For Ni concentrations
larger than 44 — 47.6% [123] ferromagnetism arises. A recent publication by Ru-
sanov et al. [124] on dc¢ and rf magnetron sputtered thin films of Ni,Cuy_, alloys
with 2 = 0.60,0.50 and 0.45 at.% is in good agreement with the data from bulk alloys
[121]. It should be mentioned that for a Ni concentration of up to 80% clustering
was observed. However, the annealing temperatures (several 100°C) and times (sev-
eral hours) for the observation of clustering in NiggCuyg samples were much larger
than my standard parameters of 4 min photoresist baking at 120°C [125] during the
patterning.

5.1.1 Very thin NiCu films

The magnetism in thin magnetic films is weaker than in bulk. Of particular interest is
the so-called dead magnetic layer in which the ferromagnetism and even the magnetic
moments are suppressed. For Co and Fe the first monolayers already show a magnetic
moment at 10 K [126]. Ni films with less than two atomic layers possess no magnetic
moment, but show an enhanced susceptibility at 10 K. Ni films thicker than three
monolayers show a magnetic moment [126]. This sets the lower limit for the thickness
of the dead magnetic layer in polycrystalline NiCu alloys.

For dc sputtered films from a NigyCuyy target onto a Nb film a change of the
stoichiometry with decreasing film thickness was reported [127]. NiCu films with
thickness below 4 nm display a change of the Ni content from 60% to 50%. The
authors claim that the enhanced wetting of Cu of the bottom Nb layer is responsible
for the compositional change. Hence, NiCu films pose a reduced exchange energy Fey
at the lower interface of SF'S stacks compared to the top interface. To my knowledge
no work on the wetting of NiCu on a Al,O3 tunnel barrier (present in the SIFS
multilayer presented in this thesis) has been published, yet.

5.2 Characterization of NigyCuyg

I have chosen the diluted ferromagnetic alloy NigoCuyg as the ferromagnet in SIFS
stacks to reduce both the strong magnetic scattering and the magnetic inhomogeneity
observed in SFS junctions with F =Ni,Cu;_ alloys for x up to 0.53 atomic percent
[128, 129]. NigyCuyg is a weak itinerant ferromagnet and the magnetization of its
thin films is in-plane [130].

5.2.1 Stoichiometry

Sputtering of NiCu alloys at room temperature is known to preferentially remove the
Cu atoms to a degree which is consistent with the sputtering yield ratio of pure Cu
and Ni [131]. The pre-sputtering time should be long enough to reach the equilibrium
state with a constant Ni/Cu sputter ratio.
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Figure 5.2: Data and fit of RBS measurement of a 10 nm NigoCuyg film on Si
substrate.

The stoichiometry of the sputtered films was determined by Rutherford Backscat-
tering (RBS) on a thin film sample. The detector determines the energy after
backscattering of mono-energetic 1.7 MeV He-atoms on the NiCu alloy. The energy
distribution of the backscattered atoms is a function of the adjacent atom numbers
Z =28 (Ni) and Z = 29 (Cu)and demands very thin films for separation of both
peaks to avoid multiple scattering. Fig. 5.2 shows the obtained spectra of a 10 nm
thin NiCu film on a Si substrate with 400 nm SiO, surface layer. The Si and its
oxide peaks are at much lower energies. With a computer program [132] the spectra
of the sample was simulated using the natural isotopic structure of both elements.
The fitting yielded a composition of 60% Ni and 40% Cu.

5.2.2 Electric properties

The residual resistance pr = 53.97 uQdem was measured by four-point probe on a
bare NiCu film at 10 K. The large resistance reflects the disorder of the random
positions of Ni and Cu atoms and is in good agreement with the experiments on
similar NiCu alloys [123]. T calculated a mean free path

{=m,/prn.e* = 0.2 nm,

with electron mass m,, carrier density n. and electron charge e. It was found for
bulk samples that the Fermi level does not change significantly as the concentration
of the Cu increases [133], thus the bulk value of Ni crystals (vp = 2.8-10° m/s [134])
is taken. The diffusion coefficient is calculated with the Fermi velocity vr as

D = (vp/3 =~ 0.2 cm?/s.

The coherence length of the order parameter £p is determined as 0.78 nm (see
Chapter 6). The ratio /&g &~ 0.25 < 1 indicates that the SIFS with F = NigoCuyg
junction is in diffusive limit, see Sec. 2.3 for details.
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Figure 5.3: Superconducting quantum interference device (SQUID) magnetometry
on 10 nm NigyCuyg alloy yielded the temperature dependence of the saturation mag-
netization. The inset depicts the magnetic field dependence of the saturation mag-
netization at 4.2 K.

5.2.3 Magnetic properties

The study of the volume magnetization of NiCu films with areas about 30 mm?
and 10 nm thickness was done by a Quantum design Co. MPMS2 superconducting
quantum interference device (SQUID) magnetometer (sensitivity about 107 emu).!
A detailed overview on SQUID principles and applications can be found in [135] and
partly in the first part of this thesis.

The magnetization as a function of the temperature and in-plane magnetic field
of 100 mT is shown in Fig. 5.3. The Curie temperature T was extrapolated to about
225 K. From the M(H) loop in the inset of Fig. 5.3 an atomic saturation moment
of ma = 0.15 up/ at a magnetic field of about 40 mT was calculated. It fits to the
magnetic moment per atom mae nicu calculated by interpolation from reference data
[65, 124, 133, 136]. Likewise, the Curie temperature T¢ was in good agreement with
the values reported in literature [137].

The exchange energy (i.e. the splitting between spin-up and spin-down bands at
the Fermi level) of bulk magnets had been calculated for NiCu alloys as a function of
the concentration between 70% and 100% of Ni [133]. The linear extrapolation down
t0 60% (notice that both Curie temperature T¢ and the magnetic moment my; depend
linearly on the Ni concentration too) indicated a value of roughly Eg, & 100 meV.
However, the exact determination of E., by extrapolation is problematic. There is
a discrepancy between the results obtained from spin-resolved photoemission spec-
troscopy on bulk Ni crystals Fe = 100 — 175 meV [138, 139] and higher theoretical
predictions Fe, = 300 — 425 meV [140].

Considering the very low magnetic signal of a thin magnetic film on the thick

'In this Chapter the magnetic quantities and units are partly given in the CGS — emu system,
as this system is used by the SQUID magnetometer set-up. Nevertheless, the author is aware of
the fact that this is not consistent with the rational SI system.
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Figure 5.4: Anomalous Hall effect on 5 nm NiggCuyg alloy. The inset shows the minor
loop up to 5 mT, yielding a linear dependence of the saturation magnetization on
magnetic field.

diamagnetic Si substrate, the anomalous Hall effect [141] was used for hysteresis
measurements on a 5 nm NiCu film as shown in Fig. 5.4. The Hall-resistance

Ry = Ruan - (o [H + M]) + R - poM

is determined by the normal Hall-effect (Lorentz force on charge carrier) and the
second term is proportional to the magnetization of sample. For magnetic alloys
such as NiCu the first term ~ |Rpan| is much smaller than the anomalous Hall-
coefficient R, [141]. Hence, the resistance signal detected in the crossbar structure
corresponds to the total magnetization of the thin magnetic film.

The saturation field of the 5 nm sample was about 40 mT, too. The sample
showed a moderate remanent magnetization of about 20% of the saturation magne-
tization. The coercive field for this sample was smaller than for the 10 nm sample
from Fig. 5.3.

Weak magnetic field and very thin F-layer

Hysteresis measurement of a demagnetized (by heating above T, followed by zero
field cooling) sample of 5 nm thickness with the field amplitude sweeping between
+5 mT indicated a linear, reversible response of the magnetic moments, as presented
in the inset of Fig. 5.4. For these minor loops no or a just very weak remanent
magnetization of the NiCu layer was detectable.

This implied that for demagnetized samples the stray field of the magnetic do-
mains in the NiCu film canceled out and no external magnetic flux appeared. If
external magnetic fields were weak (< 5mT) the total magnetization of sample was
reversible.

The Josephson junctions were always cooled down in zero magnetic field. After
zero field cooling the SIFS stack has a demagnetized ferromagnetic interlayer and
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CHAPTER 5. FERROMAGNETIC NICU ALLOYS

produces no net-magnetic flux.

To study the transport in SIFS junctions the maximum applied magnetic field was
given by the oscillation length of the magnetic diffraction pattern I.(H). It was
usually below 1 mT for standard sized (~ 100 pm) junctions. Usually, the F-layer in
the sandwich should display no remanent magnetization on a macroscopic scale.

5.2.4 Calculation of remanent magnetization in NiCu films

The 7 JJs fabricated for this thesis had a NiCu thickness of about 6 nm and the
dead magnetic layer thickness is calculated as ~ 3 nm by I.(dr) measurements on
SIFS junctions, see Chapter 6.

I want to roughly estimate the shift of the Fraunhofer pattern I.(H) in case of a
single domain state of the ferromagnetic layer. Therefore, the magnetization and the
magnetic flux of a thin NigyCuyg film are calculated. The magnetic dipole moment
of NiCu is given by

Nap v,

mol

m =MV = my

where mu = 0.15up, Nap/Mme is the number of atoms per unit volume and V
is volume of the NiCu layer. 1 cm?® contains Nap/mme = 8.8 x 102 atoms, if
p = ppuk = 8.92 g/cm® and molar weight 1m0 = 60.6 g.

The total magnetic dipole moment is m = 0.15up - 8.8 x 10%® = 123.1 kAm? and
the magnetization M = 123.1 kA/m. Magnetic induction is B = uoM = 0.153 T.

A cross section of the length L and the F-layer thickness dr encloses an intrinsic
magnetic flux

q)F = dF -L '/to]\/[

The total magnetic flux ® through the F-layer is ®p plus the flux from external
magnetic field @y = (2A, + dp) - L - poH. Inserting A, = 90 nm for Nb yields:

O =0p+ Py =767x107Tm?+1.85 x 107 m? - yH.

for a JJ of the length L = 100 um and the F-layer thickness dp = 5 nm. In terms of
magnetic flux quantum ®q this gives

) 1
3 37.0 + S.QH - o H.
Note that the calculation does not include the dead magnetic layer and assumes
a single domain ferromagnetic layer, which somehow contradicts the experimental
results presented in this Chapter. With the assumptions above the I.(H) pattern
would be shifted about 37 periods from the center. For the standard I.(H) measure-
ments in this thesis the magnetic field poH was below 1 mT to trace out multiple
oscillation periods. However, all junctions except with dg very close to the critical
thickness of 0 to 7 transition where the 0—7 JJ may occur by roughness of the F-layer
(see Chapter 7), had a nearly symmetric Fraunhofer pattern with maximum critical
current at zero field. This indicated a multiple domain state of the F-layer with zero
net magnetic flux to the outside.

Nevertheless, sometimes the I.(H) pattern was shifted along the field axis, due to
remanent magnetization or trapped vortices. Usually, short heating above the critical
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superconducting transition temperature 7, provided again a centered, symmetric
magnetic field dependence of the critical current I.(H). The magnetic state of the
F-layer should not change much, as the sample was still much below the Curie-
temperature Tg; > T, during the thermic cycle.

67



Chapter 6

0 and 7 coupled Josephson
junctions

In this Chapter I report on the characterization of Josephson tunnel junctions with
ferromagnetic interlayer.

A number of requirements concerning the manufacturing as well as electrical and
magnetic issues had to be met to ensure the fabrication of high quality junctions.

e Regarding the fabrication, the patterning of samples should be reliable and pro-
vide a good insulation of the superconducting electrodes. The wedgelike F-layer in
SIFS junctions enabled a fast patterning of nearly identical junctions with gradually
increasing thickness of F-layer. The inevitable run-to-run variations when studying
the F-layer thickness dependence of critical current were avoided.

eProper electrical functioning requests that the tunnel barrier should be pinhole free,
in order to have all the transport carried by tunneling and at the same time the bar-
rier should be thin enough to allow direct tunneling of charge carriers.

e A magnetic requirement is that the F-layer provides a uniform coupling of phase
of the two superconductors.

Motivated by the demand for high quality junctions I have developed an alter-
native fabrication process, leading to the so-called SINFS-type junctions, patterned
by SNEAP (Sec. 4.5). Transport measurements on the SINFS junctions showed
that the quality of the junctions was considerable improved by i) using NbyOs as
insulator between the superconducting electrodes and ii) planarization of the ferro-
magnetic interlayer by an additional Cu layer.

Parts of this Chapter were published in Ref. [72, 142].

Measurement technique

The Josephson tunnel junctions were cooled below the critical temperature T, of the
superconductor. By immersing the sample directly into liquid helium temperatures
of 4.2 K or lower could be reached. The sample was magnetically shiclded in a
cylindrical high permeability container, since the spatial distribution of its phase
¢(z) depended on the magnetic field. Magnetic fields up to several 100 uT could
be applied in-plane of the junction barrier by a cylindrical superconducting coil and
bias currents up to 200 mA. The influence of the lead resistances onto the electric
transport measurements was avoided by using a four-point probe set-up (see Fig.
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Figure 6.1: Sketch of the basic measurement set-up containing analog and digital
electronics and electromagnetic shielding inside the dewar filled with liquid helium.
The Josephson junction is depicted by the cross.

6.1).

The sample was current-biased by a current source with adjustable range be-
tween 200 mA and 100 nA and the voltage across the junction was measured by a
room-temperature voltage amplifier with adjustable low-pass filters. Both current
source and voltage amplifier were custom-made and battery-powered. The bias cur-
rents through the sample and magnet-coil were controlled and the voltage across the
junction was monitored using 16-bit D/A~A/D converters. The data-acquisition was
controlled using GoldExI [143] or LABVIEW software.

6.1 SIS junctions

Before fabricating Josephson tunnel junctions with a ferromagnetic interlayer (SIF'S)
the SIS stack consisting of a Nb /Al-Al,O3/Nb trilayer were optimized. The Nb /Al
overlayer technique [108] and the easy control of the oxide formation in Al are es-
sential to fabricate high quality Josephson junctions .

Besides a reliable patterning of junctions, the interlayer roughness was essential
for high quality junctions. Using SIS-type junctions the roughness of the lower
Nb /Al and upper Al,O3/Nb interfaces were optimized by anodization spectroscopy
and atomic force microscopy (AFM) to achieve a uniform distribution of the tunnel
current and low run-to-run spreads of j..

6.1.1 Anodization spectroscopy

The main challenge for the fabrication of tunnel junctions with low leakage current
was the formation of a high quality tunnel barrier.

Anodization spectroscopy is helpful to monitor tunnel barrier properties before
individual junctions are fabricated from a trilayer stack [116]. The bottom part of
Fig. 6.2 depicts a typical anodization spectra of a high quality Nb/Al-Al,O3/Nb
stack. The anodic oxide was moving from the surface (top Nb layer) to the inner
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Figure 6.2: Anodization profile of Nb /Al-Al,O3/Nb stack. Top: sample with rough
interlayers. Bottom: sample with sharp interfaces. This sample was cooled during
deposition and the deposition parameters (pressure, power) had been optimized. The
anodization voltage versus time is depicted on the inset.

part. The aluminium forms oxides with larger specific resistance than the niobium
oxides. First, the Nb top-electrode was anodized at the constant rate (0V/dt)xp -
Subsequently when the oxide front was reaching the Nb-Al,O3 interface the voltage
derivative increased to (0V/dt)al,04, then decreased to (6V/dt)ar before reaching
the Nb bottom-electrode with (6V/6t)np. At the Al — Nb interface first another
maximum and than a minimum were reached before (6V/dt) was stabilizing again.
The width and height of the Al induced peak in the spectra give information about
the sharpness of the Al interfaces. Diffusion processes and other non-ideal interlayers
led to a rounded anodization spectra with broadened crossovers (see Fig. 6.2, top).

However, one has to be cautious. A sharp anodization profile, as shown in the bot-
tom part of Fig. 6.2, is necessary but not sufficient to obtain high quality junctions.
It does not reveal information about the kind of oxidation process, i.e. oxidation
in room ambient air or in pure oxygen atmosphere. Only niobium deposited on a
tunnel barrier formed by pure oxygen yields a good quasiparticle I-V characteristic
[115, 116]. Hence, transport measurements on SIS junctions at low temperatures
(4.2 K) are necessary to finally judge the quality of junctions.

6.2 SIS junctions formed at various oxidation ex-
posures

After optimizing the interlayer roughness of the trilayer by variation of the deposition
parameters, the tunnel barrier thickness d; could be well controlled and reproduced.
The critical current density depends exponentially on the tunnel barrier thickness
Je x exp(—dj). The Al,O3 thickness was controlled by the oxidation conditions
of the Al layer, i.e. the partial pressure of the oxygen, the oxidation time and
temperature. The quasiparticle tunnel resistance o exp (d;) per unit area and the
specific capacitance C* o 1/d; of the junction depend on the tunnel barrier thickness,
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Figure 6.3: Left: Dependence of j. on oxygen pressure po, (30 min) during AlyO3
formation. Right: I-V characteristics (H = 0) of the junctions illustrate the slight
decrease in hysteresis and increase of quasiparticle current with decreasing po,. Cur-
rent axis of the 0.45 mbar and the 50 mbar + UV samples is scaled by 5 and 1000,
respectively. The measurements were done at 4.2 K.

too.

A classical work by Kleinsasser and coworkers summarizes the available data on
critical current density j. in dependence on the oxidation parameters of the Al-layer
on Nb/Al-Al,O3/Nb junctions [144]. They find a single, nearly universal depen-
dence: j. is determined by the product of the oxidation pressure po, and the oxidation
time.! Keeping the oxidation time constant, this dependence can be approximated
by je o (po,) “"*". There are two distinct regimes in this dependence, correspond-
ing to high and low critical current densities. The low-exposure regime of oxygen,
yielding j. > 10 kA/cm?, reflects the completion of the initial Al oxide layer. The
conductance is dominated by metallic-like pinhole defects, whose density decreases
with increasing O, exposure. In contrast, the high-exposure (low j.) regime reflects
the further, slower oxide growth with continuing drop of j. with increasing tunnel
barrier thickness [145]. For the low-exposure regime, the metallic pinholes lead to
large leakage currents for voltages V' below V, (i.e. strong damping) and larger
run-to-run and on-chip variation of j. than for the high-exposure regime. Hence, I
fabricated JJs with j. below 5 kA/cm?, unambiguously being in the high-exposure
regime.

SIS junctions were fabricated with areas between 25 um? and 10 000 ym?, de-
pending on the chosen conditions for the barrier formation and the resulting critical
current density.

The Nb /Al-Al,O3/Nb stacks had an Al layer thickness before oxidation of about
5 nm, to ensure a closed Al overlayer and the formation of pure Al-oxides. In Fig.
6.3 the dependence of the critical current density j. on oxidation pressure po, and
the current-voltage characteristics (IVC) are shown for some SIS junctions. The
dependence of j. o (po,) “"* is visible for the non-UV oxidized samples. Changing

'For room-temperature oxidation, as used in this thesis.
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Table 6.1: Electrical parameters of representative Nb /Al-AlyO3/Nb junctions.

PO, jc AJ ﬁc 2A/6 ‘/c
fmbar] [A/e?] ] V] [mV]
0.015 4 000 6.1 700 2.57  1.60
0.45 720 14.1 =~5000 2.64 1.49
50 216 25.8 =~3000 2.67 1.64

50+UV 4.5 179 — oo 283 14

the partial oxygen pressure from 0.001 to 50 mbar the critical current density j. could
be varied over a large range. To reach the regime of very low critical current densities
UV-enhanced oxidation was used [112]. In the right part of Fig. 6.3 the hysteretic
current-biased I-V characteristics of Nb/Al-Al,O3/Nb junctions are depicted. All
three samples show hysteretic IVCs. The low subgap current is an indicator of high
quality. The junctions are strongly underdamped.

The figures of merit, i.e. critical voltage V., = I.R, McCumber-Stewart parame-
ter f. (Eq.(1.12)) and double gap of Nb V, = 2A/e are summarized for the four
junctions from the left part in Fig. 6.3 in table 6.1. The Josephson penetration
depth, Eq.(1.14), was calculated for JJs with thick electrodes and A, = 90 nm. The
V. = I.R products were typically in the range of 1.4 — 1.64 mV.

After reaching the critical Josephson current the junction switched into the volt-
age state. At the voltage V' ~ Vj the tunneling current was dominated by quasiparti-
cles due to the overlap of the peaks in the densities of states for both superconductors.
V, is defined as the midpoint of the steep current rise. In case of identical super-
conducting electrodes the gap can be estimated by the gap voltage V, = 2A/e. Tt
varied from 2.83 mV for the UV-oxidized sample (4.5 A/cm?) to about 2.57 mV for
the 4 kA/cm? sample. The gap A varied between 1.41 meV to 1.28 meV, slightly
dropping for larger values of j..

The data available in the literature [144-146] for Nb /Al-Al,O3/Nb with similar
oxidation conditions is in good agreement with the data from table 6.1.

6.2.1 Proximity effect on aluminium

The proximity effect in non-oxidized aluminum under the barrier is of importance
for the interpretation of the IVCs, as it causes the knee region for voltage V' > 2A /e
and before switching to the normal ohmic state [144]. The real configuration of the
junction has to be described by an SNIS model and its microscopic treatment can
be found in the references [87, 147]. The aluminum thickness can be minimized to
have a less pronounced proximity effect. However, the formation of Nb-oxides at
the upper Al;O3 interface may provoke a proximity knee, too. The oxide layers are
formed due to the high affinity of niobium for oxygen.
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Figure 6.4: SIS junctions. Left: Temperature dependence of the IVC. Right: Tem-
perature dependence of the critical current I, and Stewart-McCumber damping pa-
rameter .. The 1.(T) dependence for an ideal SIS junction is plotted. The JJ was
oxidized at 0.45 mbar.

6.2.2 Stewart-McCumber parameter j.

As mentioned in the preceding Section the degradation of quality for SIS junctions
with a higher j. is usually attributed to pin-holes in the thin oxide barrier. The
formation of these pin-holes is related to the coverage of the Al surface with Al,Og
oxides. Usually, a higher oxygen exposure will reduce the formation of pin holes.
Along with higher j. the more transparent tunnel barrier causes an increased subgap
leakage current and a decreased energy gap (see table 6.1). A larger subgap current
increases the damping of plasma oscillations. Hence, the Stewart-McCumber para-
meter 3., which is related to the damping coefficient o = 1/+/f,, changed from 700
to infinity when j. was decreasing from 4000 A/cm? to 4.5 A/cm?. 3, is determined
using the approximation 3, ~ (4/m)?(1./1,)?, with return current I,.

The strong Cooper pair breaking in the F-layer yielded a low j. in SIFS-type
junctions (see Section 6.5). The SIS-based JJs with the highest j., formed at po, =
0.015 mbar, still exhibited high quality properties. I used these conditions for the
tunnel barrier oxidation of the SIFS stacks to counterbalance the strong reduction
of j. in the F-layer.

6.2.3 Temperature dependence of IVC

Next I consider the temperature dependence of SIS junctions at zero magnetic field.
The temperature dependence of the IVC, the critical current /. and the Stewart-
McCumber parameter [, are shown in Fig. 6.4. According to Ambegaokar and
Baratoff [36, 37] the temperature dependence of the critical current reduces to that
of the gap in case of equal energy gaps. However, the gaps of the bottom and the
top electrode in the Nb/Al-Al,O3/Nb stack may differ. This can be caused by the
interaction of the top electrode with the oxide barrier, or by the unequal growth
conditions, leading to different disorder in the near-barrier layers. In addition, the
proximity effect in Al leads to a modification of the Ambegaokar-Baratoff tempera-
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Figure 6.5: Measured critical current diffraction pattern and fitting (red curve) for
a short SIS junction. The period AH is determined by the junction length L.

ture dependence towards a more linear one, described by Rowell and Smith [148].

At higher temperatures the gap A was reduced, provoking an increased subgap
current, a vanishing proximity effect on Al and the overdamping of oscillations of
phase. For temperatures below 4.2 K the IVC changed just a little, apart from the
Stewart-McCumber parameter, which was difficult to determine for low tempera-
tures, as the return current I, was approaching zero.

6.2.4 Magnetic field diffraction pattern

The uniformity of the tunnel current transport in a Josephson junction can be judged
qualitatively from the magnetic field dependence of the critical current [.(H). The
magnetic field was applied in-plane and parallel to the junction border. The magnetic
diffraction pattern depends in a complex way on the effective junction length ¢ =
L/, and on the current distribution over the tunnel barrier. If the pattern of a short
(¢ < 1) Josephson junction was i) symmetric with respect to both polarities of the
critical current and the magnetic field and ii) the critical current I, was completely
vanishing at the minima, the magnetic field penetrated symmetrically from both
junction sides. When the pattern was not symmetric, irregular or has a current
offset, the current transport over the barrier was non-uniform. This effect can be
attributed to a non-uniform tunnel barrier, a defect in the junction insulation or a
trapped magnetic flux in the superconducting banks.

The starting point for all Josephson junctions presented in this thesis was a
symmetric, regular magnetic field dependence of the critical current with completely
vanishing critical currents at the minima.

In Fig. 6.5 a textbook like critical current diffraction pattern of a Josephson
junction of effective length ¢ = 1.2 and its fitting are shown. The period AH is
proportional to the reciprocal junction length L in the direction perpendicular to the
magnetic field. The interference pattern from this JJ is practically indistinguishable
from the ideal one, indicating a high degree of tunnel current uniformity over the
junction area. Thus, the still small £ = 1.2 ensured a homogeneous distribution of
supercurrent over the tunnel barrier. The critical currents were vanishing at integral

74



6.3. SIFS JUNCTIONS WITH NIgCUyy ALLOY

multiples of H.. The fitting yielded the critical current I, = 1.95 mA and the
oscillation period AH = %AMOHM with poH. = 356 uT.

The London penetration depth Ay, for thick > A\j superconducting electrodes was
found from the period AH of the I.(H) for junction of the length L, as A\, = A/2 =
®y/(2LAH). This estimation gave a London penetration depth of approximately
Ar &~ 96 nm, which is consistent with published data for sputtered polycrystalline
Nb [149].

However, the thickness of bottom electrode ¢; = 120 nm (top electrode ¢ = 400 nm)
could not be treated as large compared to A\r. For very thin superconducting elec-
trodes the effective magnetic thickness of the JJ A is modified to A = Ay, tanh(¢,/2A;)+
Ar tanh(te/2A;) [43] and, depending on geometry of the junctions, a geometry factor
for magnetic field focussing has to be included. The London penetration depth Ap
was then calculated as 159 nm. This value is much larger than the reported ones for
Nb-based Josephson junctions in literature [149], i.e. A\;, &~ 90 nm. Using the value
from literature A\;, = 90 nm together with the actual thicknesses of electrodes the first
minimum of [.(H) was calculated as poH. = 489 pT. I attribute the difference to
the measured minimum to a field focussing effect of the superconducting electrodes
and the idle region.

The SIFS and SINFS junctions in this thesis were all patterned in overlap-
geometry, and the current distribution was uniform. For a detailed discussion of
the junction geometrical configuration, see Barone and Paterno [49].

The strong decay of the critical current density j. in the F-layer yielded a large
Josephson penetration depth \; o< \/1/j., thus most of the SIF'S or SINFS junctions
were in the short junction limit.

6.3 SIFS junctions with Nig Cuy alloy

A great part of this thesis was devoted to the fabrication of high quality Josephson
tunnel junctions with ferromagnetic interlayer. High quality means: homogeneous
and uniform distribution of supercurrent over the tunnel barrier and the F-layer,
low junction-to-junction deviation and reasonably electrical parameters, e.g. critical
current density, damping and I.R product.

Both the short coherence length £ry of the Cooper pairs in the F-layer and the
intrinsic ferromagnetism complicated the characterization of the SIFS junctions.
e In general, interface roughness at the barrier leads to an inhomogeneous current
transport, which can cancel out the coherent Josephson coupling. The conditions for
non-uniform supercurrent are given by the ratio of the NiCu interface roughness over
the coherence length &gy and oscillation length £gs of the supercurrent. In NigoCuyg
these values are about 0.5 — 1.5nm, as calculated in Sec. 6.5. An interface roughness
of this order of magnitude provokes deviations from the standard symmetric mag-
netic diffraction pattern.
o If the sample was not demagnetized before cooldown (in case that the Curie tem-
perature of F-layer is above 300 K) or a non sufficient magnetic shielding during
cooldown prevents zero field cooling, the F-layer may have a non-vanishing rema-
nent magnetization, which in the simplest case gives just a shift of the I.(H) pattern
along the H axis, see Sec. 6.6.
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e In presence of a vanishing net magnetization but multiple magnetic domains, the do-
main walls modify the superconducting coherence length. Thus, a non-homogeneous
supercurrent with a complicated, asymmetric I.(H) pattern might arise, see a pub-
lication by Bergeret and coworkers [64] for details.

e A multidomain F-layer with antiparallel orientated magnetization in the domains
provokes a spatial modulation of the phase difference ¢(x) along the junction length.
Hence, the critical current I, may show oscillations as a function of the F-layer thick-
ness, which are independent from the oscillations between 0 and 7 of the coupling of
phase [150].

As mentioned before, the starting point for all measurements was i) a central
peak in [.(H) near zero magnetic field and ii) a symmetric I.(H) pattern for both
polarities of current. This signifies that the superconducting phase difference did
not change along the junction length for zero magnetic field, presumably due to a
small-scale magnetic domain structure of the F-layer with zero net magnetization.
When the sample was heated above T, (but below Curie temperature T¢;) and a small
field ~ 1 mT was applied briefly, the I.(H) was found to be shifted in the opposing
direction of the applied field.? Presumably this led to a finite magnetization in the
F-layer, although anomalous Hall effect measurement (Sec. 5) on a NiCu-layer with
similar thickness indicated a linear, paramagnetic response of the magnetization
on the external magnetic field. However, the trapping of flux in or between the
superconducting electrodes (e.g. an Abrikosov vortex) when applying magnetic fields
can shift the I.(H) pattern, too. This flux was removed by heating the sample above
T, and recooling it in zero field.

6.3.1 SIFS and SINF'S junctions

The fabrication of junctions was optimized regarding the homogeneity of the current
transport. From the F-layer thickness dependence on the critical current, i.e. the
I.(dr) curve reported by other groups [8, 9, 68], it is evident that a rigorous control
of the F-layer thickness and spread of the junction parameters was mandatory to
observe the 0 to 7 crossover.

Care was taken to keep the roughness of the NiCu film low. Topological and
electrical measurements indicated that the direct deposition of NiCu on the tunnel
barrier led to an inhomogeneous current transport. An additional 2 nm thin Cu layer
between the AlyO3 tunnel barrier and the ferromagnetic NiCu brought considerable
benefits, as it ensured a homogeneous current transport. In this way a high yield of
functional devices with j, spreads less than 2% was obtained.

The short coherence length of supercurrent j. o< exp (—dp/&r1) in the F-layer
demanded junctions with rather large areas to obtain a reasonable high .. Unless
otherwise noted, the JJs with ferromagnetic interlayer were square shaped with an
area of 100 x 100 ym?.

The Fraunhofer modulation of the critical current I, is shown in Fig. 6.6 for
SIF'S junctions with 2 nm (a) and 4 nm (b) NiCu layers and an SINFS junction with

2If measured in I.(H) mode the SIFS stack resembled a magneto-resistance (MR), i.e. Tunnel-
MR (FIF-stack) or Giant-MR (FNF-stack) contact. These devices are based on the magnetic
remanence of their F-layers.
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Figure 6.6: I.(H) of (a) SIFS (2 nm NiCu), (b) SIFS (4 nm NiCu) and (¢) SINFS
(Cu 2 nm, NiCu 4.7 nm) stack. Oxygen pressure is 0.45 mbar for SIFS and 0.015
mbar for SINFS type.

2nm Cu and 4.7 nm NiCu(c). All these ferromagnetic junctions were still in the 0
coupled regime (see Sec. 6.5). The magnetic field was swept in both directions and
no hysteresis can be seen, at least for these small fields.

SIF'S junctions

For thin (below 3 nm) NiCu layers I could measure a clear Fraunhofer-like modu-
lation, cf. Fig. 6.6(a). The F-layer was thinner than the dead magnetic layer. For
thicker NiCu layers the I.(H) deviated considerably from the ideal Fraunhofer pat-
tern, Fig. 6.6(b). Although the electrical measurements on SIS junctions indicated
a high quality barrier (right part of Fig. 6.3), this suggests some finite roughness
of the AlOj tunnel barrier and/or of the NiCu layer. AFM-measurements (see
below) indicated that the 2 nm NiCu layer on-top the AlyO3 formed similar rough-
ness contours. Thus, the effective thickness of the NiCu-layer was constant and the
supercurrent transport remained homogeneous, as shown in Fig. 6.6(a). When dou-
bling the thickness of the NiCu-layer to 4 nm, its top roughness was about 0.9 nm
and the effective NiCu layer thickness was not uniform, explaining the transport
measurements depicted in Fig. 6.6(b).

SINFS junctions

By including a 2nm Cu layer under the NiCu I recovered the clean Fraunhofer pat-
tern. I could even use a thinner Al,O3 barrier for SINFS, although this should slightly
increase the roughness of AlO3. The Cu-layer between Aly,O3 and NiCu smoothed
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Figure 6.7: I-V characteristics of three SINF'S junctions, oxygen pressure for AlsOg
formation was 0.015 mbar. Variation of I, is 61, = 2% and of R,, is 0R,, = 0.5%.

the lower NiCu-interface and provided a uniform ferromagnetic layer. Even for
thicker (up to 8.5 nm) NiCu-layers I measured uniform supercurrents through such
SINFS junctions as shown in Fig. 6.6(c).

The strong proximity effect of Cu yielded a very weak Cooper pair breaking in the
2 nm Cu-layer. SIS and SINS samples of identical oxidation conditions for the AloO3
barrier showed similar critical current densities (not shown).

A low junction-to-junction deviation was obtained in SINFS-type junctions. In
Fig. 6.7 the characteristics of three underdamped SINFS junctions with a 3.3 nm
NiCu layer are shown. The parameter spread of the critical current and the normal
resistance (and therefore [3.) was below 2% (I, = 14.3+0.3mA, R,, = 26.974+0.16m2
and . = 10). Even the very sensitive sub-gap characteristics were nearly identical
for all junctions. These junctions exhibited a high quality I.(H) pattern (inset of
Fig. 6.7), just like the Fraunhofer pattern of SINFS JJs with 4.7 nm NiCu layer in
Fig. 6.6(c).

The voltage of the first step in the I-V characteristics was Viep ~ 112 1V, depicted
in Fig. 6.7. The capacitance was estimated from Fiske step measurements on junc-
tions with similar oxide thickness as C' ~ 8.0 uF/cm?, ie. w, = 27 x 37.1 GHz.
Assuming Az, = 90nm and superconducting electrode thicknesses d; = 120nm,
dy = 400nm the Josephson penetration depth was calculated as A; = 30.7 ym.
The Swihart velocity was ¢o = Ajw, = 0.024 - ¢, where c is the speed of light in
vacuum. For the junction with L = 100 um, the position of the first Fiske step (FS)
had to be at
Doco

2L
and the position of the first Zero Field step at 2Vrs = 147 V. Actually, neither
the Fiske nor the Zero Field Step were similar to the resonance-steps observed in

VFS = =173 /LV,
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Topography of SIN Topography (3d) of SIN

Figure 6.8: AFM measurements of Nb /Al-Al,O3/Cu (SIN) stack. Measured area:
2 x 2 ym?. left: 2d topography, right: 3d profile. Calculated roughness: 0.50 nm
rms.

experiment. The effective length ¢ of the junction was ~ 3\, therefore these square
shaped junctions were not in the strict 1d limit. This could explain the discrepancy
of Vg and Vzpg with experiment.

Atomic force microscopy on SIFS and SINFS

On reference samples I performed ex situ® atomic force microscopy (AFM) measure-
ments. The measured roughness (rms) is shown in table 6.2. The roughness of the
SiOy surface of the Si substrate was less than 0.3 nm. A 120 nm Nb film showed a
roughness of 0.44 nm, which increased to 0.60 nm after deposition of 5 nm Al and
even up to 0.90 nm after further 4 nm of NiCu. Insertion of a 2 nm Cu film after
oxidation decreased the roughness of the SIN stack down to 0.50 nm, see Fig. 6.8.
Now the top roughness of the SINF (F: 4.7nm) stack was about 0.68 nm. The ferro-
magnetic interlayer in an SINF'S stack exhibited at both interfaces of NiCu a lower
roughness than in an SIFS stack. Non-uniform growth of the NiCu on top of Al,O3
may be caused by island-formation of the first monolayers when grown directly on
Al O3 (see the inset of Fig. 6.6). The wetting of Cu atoms on Nb, reported in [127],
provoked a non-homogeneous growth of NiCu film too, as the stoichiometry varied
with increasing thickness of the film.

Some more, alternative explanations for the appearance of non-uniform tunnel
currents are possible, as the roughness of reference samples might be changed by ex

3Note that the formation of a native oxide layer on the surface of samples may notably change
their topography.

Table 6.2: Atomic force microscopy measurement done on reference stacks.
sample Si-substrate S SI  SIF  SIN SINF
roughness (rms) [nm] <0.3 0.44 0.60 0.90 0.50 0.68
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Figure 6.9: Cross-sectional High-Resolution Transmission Electron Microscopy
(HRTEM) image of a Nb /Al-Al;O3/NiCu/Nb (SIFS) stack.

situ oxidation shortly before the AFM measurement and the obtained data could not
be verified for thin films in vacuum.

e The diffusion of Ni atoms into the Al,Oz barrier for longer deposition times
(stronger heating of sample) of NiCu might be possible. It can be stopped by a
diffusion barrier made by the Cu layer.

e The 2 nm thick NiCu layer was well within the dead magnetic layer thickness
d¥*d ~ 3.09 nm (Sec. 6.5), whereas the 4 nm thick NiCu layer should have some
long-range order of magnetic moments. Even if both films have similar interface
roughnesses, the longer proximity effect in the 2 nm NiCu layer might enable a still
uniform current transport.

e The weakening of itinerant magnetism in the NiCu layer by the 2 nm Cu-layer
could explain the symmetric Fraunhofer pattern for SINFS junctions with dp =
4.7 nm. However, even SINFS junctions with dr up to 8.5 nm gave no evidence
for the recurrence of an inhomogeneous Josephson current transport, although the
weakening effect of the Cu layer, when existing at all, should be very small for these
F-layer thicknesses.

Transmission electron microscopy

The characterization of samples with HRTEM (High-Resolution Transmission Elec-
tron Microscopy) provides an insight into the thin film crystal structure and yields
extensive information on a variety of the sample properties, such as morphology,
structures at and near the interfaces, density defects inside the sample and the lat-
tice parameters. The sample substrate was cut into thin stripes and once a specimen
has been mechanically thinned to a few microns, ion milling was used for thinning
down to electron transparency.

Fig. 6.9 displays a cross-sectional HRTEM image of an SIFS (dr ~ 5.0 nm)
stack which was taken under bright atom contrast conditions using a spherical-

4HRTEM measurements were conducted by Dr. K. Tillmann and D. Meertens of the Institut
flir Mikrostrukturforschung, Forschungszentrum Jiilich.
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aberration corrected electron microscope [151]. The polycrystalline structure of the
room-temperature sputtered layers led to non-uniform orientation of the individual
nanocrystallites with respect to the incident electron beam. Hence, only certain
lattice planes were resolved at atomic plane distances. Moreover, the image con-
trast was slightly bleary, due to i) the formation of amorphous interlayers during
the deposition and ii) the electron beam damage during operation of the HRTEM
instrument.

However, the basic layer structure is clearly visible. The Al layer is undulated
and does not appear like a potential two-dimensionally flat layer. The lower Nb /Al
and the upper NiCu /Nb interfaces show the very same undulations, meaning that
roughness and interdiffusion occurs on a short length scale. Nevertheless, the Al,
Al,O3 and NiCu layers are not directly distinguishable from each other. This obser-
vation is attributed to the similar electron scattering amplitudes of these materials
and to the interlayer roughness, which may give rise to projection artefacts.

6.4 IVC of JJs with thin F-layer

The behavior of Josephson tunnel junctions with a non-magnetic metallic interlayer,
i.e. SINS or SNINS-types, cannot be described in the framework of standard tunnel
theory of the Josephson effect. The tunnel current is extremely sensitive to the type
of smearing of the superconducting gaps at V =~ (A; + Ay)/e. For instance, the
expected quasiparticle curve of the I-V characteristic should exhibit:

e knee structures slightly above the sum gap voltage V;, = (A; + Ay) /e
e leakage current for low voltages V' < |[(A; + Ay)/e]
e supplementary singularities at eV = Ay, A, [A; — Ayl

In case of SNIS-type junctions based on Nb /Al-Al,O3/Nb, the only deviation in
I-V characteristic from the BCS-like SIS junction is the knee structure for V, = 2A /e,
which can be described by the proximity effect [148].

The spatial inhomogeneities of the superconducting properties of the electrodes
in SN;IN,S tunnel junctions have been taken into account by Golubov and coworkers
[87, 147, 152]. In these works the inhomogeneities stem from non-magnetic, diffusive
layers Ny and Ny being much thinner than the coherence length.?

For SF'S/SIFS junctions with very thin F-layers the magnetic moments are strongly
suppressed. For dp < 3 nm the F-layer is presumably non-magnetic on a macroscopic
scale as no long range order of magnetic moments appears (cf. estimation of dead
magnetic layer in Sec. 6.5). Although, due to inelastic spin scattering of Cooper
pairs at the Ni sides the superconductivity may be strongly suppressed, providing
an increased subgap conductance. In particular such a pair-breaking mechanism
arises in thin films of weak ferromagnetic alloys as NiCu, which are close to the
disappearance of magnetism and therefore quite favorable to large magnetic disor-
der. The spatial oscillations of the order parameter inside the ferromagnetic layer

®Note that in case of SIFS junctions the estimated coherence length &1 in ~ 5 nm thick F-layers
is less than 1 nm, but it may be increased for thinner films.
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can be neglected, as the magnetic phase of the JJ is nearly unchanged. The sam-
ples discussed in this Section were clearly within the 0 coupled region with F-layer
thicknesses dp < d%™, with d%™ the F-layer crossover thickness from 0 to 7 coupling.
From I.(dr) measurements the magnetic dead layer thickness d$*d was estimated as
~ 3 nm (see Section 6.5). Hence, the Nb/Al-Al,O3/Cu /NiCu/Nb (SN;IN;FS-like)
junctions can be treated as SINFS or better SN;IN,S-type junctions if dp < d%2d as
the NiCu-layer acts like a diffusive, non-magnetic metal with a very short coherence
length &p.

Before discussing the IVCs of several SINFS JJs with different thicknesses of
ferromagnetic layer a short review on the current-voltage and conductivity-voltage
characteristics of SINS-type junctions is given.

Theoretical review

The density of states for a F/S bilayer is zero at low energies up to the energy gap
2 (= Ay) in the spectrum of elementary excitations at the outer boundary of the
F-layer, just as calculated by Golubov and coworkers for N/S bilayers. 2 is always
below the energy gap of the bulk superconductor and depends on the temperature
and the extent of the proximity effect, described by the dimensionless parameter:

_ psésdr
prérF ds 7
where dg i are the thicknesses, {5 the coherence lengths and pg r the normal state
resistance per unit length of the superconducting and ferromagnetic metals, respec-
tively. In case of pure SIS (dr = 0) junctions vy, vanishes and is linear increasing
with dp/ds.

The gap of the superconducting counter-electrode (bottom superconductor) is
treated as constant with A (= A;). The proximity effect in the F-layer leads to a
smearing of the singularity observed at voltages V, = (A+€)/e. With increasing v,
the singularity shifts to regions of lower voltages, the height of the peak is reduced
and its width is increased. For fixed vy, a rise in temperature leads to analogous
changes.

In the region of low voltages V' <V, = (A + Q) /e the measured value of current
is usually larger than the predicted one, even taking the reduced gap 2 into account.
This leakage current appears if a significant number of low-energy density of states
exists near the interface, i.e. the energy gap is zero. This situation takes place if
the F-layer thickness is finite (dp > &m1). The coherence length £y of the NiCu
layer is below 1 nm (see Sec. 6.5), thus leakage current contributes for samples with
dp > &r1-

For voltages V' > V, the current-voltage characteristics approaches the straight
line I = V/R,. Note, that the conductance of a tunnel junction is voltage depended,
but can be treated as constant for voltage eV < ®ay,0,, with barrier height ® 41,0, ~
1—2eV.

Experiment

In the following I discuss the role of F-layer on the current-voltage characteristic of
a Nb/Al-Al,03/Cu/NiCu/Nb (SNINFS) junction. The lower normal metal layer
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Figure 6.10: Current voltage (top) and conductivity dI(V)/dV (bottom) character-
istics of SINS and SINFS junctions with various dp. Thicker F-layer decreases the
critical current and increases the leakage current.

(Al) exists in the SIS junctions, too, and was discussed in Section 6.2. The upper
normal metal layer (Cu), which ensures the uniform growth of F-layer, is very thin
(2 nm). Both normal metals do not significantly change the I-V characteristics, apart
from the proximity knee at V = (A +Q)/e.

Fig. 6.10 depicts the IVCs of the SINFS® junctions for various dj (top) and
the differential conductance dI(V')/dV (bottom), measured at 4.2 K. The SINFS
junctions were oxidized at 50 mbar.

The conductance dI(V)/dV was calculated from the dc current-voltage charac-
teristics shown in the upper part. The IVC for a SINS junction (same oxidation
conditions) showed high quality tunneling, just like the SIS junctions in Sec. 6.2.
The small hysteretic knee in the IVC for V' > (A +Q)/e for this sample can be seen
at the sample with dr = 1.56 nm, too.

Increasing the F-layer thickness reduced the critical current I, and increased the
subgap-conductance, i.e. a larger leakage current appeared and the voltage drop
over the junction was reduced. The stronger dissipation in the system increased
the damping of plasma oscillations. Hence, the width of the hysteresis was reduced.
The peak conductivity dI(V)/dV at V = (A + Q)/e is still visible for the sample
with dp = 1.56 nm, although it is much reduced compared to the SINS sample
(not plotted). For the other samples the peak was smeared out and moved to lower

6To point of the high quality transport properties of these junction I will keep the notation
SINFS.
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Figure 6.11: Temperature dependence of IVC for SINFS junction with dp = 4.28 nm.
The voltage drop over the I/F double layer approaches asymptotically the gap of the
bottom electrode for low temperatures and large bias currents. The Al,O3 tunnel
barrier was formed at 0.015 mbar.

voltages. The IVCs of samples with a thicker F-layer, i.e. 2.51 nm and 4.03 nm, were
similar, apart from the critical current 1., which was one order of magnitude smaller
for the latter one. The supplementary singularities at eV = A, Qand V = |A; —Q/e
could not be detected at 4.2 K, probably due to the thermal smearing of the gaps
A Q.

For detailed studies, the experiments have to be repeated at much lower temper-
atures, as done by Kontos and Aprili on their SINS/SIFS-type junctions at 300 mK
[153].

6.4.1 Temperature dependence of IVC

Fig. 6.11 depicts the I-V characteristics of an SINFS junction (dp = 4.28 nm) at
temperatures between T' = 1.7 K up to T' = 7.0 K. The effect of increasing tem-
perature for fixed vy; o< dp is similar to an increase of F-layer thickness at constant
temperatures, as both reduce the superconducting gap. For higher temperatures
the critical current vanished, and likewise the hysteresis disappeared due to an en-
hanced leakage current. The total I-V characteristic resembled that of an SNS (or
SFS) junction, which is always overdamped. For very low temperatures the critical
current increased, the sub-gap current was vanishing and the junction was strongly
underdamped.

Unlike the SIS junctions, where the system jumps to a voltage that corresponds to
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the double gap energy 2A/e, the voltage drop in SINFS junctions is reduced. Due
to the very weak proximity effect in the F-layer the metallic conductance dominates
at the boundary of the FS-bilayer. The maximum supercurrent density through
the depicted SINFS junction was three orders of magnitude below the supercurrent
through an SIS junction with similar oxide barrier thickness. Thus, the SINFS struc-
ture in voltage state resembles an SIN structure. For a current-biased system the
maximum voltage drop after leaving the zero-voltage state is defined by the gap A
of the bottom electrode, and is reduced by the appearance of leakage currents. For
low temperatures, when the sub-gap conductance was notably reduced, the voltage
approached asymptotically the gap Ay, as shown in Fig. 6.11.

6.5 F-layer thickness dependence of SINFS junc-
tions

I have investigated the thickness dependence of the critical current I.(dr) of SINFS
JJs for two samples with a thin and a thick tunnel barrier, respectively. To form
the Al,O3 barrier the Al layer was oxidized at 0.015 or at 50 mbar to have jél) ~
4.0 kA /em? (sample 1) and i &~ 0.19 kA /cm? (sample 2) for the reference super-
conductor-insulator-superconductor (SIS) JJs. Due to a small magnetization the
I.(H) of the junctions was sometimes slightly shifted along the H axis.

6.5.1 Critical current

On sample 1 the JJs with very thin F-layer had such a high critical current that I
could not reach it due to strong thermal heating. Moreover JJs with large j. had
Ay < 100 pm so that the junctions were in the long 2d JJ limit. For sample 1 I show
only JJs having normalized length less than 2);, so that I can treat them as SJJs.
To investigate the limit of very thin F-layers, I had to use samples from sample 2
with thicker tunnel barrier. The nonmonotonic I.(dr) dependence of both samples
is shown in Fig. 6.12(a).

The Eq.(2.4) is modified to include the dead magnetic layer thickness d¢e2d. Tt is
clear that ISINFS < 515 for any thickness dp even if dp < d%*@. The dead layer is
taken into account as follows. If dp < d% the F-layer works as N-layer. And only
for dp > d%¢ there is an exponentially decaying oscillation given by Eq.(2.4), but
with dp — d%? substituted instead of dp.

Thus, the estimation of 1.(dr) is modified by introducing as new fitting parameter
the thickness of the dead layer d%. For dp > d%* the formula reads

dead
—d%

—(dp—ddead) _ dead
Je(dr) = jo(0) e G50 e gy cos <dFdF>
)

which is equivalent to

—(dp—ddead) d — (dead —dp dr — (dead
) = ety 1 con (D) g G o (L
£F2 §F2
(6.1)
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Figure 6.12: I.(dr) (a) and B.(dr) (b) dependences (circles: sample 1, triangles:
sample 2) and fitting curve for sample 1. The inset shows a magnification of 0 to
transition region for sample 1 on a linear scale.

As a result the parameters for fitting are £py, Epg and both j¢F and ddeed.

The coupling changed from 0 to 7 at the crossover thickness d%™ = Z&py +d3d =
5.21 nm. However, the shape of the I.(dr) curve did not change with the thickness
of the tunnel barrier, but the amplitude of I.(dr) was proportional to the reciprocal
transparency parameter 7511. In the interval of dr from 0 to 9nm the value of j.
changed over five orders of magnitude from j. = 4 kA/cm? to below 0.05 A/cm?
(sample 1). For larger d the voltage drop at 4.2 K was very low (below 1 V) and
appeared at low bias currents (below 1 pA). Hence, it was of the same order of
magnitude as the electric background noise of the system.

By fitting I.(dp) for sample 1 using Eq. (6.1), I estimated r; = 0.78 nm and
&g = 1.35nm and dead F-layer thickness d5*d ~ 3.09nm. For dp < di the critical
current density jS™FS(dr) did not get higher than j5'°. As can be seen, the inelastic
magnetic scattering was strong ({1 < ma) and £py < dp, thus Eq. (2.4) was valid.
Moreover, the samples were in the diffusive limit, as the mean free path ¢ = 0.2 nm
was shorter than the coherence length &p.

The maximum critical current density in the 7 state was j.(r) = 3.8 A/cm?
(sample 1) and j.(7) = 90 mA/cm? (sample 2) at T = 4.2K. For sample 1 I
estimated Ay ~ 190 pm, which can be increased by increasing the thickness of the
tunnel barrier. A further decrease of \; by lowering the Al;O3 thickness was limited
by appearance of microshorts in the barrier (see Sec. 6.9).

In the previous work by Ryazanov et al. [79] the I.(dr) dependence was not
traced down to dp = 0. Indeed the 0 to m crossover was later found to be in this
not investigated window. In my case a crossover at 5.21 nm was found, thus the
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previous crossover, if any, should be at about 2.5 nm. I have checked junctions with
dr down to dp = 2 nm with the step in dr about 0.2 nm and did not observe any
other minimum. These data points are not shown in Fig. 6.12 and were not used for
fitting because the critical current density was so high that the corresponding JJs
were in the long 2d limit, so that the visible/measurable /. < j.Lw.

Comparison with literature

The first F-layer thickness dependence of the critical current in SIFS junctions was
measured by Kontos et al. [9] using a diluted PdNi alloys as ferromagnet. They
observed the first 0 to 7 transition by I.(dr) measurements. In this alloys the role
of magnetic scattering is weaker than in the NiCu alloys I used.

Recently, Ryazanov and coworkers reported on the observation of both 0 to 7 and
7 to 2r = 0 transition [68] in SFS JJs using a magnetically weaker Nigs3Cug47
alloy (Tc = 60K). Although the spin-flip scattering was taken into account too,
the high interface transparency (yp = 0.52) provided a different I.(dr) dependence
than Eq. (2.4). The lower Eu led to larger 71 = 1.23 nm and &po = 3.70 nm. The
magnetic dead layer was 1.4 times larger than in the SINFS JJs of this thesis.

6.5.2 Stewart-McCumber parameter 3.

Fig. 6.12(b) shows the dependence of the McCumber parameter [3.(dr) for sample
1, which was estimated by I. and I,., measured at T = 4.2 K. The capacitance
C' ~ 800 pF, determined from Fiske step spacing Vpg = 731V was nearly independent
from dp. It depended on the thickness of the Al,O3 barrier, as expected from theory.
The resistance R ~ 55 mf) was likewise nearly independent from dr (deviation below
2%).

Since ., & I, R?C, for constant R and C the critical current I, determined the
damping of the plasma oscillations. In addition, a thicker F-layer thickness (dp >
&p1) increased the dissipation of the plasma oscillations due to the larger leakage
current. As can be seen at Fig. 6.12 the (.(dr) and the I.(dr) dependences were
similar. Near the O—m crossover and for thick F-layers the I, was very low and the
junctions became overdamped, i.e. §. < 0.7 (not shown). For the = JJs with dp near
the maximum of the I.(dp) curve a hysteresis appeared on the I-V characteristic.

6.5.3 Transparency parameters

The tunnel current has a cubic dependence on the bias voltage [154-156], which could
be approximated by an ohmic dependence for small voltages V < (®1+ ®5)/2, where
® is the barrier height on each side of tunnel barrier. Thus, the normal resistance R,
was extrapolated from the linear part in IVC after the junction jumped to the voltage
state. Sample 1 had an ohmic resistance R = R,, = 55 m{2 and a specific resistance
of po = 5.5 €2 em?, whereas sample 2 had R = 1.06 Q and py = 106 2 cm?. The
transparency parameter (cf. Sec. 2.3.1) of the SINFS-interfaces was calculated using
& = 9.84 K for sample 1: v5 = 10.5 and sample 2: 7% = 203. The ratio of the
transparency parameters 75 /v5 = 19.33 reflects the ratio of j!/j2 = 21.05 for the
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Figure 6.13: Calculated magnetic diffraction pattern for remanent magnetization in
single domain state and magnetic field focussing in short Josephson junction.

critical current density j. of SIS junctions with same oxidation conditions as sample
1 and 2. As 75 > 1 the SINFS junctions were indeed low transparency systems.

6.6 I[.(H) of JJs with ferromagnetic interlayer

In this Section the effect of intrinsic magnetization of the F-layer onto the supercur-
rent transport will be calculated.

Remanent magnetization and field focussing in F-layer

Lets assume that the Josephson phase ¢ is modified due to a remanent magnetization
of the F-layer M and a field focussing effect a on the total magnetic field H + M. For
simplification both H and M are treated as normalized dimensionless parameters.
The focussing of the magnetic field might be caused by the generation of screening
currents in the superconducting banks and the flux guidance of the magnetic field
inside the F-layer. For a short Josephson junction the critical current is given by the
first Josephson relation Eq.(1.5)

1. —w/Ljosin[qSo—I—a-x(H—}—]W)]dz:,
’ 2
with width of junction w and an arbitrary initial phase ¢o. Integration over the
junction length yields (I = j.Lw):
cos(¢g) — cos(po — aL(H + M))
a(H + M) '

The phase-field relation for maximum I, is calculated as:

[C(H) = 1Lc0

sin(aL(H + M))

¢o = —arctan [ ——————=
2 sin? (L(H;M))
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In Fig. 6.13 the effect of finite M and a on the magnetic diffraction pattern is plotted.
Variation of the focussing parameter changes the effective magnetic field through the
junction and thus the oscillation period, whereas a remanent magnetization simply
shifts the magnetic diffraction pattern along the field axis. In the next Section the
magnetic diffraction pattern of two samples with different F-layer thicknesses are
discussed.

6.6.1 I.(H) as function of T" and dp

The influences of temperature and F-layer thickness on the I.(H) pattern were inves-
tigated for two samples. Both samples were fabricated in the same run, had junction
length of 100 pm and thicknesses of the superconducting electrodes ¢; = 120 & 10nm
and o = 400 nm. The junction with lower critical current was 0 coupled (dp =
5.11 nm), whereas the other sample was 7 coupled (dp = 5.87 nm). The [.(H) pat-
tern is shown in Fig. 6.14 and the junction parameters are summarized in table 6.3.
Two effects were notable for decreasing temperature. The peaks of I.(H) were i)
more pronounced and ii) moved to larger magnetic fields.

At lower temperatures, the larger gap facilitated a jump to larger voltages if the
bias current exceeds I.. Hence, the voltage criterion for I.(H) measurements gave a
better estimation of I.(H) for lower temperatures, explaining the first effect.

The temperature dependence of the oscillation period can be explained by the tem-
perature dependence of the magnetic penetration depth [51]:

AL(T) x AL(0) [1 - (;)

Assuming a somehow reduced superconducting transition temperature of 8 K of the
Nb near the F-layer (inverse proximity effect) the change of ’\/\LL(ZQKK)) is about 4%,
thus accounting for the change of the side-maxima and minima in /.(H).

Both samples were clearly inside the SJJ limit, but the effective junction length
was slightly different, L = 0.50\; for the 0 JJ and L = 0.61\; for the = JJ. The

difference in the F-layer thicknesses could be neglected, thus

—1/2

A = Apftanh (t1/2Xp) + tanh (t2/2X1)).

The oscillation length of the magnetic diffraction pattern is given by ® = augH LA,
with field focussing parameter a. The first minimum of the Fraunhofer dependence

Table 6.3: Parameters of SINF'S junctions depicted in Fig. 6.14 for the lowest tem-
perature.

dF ]c jc )\J d A ,uoHcl ,U/()H::fp

[nm]  [pA] [A/em?]  [pm] [nm] [nm] [1T] [1T]

511 335 3.35 20013 193+£26 140411 146411 134

5.87 505 5.05 163+ 11 193+26 140+11 146+11 121
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Figure 6.14: Magnetic diffraction pattern of 0 and m SINFS samples at different
temperatures. The arrows denote the direction of change.

should appeared for a = 1 at:

woHq = S—[O\ ~ 146 £ 11 uT

The experimental value of 134 pT and 121 uT, respectively, can be explained by a
field focussing effect. The difference in temperature, i.e. 2.3 K and 2.1 K can be
excluded as the reason for the deviation in H.;. Hence, the junction with thinner
F-layer thickness reached H.; at higher magnetic fields. Thus, the magnetic flux
density ®/LA was decreased by 11% compared to the junction with thicker F-layer.
This can be seen from Fig. 6.14 by comparing the minima of the diffraction pattern.

A larger set of data is necessary for a reasonable conclusion about field focussing
effects on the I.(H) pattern in Josephson junctions with ferromagnetic interlayer, as
the spontaneous formation and orientation of magnetic domains may influence the
field focussing, too.

6.7 Fiske steps in SIFS JJs

I measured Fiske steps on two square shaped 100 x 100 pm? samples. The data is
plotted in Fig. 6.15 and the voltages of the Fiske steps are summarized in table
6.4. Both junctions were 0 coupled and near the SJJ limit (¢ = 1.06 and 2.5). The
measurements were done at 4.2 K.

Assuming a London penetration depth of 90 nm and superconducting electrode
thicknesses t1,t2 of 120 nm and 400 nm the Swihart velocity ¢ was calculated as
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Figure 6.15: Experimentally measured Fiske step on the IVCs of SINFS-type JJs,
measured at 4.2 K. The arrows denote the Fiske steps.

2.4% of speed of light and the j. dependent plasma frequency (wpo X /Je) as wyo =
27 x 12.03 GHz and wyy = 2m x 28.6 GHz, respectively. The capacitance was
estimated as C' = 800 pF, i.e. the specific capacitance was C = 8 uF/cm?. This
value is nearly twice as large as reported in literature [149] for SIS junctions with
similar barrier thicknesses. The idle region may increase the Swihart velocity and
modify the calculated value of the capacitance, determined by Fiske resonances (see
Chap. 4.5.1 for details).

Another method to calculate the capacitance is to estimate the McCumber-
parameter by I, = 8.5mA, I, = 1.65mA, V. = 78uV for sample with dr = 3.95 nm.
This gave 3.(V,) ~ 47. The capacitance can be estimated as C' ~ 8.15 uF/cm?,
ie. w, = 21 x 28.3 GHz. The calculation for the sample with thicker F-layer gave
an even larger capacitance of C' ~ 9.35 uF/cm?. Note that this calculation is only
strictly valid in case of linear damping term a@. The damping depends on the type

Table 6.4: Fiske step voltages of the I-V characteristics plotted in Fig. 6.15.
dF I. )\J 15t 2th 3th 4th 5th 6th
mm] [mA] [pm] | [pV] [pV] [pV] (V] (V] [pV]
3.95 84 40 74 144 219 283 352 422
436 1.5 94 73 144 217 - - -
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of subgap conductance [157], i.e. the back part of the IVC and varies strongly with
temperature.

6.8 Temperature dependence of 0 and 7w SINFS
junctions

Here T discuss the effect of temperature on the coupling, the current-voltage char-
acteristics and the damping of plasma oscillations for SINFS-type junctions. This
is similar to the discussion in Section 6.4, where the IVCs of SINFS junctions was
studied for variation of the F-layer thickness dr and temperature T. However, these
junctions were in the limit of thin F-layer thickness and hence, all were 0 coupled.
Moreover, those measurements have been performed in a not-highly shielded en-
vironment, which could decrease the hysteresis of junction and thus the Stewart-
McCumber parameter [3,.

Several junctions from sample 1 were measured in a highly shielded dewar at
the Universitit Tiibingen” using a SQUID-voltmeter or, in case of underdamped
junctions, a room temperature voltage amplifier. These measurements were in good
agreement with the results obtained at Forschungszentrum Jiilich, although the am-
plitude of critical current in zero field seems to be increased by 20 —30%. Subsequent
cooldowns from room-temperature to 4.2 K in the same set-up did not give an in-
dication for a change in critical current, although magnetic remanence may slightly
shift the I.(H) pattern along the field axis. T attribute the increase of I, to the better
set-up with less fluctuation sources for premature switching into the voltage state.

A structural change in the stack, e.g. in the tunnel barrier or F-layer, with time or
temperature could be attributed for the increase of j., too. To my knowledge, there
is no data about annealing properties of Josephson junctions with ferromagnetic
barrier in the literature yet. However, it is well known that the AloO3 tunnel barrier
changes their properties under temperature-treatment of 100°C or higher, cf. [158],
but not for samples kept always at room-temperature.

The I-V characteristics and I.(H) pattern of an SINFS 7 JJs with highest j.
are shown in Fig. 6.16, cf. the IVC of the SIS JJ shown in the inset. At lower
temperature the leakage current decreased and the gap moved to higher voltages.
In experiment due to heating effects at high bias currents, part of the sample was
becoming normal before reaching the gap voltage. The magnetic diffraction pattern
I.(H) was measured with a voltage criterion of 5 pV, which was better suited for
lower temperatures when the voltage drop across the INF-interlayers was larger.

At T < 2.61 K a step at 149 uV is visible on the IVC in Fig. 6.16. I found that
the Fiske steps have a spacing Vrs & 74 uV. Thus, I conclude that the observed step
is the first zero field step and is not related to any magnetization of the F-layer.

Temperature dependence of oscillation length £y

In general, the complex temperature dependence of the current-voltage characteris-
tics depends on the individual temperature dependences of the gaps A, €, the leakage

"These measurements were conducted by M. Kemmler.
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Figure 6.16: I-V(T) dependence of m SINFS (dg = 5.87nm) junction. The top inset
shows IVC of SIS junction at 4.2K, the bottom inset the I.(H) dependence of SINFS
junction at 4.2 and 2.11 K.

current (i.e. the sub-gap conductivity), the proximity effect in N and F-layers and
the change of oscillation period gs due to the thermal energy contribution to pair-
breaking processes. The last contribution was neglected in Sec. 6.4, as all samples
were in the limit of thin F-layer thicknesses.

The temperature dependence of the exchange field E., is a way how the tem-
perature could interfere through variation of £z and &pp. But it is negligible if
T, < Tc = 225 K, because the exchange field is then nearly constant for temper-
atures below the superconducting transition temperature [68]. The magnetic and
spin-orbit scattering mix the up and down spin states. If the spin-flip scattering
time 7, is short hr; ! > kg T., like in NiCu alloys, the temperature dependence of
scattering provides the dominant mechanism for 1.(7").

In general the dissipation decreases for lower temperatures, thus the Stewart-
McCumber parameter (3, increases, the voltage drop across the barrier when reaching
the resistive state becomes larger and the critical current increases (if changes of £
can be neglected). The oscillation period £y becomes shorter for decreasing tem-
perature, thus the whole I.(dr) dependence is shifted to thinner F-layer thicknesses.
Hence, the temperature dependence of the critical current I.(7') is the interplay of an
increasing component due to an increasing gap and a magnetic coupling dependent
contribution which may de- or increasing I, see Sec. 6.8.2.

6.8.1 Temperature dependence of I. and S.

As discussed before, the variation of temperature modifies {1 and s and can even
change the ground state of junction [65, 79]. Since Fq of NigyCuyg is relatively large,
a change of T affects the SINFS JJs much less than in the previous works on the
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Figure 6.17: I.(T') (top) and B.(T) (bottom) dependences of 0 and m coupled SINF'S
Jjunctions.

stronger diluted ferromagnetic NiCu alloys [65, 79]. The I.(T) relations for three
JJs from sample 1 are shown in Fig. 6.17(a).

At dp = 5.11 nm the JJ was still 0 coupled, but one can attribute the nearly con-
stant I. below 3.5 K to the interplay between an increasing gap A and a decreasing
oscillation length mo(T).

The JJ with dp = 5.20 nm was 0 coupled at T' = 4.2 K, but changed its coupling to
7w below 3.11 K. For a detailed discussion, see next Section 6.8.2.

The dr = 5.87 nm JJ (as well shown in Fig. 6.16) exhibited the highest critical cur-
rent among the 7 JJs (j. = 5A/cm? at 2.16K). To my knowledge, the corresponding
Ay = 160 pm is the shortest achieved for SIFS (or SINFS) JJs up to now.

The bottom part of Fig. 6.17 depicts the 8.(T) dependence for the same JJs. The
0. of the always overdamped JJ with dr = 5.20 nm was not estimated. The value
of . increased exponentially below 4 K for both 0 and 7 JJs. This indicates a very
weak Cooper pair breaking in the F-layer for these temperatures.

A low damping for 7 JJs is important for studying the junction dynamics in
7w or O—m coupled JJs like eigenfrequency spectroscopy, observation of macroscopic
quantum tunneling or semi-integer Zero Field Steps in 0-m JJs.

In Appendix B.1 the IVC of a 7 coupled JJ at 41 mK is depicted. At these extremely
low temperature the junction was strongly underdamped.

6.8.2 Temperature induced 0 to 7 transition

The sample with dp = 5.20 nm changed by variation of temperature the coupling
from 0 to 7, as can be deduced from its I.(T) dependence plotted in the upper
part of Fig. 6.17 at zero magnetic field and the I.(H,T) dependence depicted in Fig.
6.18. These measurements were performed using a highly sensitive SQUID-voltmeter
with voltage criterion V, of 10 and 50 nV for detection of the critical current. For
all temperatures the junction was overdamped, as the critical current was very low

(ﬁc o8 ]c)-
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Figure 6.18: Top: Temperature dependence of I.(H) of dr = 5.20nm SINF'S junction.
Curves have been offset vertically and horizontally. Bottom: At 0 to m transition
the I.(H) became asymmetric, presumably due to roughness induced 0—m phase
boundary inside the junction.

At the 0 to 7 crossover point the critical current 7.(T) should vanish and formally
change its sign. Since only the magnitude of the critical current could be measured,
the branch of the 7 coupled regime (lower temperature) was reflected into the positive
region. One can extract from the three samples in Fig. 6.17 that the possibility to
detect a temperature induced 0 to 7 crossover was lost by changing the F-layer
thickness only by 0.1 nm.

During the 0 to 7 transition of sample dr = 5.20 nm its critical current was not
vanishing completely (I™" ~ 0.87 zA) (Fig. 6.18 bottom) either due to roughness of
the ferromagnet or the prominent sin(2¢) component in the current-phase relation
[89, 159], which can appear intrinsically or again due to roughness [160, 161]. Note
the very small residual offset current Igeer = 0.25 pA in the I.(H) pattern. At the
crossover temperature Ty-, = 3.11 K the I.(H) could still be traced through several
minima, so the roughness of the total junction area still had to be low. The center
of the diffraction pattern I.(H) changed gradually from zero field by ~ 27% of a
flux quantum @, along the H-axis to the right, while changing the coupling phase
from 0 to 7. At the same time the amplitudes of the side-maxima became slightly
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Figure 6.19: Magnetic diffraction pattern of the = JJ with j, = 50 A/cm? and IVC
(inset). Current axis of the reference w JJ with thicker AlyOs barrier is scaled by
factor 10.

asymmetric. Probably some roughness of the F-layer (e.g. at the junction border)
provided 0 and 7 coupled regions in the JJ, i.e. it became a very asymmetric 0—
7 junction. This may explain the shift and asymmetry of I.(H). For even lower
temperatures (2.4 K) the I.(H) patterns became symmetric, indicating a uniform
coupling again.

6.9 Upper limit of j. for 7 coupled JJs

I want to focus on the critical current density j. and Josephson penetration depth
A x 1/y/je in 7 JJs. In SINFS junctions with NiCu alloys the highest critical
current density j. for 7 coupling was three orders of magnitude below the j. of SIS
junctions with similar oxidation conditions. This was caused by the strong magnetic
scattering of Cooper pairs in the diluted ferromagnets. The very short coherence
length &gy for NigyCuyg alloys sets a limitation for higher critical current densities.

From the application point of view, a high critical current density and conse-
quently a short Josephson penetration depth A, are desirable for various purposes,
for example to obtain a large I.R product or to reach the LJJ limit within reasonable
dimensions.

The dr = 5.87nm junction from sample 1 (shown in Fig. 6.16) showed the highest
critical current density of the 7 junctions from sample 1 with j. = 5A /em? at 2.16 K.
At this temperature the junction was highly underdamped with a Stewart-McCumber
parameter 3. = 700.

A further increase of j. can be achieved by decreasing the Al,O3 barrier thickness.
However, at the same time the specific tunneling resistance is reduced (i.e. R), hence
I.R may even decrease. Miller and coworkers [145] reported on Nb/Al-Al,O3/Nb
(SIS) JJs having j. up to 400 kA/cm?, but of considerable lower quality. Their
junctions had a large subgap current and a strong damping due to the appearance
of microshorts in this very thin tunnel barrier.
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One SINFS sample with an extremely thin Al,Oj barrier was fabricated at an
oxygen pressure of 2.3 - 1073 mbar. This is one decade lower than the oxidation pres-
sure used for my standard SINFS junctions and clearly belongs to the low-exposure
regime, with the well-known disadvantages, see Sec. 6.2 for details. The magnetic
diffraction pattern and the I-V characteristic of a © coupled JJ with dr = 5.80 nm,
measured at 4.2 K, are shown in Fig. 6.19. The symmetric I.(H) modulation in-
dicated a still homogeneous current transport through the junction, although the
voltage drop in resistive state was much reduced due to leakage currents. This junc-
tion was as well measured at temperatures down to 1.7 K (not shown). It was
always overdamped, therefore the leakage current was dominated by temperature-
independent microshorts in the barrier instead of temperature-dependent breaking
of Cooper pairs in the F-layer, like for the junction shown in Fig. 6.16.

However, the very high critical current density j. in 7 state of about 50 A/cm?
may be well suited for applications where the strong dissipation does not matter, or
is even desired.

Some recent publication [8, 70, 83] about SFS and SIFS junctions in clean limit
with NigAl, Ni, Co as magnets indicate the possibility to obtain high j.'s in = JJs.
Although, the very short oscillation length £z < 0.5 nm makes them very sensitive
to interface roughness and the stronger magnetic remanence may complicate the
1.(H) measurements.
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Chapter 7
0, 7 and O—x SIFS JJs

This Chapter describes the experiments with SIFS 0-7 JJs, along with 0 and 7
reference junctions. The calculations show that the 0—7 JJ has a magnetic flux in
the ground state.
The 7 and 0—7 junctions are of interest for several purposes. One can build Rapid
Single Flur Quantum (RSFQ) devices with active m junctions [162], using the double
degenerated flux in 0-7 JJs for memory devices or in quantum limit as qubits [20],
study semifluxons like in d-wave superconductors [22, 93, 99], investigate the physics
of fractional vortices (like big spins) in various geometries [98] et cetera.

The idea of an SIFS! 0-7 JJs is presented in Chapter 3 and can be summarized
as:

It was demonstrated both theoretically (Chapter 2) and experimentally (Chapter
6) that the critical current of SIFS JJ changes its sign (and the ground state from 0
to m) as a function of the F-layer thickness dp, as shown in Fig. 6.12. By choosing
two F-layer thicknesses d; < dy such that I.(dy) ~ —1.(dy), an SIFS structure with a
step like F-layer thickness is fabricated, see Fig. 7.1. If the F-layer has the thickness
dy for one half of the junction and the thickness ds for the other half, a symmetric
0-m JJ is obtained. The term symmetric refers both to amplitude of j. and length
L in 0 and 7 coupled parts. In this case, a double degenerated spontaneous flux will
be generated in vicinity of the phase boundary. The flux is created by supercurrents
circulating around the step in the F-layer. Tt is equal to |®4/2| in case of a 1JJ.2

L Although the actual stack sequence for the junctions is SINFS, the N-layer is not relevant for
the electric and magnetic properties discussed here and will be neglected in this Chapter. It was
introduced to reduce the roughness of the interfaces.

2The results presented in this Chapter were obtained in cooperation with M. Kemmler and Dr.

[

Nb;iA_d;
dZI Nio.sCUM e 0 1d1

Cu
Al-ALO,
Nb

Figure 7.1: Sketch of O—m SINFS JJ with stepped F-layer.
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7.1. JJ WITH STEP IN THE F-LAYER
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Figure 7.2: Schematic layout of stepped JJ along with reference junctions. F-layers
with thicknesses d, are denoted in red, and step Adpr and dy in blue. The F-layer
thickness increases from left to right. The actual F-layer thickness is much smaller
than depicted.

Parts of this Chapter were published in Ref. [163].

7.1 JJ with step in the F-layer

The workout of a precise patterning and etching process to define JJs with the F-layer
thicknesses dy, dy on the same chip and even within the same JJ was an extremely
demanding task. The difference in F-layer thickness was obtained by etching. The
precise control of the uniformity of etching to obtain similar F/S interfaces for the
etched d; and non-etched ds F-layers and a low junction-to-junction deviation were
the biggest obstacles. For details on the deposition and the etching parameters for
the stepped F-layer, see Sec. 4.6.1.

All the junctions had an area of 10 000 um?, but different sizes. Still all lateral
sizes were comparable or shorter than the Josephson penetration depth ;.

7.1.1 Fabrication of step in the F-layer

To fabricate a stepped F-layer, I used a similar patterning process as for the junctions
with uniform F-layer thickness. The layout of stepped junctions and the placement
of reference junctions is depicted in Fig. 7.2. As in case for the simple SIFS junctions
(Chap. 4), the F-layer was deposited with a gradient of thickness in y-direction on
the S/I stack, see Fig. 7.2. After the deposition of 40 nm Nb as cap layer and lift-off
I obtained the complete SIF'S stack with F-layer thickness dp(y), but without steps
in dr yet. The deposition parameters for the multilayer stack and especially the
oxidation conditions of Al-layer were the same as for the sample 1 in Chap. 6. To
produce the desired step-like variation in dp, the parts of the JJ that were supposed
to have a larger thickness ds were protected by photoresist, see Fig. 4.8. Then the Nb
cap layer was removed by reactive dry etching using SFg. A few tenth of nanometer

E. Goldobin, both from the University of Tiibingen.
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Figure 7.3: I.(H) of etched (star) and non-etched (dots) JJs (4.2 K). The insets
show IVCs for small and large bias current ranges in zero magnetic field.

(Adp = dy — dy) of NiCu were Ar ion etched at a very low power and rate to avoid
any damaging of the NiCu film under the surface and to keep a good control over
the step height. When the F-layer thickness was reduced down to the thickness d;
the etching was stopped and 40 nm of Nb were deposited in situ.

Various structures on the chip were placed within a narrow ribbon along the -
direction and replicated along y-direction. One ribbon contained references JJs with
the F-layer thicknesses d; (uniformly etched) and dy (non-etched) and a JJ with step
in the F-layer thickness from d; to dy. The length Lg and L, are within lithographic
accuracy of ~ 1 um. A set of structures for different dp(y) with an increase in dg
for each row of about 0.05 nm was obtained. The increase of the F-layer thickness
along y axis was determined from reference films.

7.1.2 Quality of the etched junctions

Fig. 7.3 shows the results of experimental investigation of some reference JJs, i.e. the
IVC and I.(H) dependence for a non-etched junction (dot) with the F-layer thickness
dy and a uniformly etched junction (star) with thickness dy = dy — Adp are depicted.
The thickness of Adr was estimated by comparison of I. of both samples with the
data from Fig. 6.12 (sample 1). Both junctions were still in the 0 coupling regime.
The insets show the I-V characteristics for small and large ranges of bias current.
Besides the difference in I, the I.(H) dependence and the IVCs (right inset) showed
no evidence for an inhomogeneous current transport for both samples. The larger
1., but same resistance and capacitance led to a slightly hysteretic IVC of the etched
sample, just as the samples with thinner dp (discussed in Chapter 6).
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Figure 7.4: Critical current I, of the uniformly etched (star) and non-etched (dot)
SIFS junctions versus the F-layer thickness before etching dr. The fit of the experi-
mental data for non-etched samples using Eq.(7.1) is shown by the continuous line.
The JJs were oxidized at 0.015 mbar.

The scattering of the critical current I, and resistance R on the etched junctions was,
just like for the non etched SIFS junctions, of the order of 2%. For example, the
scattering of I. can be seen at Fig. 7.4. At dr = 5.04 nm two uniformly etched sam-
ples with same area have critical current densities j. of 1.90 A /cm? and 1.96 A /cm?,
respectively. The trapping of magnetic flux might cause a larger variation in critical
current density than the interface asymmetry stemming from the etching process.

7.2 0O-m SIFS JJs

In each ribbon in y-direction of the wafer there was a set consisting of the following
three JJs:

e a JJ not affected by the etching with dy = dp(y)
e a JJ etched uniformly with dy = dp(y) — Adp

e a JJ etched to have an F-layer with the step from d; to ds.

For the low transparent SIFS junctions the I.(dr) dependence is given by Eq.(2.4):

_ _ dead
1.(dp) ~ exp ( éf) cos <dF€FCQZF> , (7.1)
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where £p1, po are the coherence and oscillation lengths as derived in Sec. 6.5. The
data points from the SIF'S junctions with the F-layer thickness dy are dots, star ones
are from junctions after uniform etching of the F-layer down to a final thickness of
dl.

The coupling of junctions changes from 0 to 7 at the crossover thickness d%™ =
58k + ddFead = 5.21 nm. Fitting I.(dr) to the non-etched junctions yielded £y =
0.78 nm, &py = 1.35 nm and d$**d = 3.09 nm (black line in Fig. 7.4). See Chapter 6
for details.

By comparison with the experimental I.(dr) data for the etched samples I estimated
the etched away F-layer thickness as Adp ~ 0.3 nm. The uniformly etched samples
(star) were already shifted by this amount, see Fig. 7.4.

Now a set of junctions is chosen which had the thickness ds and critical current
I.(dy) < 0 (7 junction) before etching and the thickness d; = dy — Adp and critical
current I.(d;) = —1.(ds) after etching (0 junction). One of the possibilities to choose
is the junction set denoted by circles around the data points in Fig. 7.4. In practice,
I tried to choose dy so that I.(ds) corresponds to the maximum absolute value of
the supercurrent in the 7 state. In this case the O—m JJ has the shortest A; and
lowest possible damping for the 7 part, which is favorable for semifluxons and qubits.
In any case, due to the rather steep slope of the I.(dr) curve at dp ~ dy, I.(dy)
is very sensitive to d;. Therefore, it was not so easy to fabricate 0-m JJs with

[e(di)] = l7e(da)]-

7.2.1 0, 7 and 0—r Josephson junctions

In the next Sections only three JJs out of the selected set are discussed.

e a0 JJ with F-layer thickness d; and the critical current density jo = j.(d4)
e a m JJ with F-layer thickness do and the critical current j, = j.(ds)

e a O0—7 JJ with thicknesses di, dy and critical densities jg, j, in 0 and 7 halves

All these junctions had dimensions 330 x 30 um?, see Fig. 7.5. The 07 JJ consisted
of one 0 and one 7 region of equal lengths Ly = L, = 165 ym? (within lithographic
accuracy). I assume that the critical current density in all 0 regions (and in all 7
regions) was the same, as no indication for an inhomogeneous current transport was
given.

The I-V characteristics and the magnetic field dependence of the critical current
I.(H) was measured for all three junctions. The magnetic field H was applied in-
plane of the sample and along the y-direction, see Fig. 7.5, thus H was parallel to the
step discontinuity in the F-layer. The magnetic diffraction pattern of the 0—7 JJ and
the 0 and 7 reference JJs are plotted in Fig. 7.6. Due to a small net magnetization of
the F-layers the I,(H) of references junctions were slightly shifted along the H axis.?
Nevertheless, both had the same oscillation period pugH. =~ 36 pT. At T ~ 4.0 K
the I-V characteristics were non-hysteretic with 10 ~ 208 pA, IT &~ 171 pA, as can
be seen in Fig. 7.6. The magnetic field dependence, top of Fig. 7.6, of the reference

3The influence of a finite magnetization on I.(H) pattern is estimated in Sec. 7.3.3.

102



7.2. 0-m SIFS JJS
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Figure 7.5: Picture of the 330 x 30 um? JJ (top view). The 0-m boundary/step in
the F-layer (if any) is indicated by a dashed line.

top electrode

bottom electrode

junctions I9(H) and IT(H) look like almost perfect Fraunhofer patterns. The 0-7
junction was slightly asymmetric A = j7/j% = 1, but the magnetic field dependence
I%™(H) had a clear minimum near zero field, although it was somewhat asymmetric
and shifted along the H axis.

To achieve a more symmetric configuration, the bath temperature was varied
from 4.2 K down to 2.3 K, because a decrease of the temperature should increase
I™ = I(dy) stronger than I° = I.(d;). The reason of this is the interplay between
the increase of the gap A(T) and the shift of I.(dg) curve towards lower dr due to
a reduction of po(T) when temperature decreases, as already discussed in Chap.
6. The increase of gap yields a higher j.. The half with thicker F-layer, i.e. the m
coupled part, has a slightly stronger suppression of the superconducting gap near the
S/F interface and should have a faster increase of I.. The change of £ decreases I°
and increases IT. As a result, in experiment both [9(T) and IT(T') were increasing
when decreasing the temperature, but with different rates. At T' &~ 2.65 K the critical
currents 12 and I™ became approximately equal.

The main experimental result of this Chapter is presented in the bottom part
of Fig. 7.6. It shows the [.(H) dependences for all three junctions at 7' ~ 2.65 K.
One can see that the I9(H) and I7(H) pattern almost coincide, having the form of a
symmetric Fraunhofer pattern with the critical currents I0 & 220 pA, IT ~ 217 pA
and the same period of modulation. The I%™(H) dependence has a clear minimum
near zero field and almost no asymmetry. The critical currents at the left and right
maxima (146 pA and 141 pA) differ by less than 4 %. The magnetic diffraction
pattern I.(H) was measured with the voltage criterion of 0.5 V. This criterion gave
an &~ 1% increase in I0™(H) at the central minimum.

To ensure that the dip on I9™(H) near zero field came from the stepped 0-7
boundary formed by a step-like F-layer, I measured I>7™(H,) by applying the field
along z-direction (perpendicular to the step discontinuity). In this case 197 (H,)
pattern looks like a Fraunhofer pattern with maximum at zero field, as shown in
the inset of Fig. 7.6. Probably the sample was slightly tilted against the magnetic
field and the F-layer had a finite magnetization, thus the I.(H) was asymmetric in
the side-maxima and [.(0) ~ 93 pA was higher than for the measurements with
magnetic field along the step 197™(0). This measurement was done separately in a
Helium bath set-up with more noise and less magnetic shielding. The larger voltage
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Figure 7.6: Junction geometries 330 x 30 ym?. I.(H) of O-m JJ (triangle) with H
applied parallel to short (y) axis and step in the F-layer, along with the non-etched
(dot) and etched (star) reference SIFS junctions. Top: I.(H) at 4.0 K, Bottom:
I.(H) at T =~ 2.65 K, symmetric 0-r JJ. The inset shows the I.(H) pattern of 0-m
JJ with H parallel to long (x) axis. The JJs were oxidized at 0.015 mbar.

criterion (1 V) and the higher bath temperature (4.2 K) contributed to the current
offset in I.(H), too.

7.3 Physics of 0—7 JJs

Let us review the conditions for appearance of a spontaneous vortex in an one-
dimensional Josephson junction with symmetric or asymmetric 0—r phase boundary.

7.3.1 Ground state diagram

As mentioned in Chapter 3, for junctions of finite normalized length ¢ the vortex
(or the associated supercurrent) appears in the short junction limit only for almost
symmetric junctions, that means with only low deviations from [57| = [j°| and
L. = Ly =~ L/2. Below I want to determine quantitatively the maximal degree of
the asymmetry A = j7/;° in case of the centered (L, = Ly = L/2) 0-7 boundary
for a given total junction length ¢, which still allowed to have a ground state with
spontaneous magnetic flux. From Ref. [92] the two boundaries between flat phase
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Figure 7.7: Phase diagram of short 07 Josephson junction. Vortex state exists in
dashed region, outside is a homogeneous flat phase . The 0—t boundary is centered
and the asymmetry stems from the difference in j7/j = A =1 —2§. The vertical
doted line indicates the length ¢ = 1.3.

states © = 0 or u = 7 and the state with spontaneous fractional flux are given by
the equations

LO jﬂ- Lﬂ' LO jﬂ L7r
tan [ =2 ) = /|2 | tanh | == tanh [ =2 ) = /|2 tan | == ) .
w () =R () o () -yl (s

Normalizing the lengths to A; = A9 and introducing A = [57]/[5%| = 1 — 2§ with
asymmetry parameter J yields

tan(f) = VA tanh (&\/Z) , tanh(fy) = VA tan (Z,,\/Z) ,

where ¢y = Lo/\j, and ¢, = L./A;. Since the O—7 junction has equal length of
0 and 7w parts Ly = L, = L/2 (L = 330 pm), denoting ¢y = {, = {/2, one gets
two transcendental equations for A, which define the boundaries between different
ground states:

tan(%ﬂ) — VA tanh (%NZ) 7 tanh(%f) — VAtan (%NZ) .

For very short junctions ¢ — 0, both solutions give A — 1 [15]. By substituting
A =1-20 into Egs. and Taylor-expanding them up to terms linear with 2 one can
express ¢ as 6(¢). Finally expanding with respect to £ up to quadratic terms ¢2, one
gets 0 = ££2/12. Thus, for very short JJs (£ — 0) the range of jT with spontaneous
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flux in the ground state is from A = j7/5%9 = 1 — (?/6 to 1 + (?/6, i.e. may be
extremely small, see Fig. 7.7.

For large ¢ one has to solve the transcended equations numerically. The results
are present in Fig. 7.7, which depicts the phase diagram for the flux state depending
on the normalized junction length ¢ and ratio j7/j°. If the O-m LJJ is asymmetric,
ie. j0 # 47 is out of the fractional vortex regime, the ground state corresponds to
1= 0or u=m. Note that the short JJs should be very symmetric to poses fractional
flux in the ground state. JJ with large ¢ are very insensitive to the asymmetry.

For all junction length ¢ the appearance of a spontaneous magnetic flux is a
second-order phase transition [92], that may be controlled by a temperature-induced
variation of the asymmetry ratio 57 /j°. This has been done in case of the 0—r coupled
junction presented in this Chapter.

Symmetric short 0—n JJ

I want to discuss the features of the I™(H) dependence and its meaning in case of the
symmetric O—7 junction, measured at 2.65 K. The Josephson penetration depth A\; =
/®o/2mpgg.d & 259 + 17 pm, was estimated taking the London penetration depth
Ar = 90+ 10 nm, the thicknesses of the superconducting electrodes t; = 120 + 10nm
and t; = 400 nm, and j. = I?/(Lw) = 2 A/em?. The junction dimensions were
the length L = 330 pm and the width w = 30 pm. The quantity d’ was given
by d' = dr + dp + A coth (t1/Ar) + A coth (t2/Ar). Thus, the normalized length
¢=L/)\; was = 1.3 (at T = 2.65K).

The ground state of the system in absence of a driving bias or magnetic field
(I = H = 0) should be determined. The calculation of magnetic flux in the short
junction limit was done in Section 3.3. For the symmetric O—m LJJ of the length
¢ = 1.3 the ground state had a spontaneous flux

+d = Oyl? /871 a2 0.067 - Py

That means the spontaneous flux was 13% of ®4/2. From the phase diagram and the
junction length of £ = 1.3, the ground state with spontaneous flux will still exist even
for j7 /49 from 0.78 to 1.39 (see vertical dotted line corresponding to ¢ = 1.3. Thus,
the junction was clearly inside the domain with spontaneous flux in the ground state
although one cannot see any striking indications of this on the 9™ (H) dependence.
This JJ should even have some small spontaneous flux in the high temperature state
of 4.0 K, as the asymmetry parameter A = 0.82, i.e. 6 = 0.09, was still within the
vortex state regime. The magnetic field profile corresponding to the spontaneous
vortex at T ~ 2.65 K and ¢ = 1.3 is shown in Fig. 7.8.

Note that even if j7/j° was off the ground state with spontaneous flux, e.g. at
higher temperature when the asymmetry was even larger and the ground state was
flat (u = 0 in this case), by applying a bias current or a magnetic field one induced
fractional flux in the system [17].
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Figure 7.8: Numerically calculated magnetic field of a spontaneous fractional flux in
0—m JJ of { = 1.3. The field of semifluxon in an infinite LJJ is shown for comparison.

7.3.2 I.(H) dependences
I.(H) of reference JJs

Using a SJJ model, i.e. assuming that the phase p(z) is a linear function of z the
first minimum of the Fraunhofer dependence for the reference 0 JJ or © JJ can be
calculated. It should appear at:

Do
Hy=——~44.6+3.5uT,
! poLA :

where the effective magnetic thickness of the junction

t t
A =d; +dp + A tanh L + Ap tanh —2 ) ~ 140 £ 11 nm.
2AL 2Ap

Therefore the experimental value of 34uT was lower and can be explained by a weak
field focusing effect of the geometry with the factor 1.3.

I%™(H) for short ideal JJ

The magnetic diffraction pattern of I2°™ for a symmetric, short 0-7 junction is given
by Eq.(3.4):

o (02)

s
2

)

@
Do
where ® /Py = pigH LA/® is the number of the applied flux quanta through the effec-
tive junction area. This dependence has a minimum at zero applied fields 197 (0) = 0,

two symmetric maxima with critical current 197 (H,,)/I? ~ 0.72 at magnetic field
poHy, = 2®@¢/LA and the first side minima appear at ®5/®; = +2, which should
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Figure 7.9: Calculated magnetic diffraction pattern I>™(H) for short 0-7 junction
with asymmetry in jO" and remanent magnetization (single domain) My,. Only

asymmetry in both %™ and M, tilts the maxima.

have a parabolic shape. A plot of I"™(H) together with I%™(H) patterns in the
short junction limit is found in Fig. 1.7.

7.3.3 Remanent magnetization in short 0—7 JJ

The analytic solution for magnetic diffraction pattern in a short (L < A;) junction
with different critical current density j0 # 57 and remanent magnetization My # M,
of F-layers in 0 and 7 state can be found in analogy to the calculation for the flat
phase junctions presented in Section 6.6. The O—r phase boundary is centered, i.e.
Ly = L, = L/2. The magnetizations may be in a multidomain state My, M, # 0,
but the net magnetization may be very small, see Chapter 5. The random orientation
of the net magnetization in each part (0, 7) can provoke different magnetic states
in both halves, i.e. My # M,. For simplification both H and M are treated as
normalized, dimensionless parameters. It is assumed that ¢°(x) = ¢g + (Mo + H)x,
o™ (x) = ¢r + (M, + H)z, ¢°(z) = ¢™(z) with —Lo < < L, and ¢y = ¢,. Then

- 1 cos(po) —cos(po — (H + My)) . cos(¢o + (H + M;)) — cos(¢p)
I H) o = —do 2(H + Mo) o 2(H + M) ’

where ¢q is an arbitrary initial phase. The phase-field relation for maximum /. is
reached for

Jo(H + My) sin(H + M) — jo(H + M) sin(H + M)

2(H + My)jr sin® (H5M=) 4+ 2(H + M) josin® (£ |7

¢p = arctan

Fig. 7.9 depicts the effect of non-zero, single domain magnetizations My, M, and
different j°, j© on the magnetic diffraction pattern I9™(H) (asymmetry: j7/j9 =
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A=1-26).

e An asymmetry in critical current density 50 # j7 (dots) and My = M, = 0 lifts the
central minimum upward and at the same time decreases (increases) the maxima,
depending on j7 /50 < (>)1.

e The effect of finite My, M, is depicted by the triangles. In case of the same
magnetization My = M, the I.(H) dependence is just shifted along the H-axis.

o If the remanent net magnetization differs in 0 and 7 parts My # M, and j7 = 5,
the I9™(H) is shifted by (Mg + M;)/2, but the maxima are symmetric (have the
same height). The first minima get bumped from the bottom and may even disappear
for large difference in M.

e For jO # j7 and My # M, the diffraction pattern is not only shifted, the central
minimum near zero field is lifted up, the side-minima lay about zero, but also the
maxima become asymmetric.

During cooling down in one of the JJs sometimes some flux was trapped, which I
associate with rearrangement of the domains in the F-layer. This events were quite
rare, approximately 1 event in 10 hours. The I.(H) was suddenly shifting along
H-axis by some value.

7.3.4 Discussion of experimental ['"(H)

All characteristic features of I9™(H) dependence can be described by theory with
the accuracy of few percent, although there are some discrepancies between simple
SJJ theory and experiment, depicted in Fig. 7.6 and Fig. 7.10:

e In the experiment the minimum of I9™(H) dependence was somewhat shifted
along the field axis and the relative value of 197 /I% ~ 0.16. Thus, the minimum
was not completely vanishing.

X

e The critical current at the side maxima 9™ (—H,,)/1° ~ 0.66 and [0 (+H,,)/I°
0.64 were below the theoretical value of 0.72 and were somewhat different.

e The first side minima of 19" (H) were reached at the same magnetic field (&5 /Py =
+2) as the second minima of I.(H) for 0 or w JJ, but it looked like bumped from
the bottom and did not really reach zero.

All these effects can be explained and reproduced numerically by taking into
account several deviations from the ideal short 07 Josephson junction model.

Asymmetry in critical current density

As shown in the preceding Section, for asymmetry in the critical current density
Jr = jo%(1 — 26) # j°, instead of the curve (3.4), one will still get a symmetric
magnetic diffraction pattern (SJJ model) for 0—r JJ, but the minimum at zero field is
19°7(0)/10 = ¢, and both maxima 19 (+ H,,) decrease below 0.72. In my experiments
the asymmetry § could be calculated from I, of 0 and 7 reference junction as: § ~ 1%.
However, the real jo™ in the 0-m JJ might differ a bit from the j. calculated from

the reference junctions.
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Figure 7.10: I.(H) pattern of 0-x JJ for both current polarities, measured at 2.65 K.
The inset depicts the region around H = 0.

Net magnetization of the F-layer

If in addition some weak net magnetization of the F-layer is assumed, such that M,
is not equal to M, the I"™(H) dependence is shifted along H axis by (Mg + M,)/2.

Only if both components, i.e. the asymmetry in critical current density and a
finite, but different magnetization in 0 and 7« parts, are included at the same time,
the I9™(H) curve will get asymmetric maxima and characteristic bumps at the first
side minima as observed in experiment.

7.3.5 Increase of minimum in /0" (H)

The value of I2™(H) at the central minimum was also affected by the finite length
of the junction ¢ ~ 1.3. The deviations from the short junction model increased the
critical current 19 (H) at the central minimum, as plotted in Fig. 3.3 (b+c).

According to numerical simulation the minimum of 1% (H) is formed by intersec-
tion of the two brunches (with positive and negative spontancous flux) and should
look like a cusp-like minimum. However, in experiment the minimum looked like
parabolic, see the inset of Fig. 7.10. This can be due to noise in the magnetic
field. Under the assumption of that the rounding at the bottom is caused by noise,
the real value of I9™(0) should be obtained by linearly extrapolating the I (H)
pattern near the minimum towards H = 0, which yields 197(0)/I? ~ 0.1 instead
of 0.16. However, carefully measurements using superconducting magnetic coils in
persistent mode to exclude any magnetic field noise showed no further decrease of
the minimum, see Fig. 7.10.

Another explanation is that the magnetic moments in the F-layer were re-orientated
during I.(H) measurements, and the non-uniform intrinsic magnetization lifted the
absolute minimum to the measured value of 17 /I ~ 0.16.
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Figure 7.11: Experimentally measured Fiske step (0,7 JJs) and semi-integer ZFS
(0-m JJ) on the IVCs, measured at 2.6 K. Curves have been offset vertically.

7.4 Zero Field steps in 0—7 and 0, 7 JJs

As pointed out in Chapter 3.4.1 one should observe semi-integer ZFS on the IVC of
the 0-7 JJ in case of not too strong damping and moderate length of junction, so
that the fractional flux can still hop over this distance. Under the assumption that
the flux in O—m JJ is transferred with the same maximum velocity as in the reference
0 and 7 JJs, it should appear at the same voltages as the Fiske steps in magnetic
field for the flat phase junctions.

In experiment, shown in Fig. 7.11, the 0 and 7 reference junctions showed reso-
nance steps in the I-V characteristics at £34 pV if a magnetic field was applied, but
not in zero field (black line). The Zero Field Step appeared at 65 pV =~ 2 - Vg for
all three junctions (not depicted on the figure). The 0-7 junctions even had in zero
magnetic field a resonance step. I conclude that this is a semi-integer Zero Field Step,
similar to those observed by Goldobin et al. [95]. The experimental confirmation
of the existence of semi-integer ZFSs indicates the hopping of semifluxons. Thus,
the presence of a magnetic vortex at the O—m phase boundary was clearly indicated.
Note, that the formation of spontaneous flux at I = 0 was not proved by the presence
of semi-integer ZFSs, as the bias current could provoke a magnetic flux inside the
asymmetric O—m JJ. The voltage of the Fiske steps was in good agreement with Fiske
step measurements on SINFS JJs with same junction geometry and oxide barrier.
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Appendix A

LTSEM measurements on SIFS
junctions

Scanning electron microscopy (SEM) represents a powerful imaging tool for studying
spatial structures in condensed matter [164]. A focused electron beam is scanned over
the surface of an object and simultaneously an appropriate response signal (e.g. the
emission of secondary electrons or a voltage change) generated by the electron beam
irradiation is recorded. A 2d image of the surface topography is then obtained by
synchronously displaying the response signal. It has become a standard technique
for investigating objects kept at room temperature.

Low Temperature Scanning Electron Microscopy (LTSEM), designed at the Uni-
versity of Tiibingen, allows one to investigate physical phenomena in superconducting
thin film samples with a spatial resolution of about 2 ym. The low temperature stage
used in this set-up is formed by a conventional He bath cryostat located outside of
the specimen chamber of the SEM and surrounded by a liquid nitrogen tank for
precooling and thermal shielding.

The basic elements of the LTSEM are shown in Fig. A.1. The sample (e.g. a
Josephson junction) is mounted on a temperature controlled low-temperature stage

current |
el
l;'ct[on beg,
" without
‘Tef.iec "/ e-beam
tion iy [ lconstant.
b
4 st
e
151 7
voltage V

V-8V, V, V48V,

Figure A.1: Left: Schematic overview of the Low Temperature Scanning Electron
Microscopy (LTSEM) of Josephson tunnel junctions. The e-beam changes properties
of the superconductors: origin of the spatial structures in resistively biased tunnel
junctions. Right: change of IVC under e-beam radiation.

115



APPENDIX A. LTSEM MEASUREMENTS ON SIFS JUNCTIONS

of SEM in such a way that its surface can be directly scanned by the electron beam.
The back of the sample is mounted in good thermal contact with a thermal reservoir
kept at 4.2 K or lower. While scanning the sample surface with an electron beam, the
junction is heated locally, resulting in a change of the local resistance. Simultaneously
applying a constant bias current [, sets the junction to the voltage state with voltage
V,. This local change of resistance (proportional to the Josephson current) leads to a
global variation of the voltage, which is detected by Lock-In technique at each point
and plotted in a 2d picture. The electron beam induced change of the tunneling
current can be expressed as [94]

0e(z,y) = 015(2,y) + 6lg(2,y)

where (x,y) is the position of the focused electron beam on the sample surface.
dI;(x,y) is the local change of the maximum tunneling current density and §74(z, y)
is the change of tunneling current induced by the change of local phase difference,
respectively. A positive change of the voltage Vj, + dV,, caused by a lower critical
current |1, — 0I.| is depicted dark, whereas a reduction of voltage Vi, — 0V, i.e. a
higher critical current |I. + 01|, is depicted in white. The background (zero voltage
change) signal is gray. A review of LTSEM was given by R. Gross and D. Kélle [94].
Details about the actual set-up and detection technique are given in the Ph.D. thesis
of D. Doenitz [165].

LTSEM! was used twofold: for imaging of the current distributions over the
tunnel barrier in SIFS and SINF'S junctions and for studying the interaction between
the local magnetic configuration and the external magnetic fields with respect to the
current transport. As ferromagnetic interlayer NigoCuyg was used.

Unless otherwise noted, all junctions discussed in this Chapter are in the short
Josephson limit, i.e. Ay < 1.

A.1 LTSEM on SIFS junctions

The first LTSEM measurements were performed on square shaped SIFS junctions
(dr ~ 5.0 nm, 0 coupled) with an area of 100 x 100 ym?. The junctions were cooled
down in zero magnetic field. A SEM picture is shown in Fig. A.2(a). The cap
electrode is light-colored and the bottom electrode dark. The junction (dashed line)
was patterned in overlap geometry with idle region of ~ 10 ym width.

The Fraunhofer pattern of sample A (cf. bottom of Fig. A.2(b)) was nearly
symmetric, apart from the asymmetric side-maxima. Trapping of magnetic flux
and/or roughness of the F-layer or tunnel barrier might be the reason. In the voltage
image of the junction several inhomogeneities could be seen. Light-colored areas had
a weaker voltage signal and thus less transport current. The dark colored areas had
a concentration of supercurrent, probably due to a thinner F-layer in this region.
The heating by the electron beam suppressed much of the total supercurrent and the
voltage signal for this region was larger.

The sample B, see Fig. A.2(c), showed even larger inhomogeneities in the voltage
image. Both samples were fabricated in the same run and were next to each other on

'LTSEM was performed in cooperation with D. Doenitz at the Universitiit Tiibingen.
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Figure A.2: SIFS junctions: (a) SEM picture, dashed line denotes junction, (b)
sample A: LTSEM voltage image of SIFS JJ in zero magnetic field, (c) sample B:
black spot in bottom right corner denotes electric short. Bottom row: I.(H) pattern
of the junction above. Sample A and B have F-layer thickness dp ~ 5.0 nm. Data
from [165].

the chip. The magnetic diffraction pattern of the sample B deviated strongly from
the ideal one, as a central peak and a clear minimum were absent.

The voltage image of sample B showed, apart from the electric short in the right
corner, a diagonal pattern with alternating positive and negative voltage signal (lower
or higher 1.), which corresponded to positive and negative directions of the current-
flow. I assume that the effective magnetic field was not vanishing and the magnetic
form anisotropy turns the remanent magnetization along the diagonal direction of the
junction. Thus, the voltage picture showed the Josephson current under an internal
magnetic field. The electric short was probably caused by some roughness of the
F-layer, like the inhomogeneities in sample A. The location of the black spot was
independent from the applied magnetic field, and probably caused the offset in 1.(H)
pattern of the sample B.

Interestingly, the sample A and B had the same order of magnitude of the critical
current. SIS junctions with an electric short in the tunnel barrier had a strong
asymmetric [.(H), similar to the one from sample B, but usually had much larger
critical currents and large scattering of amplitudes.

In summary, the LTSEM voltage images from SIFS junctions showed an inhomo-
geneous current transport over the F/I double layer, which confirmed earlier results,
see Chapter 6 for details. The diagonal pattern in one sample might be caused by a
remanent magnetization along the diagonal direction.
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Figure A.3: Modulation of j.(x) = j.sin (%’;A/LOHCL’ + ¢0) (red) for different mag-
netic fields (H) through J.J.

A.2 SIFS JJ with very thin F-layer in magnetic
field

LTSEM imagines were obtained for a square shaped SIFS junction of 100 pm length,
F-layer thickness dp = 2.8 nm and Josephson penetration depth A\; = 66 pm, too.
The JJ was still of intermediate length L/A; < 2 and the magnetic field penetrated
completely. This junction exhibited a symmetric magnetic field dependence of I,
when measured in a liquid Helium dewar (depicted in Fig. A.4). The very thin F-
layer (same order of magnitude as the dead magnetic layer thickness d9*d) ensured
a homogeneous current transport despite the unfavorable SIFS stack.? However,
when measured inside the LTSEM set-up a weak link in the Nb top-wiring near the
junction edge appeared for bias currents larger than I = 2 mA. This prevented
tracing out the complete magnetic field dependence, as the large critical current for
small magnetic fields could not be measured correctly. I attribute the appearance of
the weak link to the reduced thermal cooling power inside the LTSEM set-up. Thus,
only voltage images taken at larger magnetic fields with bias currents below 2 mA
were recorded, see Fig. A.4. The effect of an external magnetic field applied in-plane
and along the junction axis is clearly seen.

The external magnetic field caused a constant gradient of the Josephson phase
¢ along the junction. This caused a sinusoidal modulation of the Josephson current
density j.(x) = j.sin (%AMOHI + (;50), resulting in the so-called vortex state of
the junction. The evolution of the vortex state with increasing magnetic field is
shown in Fig. A.3. The experimental results (Fig. A.4) agree well with theoretical
expectations. A weak background field or a slight tilt of the sample versus the
magnetic field caused the minor twist of the modulated voltage.

A.3 Elliptical and circular SINFS JJs

The influence of the junction geometry onto the supercurrent transport was studied
on the optimized SINFS-type junctions with dr & 5.1 nm (still 0 coupled)

?Note that the I.(H) pattern of an SIFS junction with dz = 2.0 nm is symmetric too, see Chap.
6.

118



A3, ELLIPTICAL AND CIRCULAR SINFS JJS

o
T

o
T

critical current | (mA)

=3
o
T

o
5]

L L AL L L L L L
04 03 02 01 00 01 02 03 04
magnetic field (mT)

Fig. 9, 0.27 mT | |Fig. 10, 0.29 m

Figure A.4: Imaging the spatial distribution of the Josephson current density in an
SIFS tunnel junction with thin F-layer (dp = 2.8 nm) at different magnetic fields
applied in-plane and along the vertical junction axis.

The magnetization is in-plane for all thin ferromagnetic films due to the form-
anisotropy [130]. An elliptical shaped JJ has two magnetic axis, a hard one (long axis)
and a weak one (short axis). To minimize the stray fields the overall magnetization
tends to be parallel to the magnetic hard axis. On the contrary a circular shaped JJ
has no such magnetic hard or weak axis. Minimization of stray fields should lead to
the formation of magnetic domains and domain walls, where the local magnetization
is twisted from one domain state to another. The ideal magnetic circular junction
with no net magnetic stray field tends to form a large domain wall in the middle of
the junction, as was confirmed by simulations using OOMMF computer code [166]
(not shown).

Both junctions (elliptical and circular) studied here were in the short Josephson
limit. The Helium-dewar attached to the back of the sample was pumped during
the experiments and the sample temperature was below 4.2 K as can be determined
from the I-V characteristic (not shown). Hence the voltage drop was larger and the
signal to noise ratio of the measured differential voltage was increased compared to
the measurements presented before, when the dewar was not-pumped and the bath
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Figure A.5: Magnetic field dependence of the elliptical shaped junction (sample 3-
1) measured inside LTSEM (circle) and reference measurements in better shielded
liquid He dewar (triangle). Full symbols represent 1.(H) with H parallel to long axis
of the ellipse, open symbols 1.(H) with H parallel to short axis. The inset shows the
scheme of the junction geometry. Data from [165].

temperature was higher. More details can be found in [165].

A.3.1 Elliptical junction

The elliptical SINFS junction, sample 3-1, had an area of 1000 ym? with 64 ym axis
length for long and 20 pum for short axis.

The oscillation period of I.(H) should be reciprocally proportional to the junction
length perpendicular to the magnetic field direction. Thus, one expects for the
elliptical sample 3-1 an oscillation period for the magnetic field parallel to the long
axis which is three times larger than for the magnetic field along the short axis.
Measurements in a shielded liquid He dewar at Forschungszentrum Jiilich, cf. Fig.
A5, of this junction showed indeed a clear correlation between period of I.(H) and
the cross section of the junction normal to the magnetic field. However, inside the
LTSEM set-up the I.(H) pattern for the magnetic field parallel to the long axis
had just a 20% larger oscillation period than for the magnetic field along the short
axis. Various reasons like magnetic background stray fields, remanent magnetization
in the F-layer, field focussing effect by asymmetric superconducting electrodes and
inhomogeneous magnetic fields or Abrikosov vortices could be attributed, see [165]
for details. A tilt between the magnetic field and the samples could be excluded, as
the electron beam, which is sensitive to the magnetic field via Lorentz force, indicated
a good alignment of the sample and field.

e [ parallel short axis: The voltage images for the magnetic fields along the
short axis are depicted in Fig. A.6. At zero field the voltage signal was nearly
uniform and positive. Hence, the current transport was very homogeneous in these
SINFS junctions, as pointed out earlier. Like the SIFS junction with thin F-layer
(Fig. A.4) the experimental results of this sample were in good agreement with
the theoretical expectations for short Josephson junctions. For example, at the first
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Figure A.6: Elliptical shaped junction (sample 3-1) with magnetic field along the
short axis of junction. Data from [165].

side-maxima (Fig. 2, 10) three half-sine periods (positive change of voltage, negative
change, positive change) are visible. Note that for the minima (Fig. 1, 3, 8, 12) exist
several configurations of the phase. The system changed under the electron beam by
reducing the voltage, as the beam was not a small change anymore and it moved to
higher I,.

e H parallel long axis: The voltage images for magnetic fields along the long axis
are shown in Fig. A.7. Like the results obtained for magnetic field parallel to the
short axis (Fig. A.6) the modulation of the Josephson sine was perpendicular to the
field axis, but the field was tilted. The direction of the tilt was not constant, but
independent from the direction of the applied magnetic field. The tilt was consistent
with the unexpected large oscillation period in the I.(H) pattern. If the magnetic
field through the junction was perpendicular to the modulation of the Josephson sine,
the effective length of the junction for the magnetic oscillation length was somewhat
shorter than the length along the long axis. However, more experiments are necessary
to explain this peculiar behavior of I.(H).

No indications for the presence of magnetic domains or domains walls can be
determined for both directions of the magnetic field. Maybe the changes in local
magnetization were smaller than the resolution size of 2 pm.
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Figure A.7: Elliptical shaped junction (sample 3-1) with magnetic field along the
long axis. Data from [165].

A.3.2 Circular junction

The circular shaped SINFS junction, sample 3-3, had an area of 1000 um? with a
radius of 18 pm. It was located next to the elliptical junction (presented before) on
the same chip.

e H parallel vertical axis: The voltage images obtained for magnetic fields along
vertical axis are depicted in Fig. A.8. The vertical axis corresponds to the short axis
of the elliptical junction. The small diameter of the junction led to a rather large
magnetic oscillation period, thus the I.(H) pattern could only be measured up to the
first minimum, due to limitations of the current source for the generation of magnetic
field. Analog to the elliptical sample 3-1 the voltage image was very uniform for zero
field and showed modulations of the Josephson sine with increasing magnetic field.
At the minima of I.(H), see Fig. 8, the electron beam reduced the negative current,
hence the overall I, was increased and the voltage signal was negative for all parts
of the junction.

e [ parallel horizontal axis: The voltage images for the magnetic fields along
the horizontal axis are shown in Fig. A.9. Like for the elliptical junctions the
magnetic oscillation period deviated from the expected one, although in this case the
sample was even spatially isotropic. Reference measurements for both axis length in a
shielded liquid He dewar at Forschungszentrum Jiilich indicated the same oscillation
period. The voltage images showed, like for the elliptical junction, a tilt of the
Josephson sine. The tilt depended on the strength of the magnetic field. Again no
indications for the presence of magnetic domains were found. More experiments are
necessary to determine the origin of the tilt.
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Figure A.8: Circular junction (sample 3-3) with magnetic field along vertical axis.
Data from [165].
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Figure A.9: Circular shaped junction (sample 3-2) with magnetic field along the
horizontal axis. Data from [165].
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Quantum states of 7 junction

For more than two decades has been a growing interest in macroscopic quantum
effects in Josephson junction. One of the motivations was to test if the laws of quan-
tum mechanics also apply in macroscopic systems. In single junctions the degree of
freedom is the phase difference of the superconducting order parameter across a junc-
tion. Several quantum phenomena, such as macroscopic quantum tunneling (MQT)
[41, 167], microwave spectroscopy [42] and resonance tunneling [168] were demon-
strated. For the use of Josephson junctions as qubits the experimental milestones
are the observation of quantum superpositions of macroscopically distinct states, as
done recently on a variety of Josephson junctions [12, 84, 169].

In this Chapter the escape rate and microwave spectroscopy measurements on a
Josephson tunnel junction with a ferromagnetic layer are presented.! This 7 coupled
SIFS? Josephson junction was fabricated for this thesis and is from sample 2, pre-
sented in Chap. 6.5. To my knowledge, there are no reports about escape rate and
spectroscopy measurements on a Josephson junction with a ferromagnetic interlayer
up to now.

The thickness of the F-layer is dp = 5.43 nm, the junction is square shaped with
an area of 100 x 100 um? and has a low very critical current density of (8.4 A /cm?
at 4.2 K) to avoid current heating effects. The Josephson penetration depth A, is
about 1000 pm, hence the junction is in the SJJ limit.

The experiments were done in a home made *He /*He dilution refrigerator, which
provides a base temperature of about 40 mK. A description of the experimental
set-up and the calculations is given in the recent Diploma thesis from S. Beutner
[170, and references therein]. The data and results from the latest measurements
after further improvement of the set-up were submitted recently [171].

B.1 7 JJ in low temperature limit
The I-V characteristics of the junction measured at 41 mK and 4.2 K are plotted in

Fig. B.1. At low temperatures the junction was strongly underdamped, (. ~ 15.000,
and exhibited a high quality factor @ = w,RC = 123. For large bias currents

!The measurements have been performed by Karl Madek and Sven Beutner at Walther-Meissner-
Institut, Garching.
2Actually it is SINFS-like, but the N-layer has just a structural function.
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Figure B.1: -V characteristics of m SIFS junctions (dp = 5.43 nm) at standard
and millikelvin temperatures. The inset depicts the low leakage current for the
T = 41 mK regime.

(> 20 pA) the Cooper-pair density at the tunnel barrier, induced from the top-
electrode through the F-layer can be neglected due to the strong leakage current
in the F-layer. This means the stack was SIFN-type like for large currents. Thus,
the voltage across the junction approached asymptotically the gap of the bottom
Nb-layer: A > 1.1 mV. The critical current changed slightly from 8.4 pA at 4.2K to
10.1 A at 41 mK. Note that this IVC was measured after the escape measurements
described below and with a different computer card. For these measurements the
critical current was determined as I, ~ 13.9 pA. A trapping of flux just before
the measurement of IVC may explain the reduction of critical current. Up to now
no magnetic field dependence could be measured, therefore the presence of some
magnetic flux could not be detected. However, the high quality factor Q and the
asymptotic approach toward the gap-voltage for large bias currents hold independent
of the presence of a trapped magnetic flux.

B.1.1 Current ramp experiments

In a temperature range starting at 1.05 K down to 39 mK the distribution of the
switching current I, was determined. The important parameters were the mean
switching current [, and the standard deviation o, which are correlated with the
position of the center and the width of the histogram. Fig. B.2 shows the switching
current distribution for different temperatures. Premature switching to the voltage
state led to a broadening of the peaks in the histogram and the position of the mean
switching current decreased with increasing temperature. For the calculation of the
escape rate and the fluctuation-free critical current I, the plasma frequency wyo,
switching probability P(I) and current ramping speed dI /dt were necessary. Details
of the calculation are explained in Ref. [170].
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Figure B.2: Evolution of the switching current distribution for different temperatures.
Data from [170].

B.2 Escape temperature measurements

The escape temperature T, was calculated for each temperature T}, as described
by Martinis et al. [41]. Similar to the temperature independence of the escape
temperature below the crossover temperature T*, the relative width /I, became
minimal for T < T, when macroscopic quantum tunneling was the dominating
escape process.

In the experiment neither the calculated escape temperature T (Fig. B.3)
became independent of the bath temperature, nor the standard deviation o set to
a constant level (Fig. B.3) as the temperature Thun dropped. Thus, macroscopic
quantum tunneling was not assured in this junction. For temperatures below 250 mK
the small change in the slope can be explained by an intermediate state which was
observable for temperatures 1.47* < T < 3T*, cf. Ref. [41]. Indeed, the crossover
temperature determined by microwave spectroscopy was calculated as 7% = 31.0 mK,
which was 8 mK below the base temperature of the set-up. Future experiments will
be performed in a cryostat with a lower base temperature to observe macroscopic
quantum tunneling from the ground state and the first excited state.

B.3 Microwave spectroscopy

In the Stewart-McCumber model [33, 34] the current-biased short Josephson junction
is modeled as a particle of mass m moving in an external, tilted washboard potential
U(¢), as shown in Fig. 1.5 and in the top part of Fig. B.4. The phase difference ¢
across the junction represents the position of the particle.

The quantization of energy of the phase particle in the tilted washboard poten-
tial enables excitations to higher energy levels by applying microwaves with suitable
frequencies v,y and powers P,y at the Josephson junction. Meanwhile the bias cur-
rent is swept at a constant rate dI/dt from zero until a voltage step occurred at
the switching current [g,. The bias current I tilts the washboard potential, which
causes a change of the energy level spacing. If the energy of the microwave photons
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Figure B.3: Top: Standard deviation o and I, versus the bath temperature. Bot-
tom: Temperature dependence of the escape temperature T,y for m SIFS junction.
The inset has a log-log-scale. Data from [170].

E,; = hw,; = h27v,y fits to an energy distance between two levels, the phase particle
is excited to higher levels.

For suitable microwaves a double peak occurred in the switching current distribu-
tion, which was also observable in the time trace of the switching current, see the
inset in the bottom part of Fig. B.4. This second peak occurred at a lower bias
current and is designated as resonance excited state, i.e. the bias current is the reso-
nance current I,..s. The escape of a current-biased 7 Josephson tunnel junction from
the zero-voltage state in presence of a weak microwave radiation was investigated
experimentally at 50 mK.

Multiphoton transition

In the parabolic approximation the energy level separation in a short Josephson junc-
tion is expected to scale with the applied bias current as AE = hw,g (1 — ([/IC0)2)1/4.
Resonances with the externally applied microwaves appear for nv,; = AE/(h27),
where n is the number of photons absorbed in the transition between two energy
levels.

B.3.1 Spectroscopic determination of wy, /o and C

The microwave spectroscopy was performed at very low temperatures of 50 mK.
While applying microwaves in the frequency range between 1 and 10 GHz to the
sample the switching current distribution was monitored. Meanwhile the microwave
power was increased from low values up to higher values until the excited level be-
came substantially populated and the switching current distribution became double
peaked, as depicted on the inset of the bottom part of Fig. B.4.
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The single branches at the top of Fig. B.5 designate the multi-photon transitions
with n photons from the ground state. It was clearly observed that the resonances fall
into different groups as indicated by the lines, each line corresponded to resonances
with a different number n of photons. By multiplying the microwave frequencies
with the number of photons n one obtains the one photon curve, as shown on the
lower part of Fig. B.5.

In the Fig. B.5 the fitting of all data to

yielded the plasma frequency wy/2m = 8.31 GHz, the critical current I.n = 14.2 pA
and the capacitance C' = 27r]c/<1>0w§0 = 14.11 pF.

The critical current I,y estimated from microwave spectroscopy was in very good
agreement with the I,y = 14.18 pA, determined from the escape temperature mea-
surements.

The capacitance was a factor of 10 smaller than the usual capacitance reported for
SIS junction and similar Al,Oy barrier thicknesses [172, 173]. The additional normal
and ferromagnetic metal layers should not change the capacitance C, as they simply
form one part of the parallel plates in the condensator structure. The difference in
capacitance can be attributed to the influence of the idle region, leading to a change
in phase velocity in case of microwave spectroscopy, see Section 4.5.1 for details.
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Appendix C

List of symbols

Symbol

Description

Physical constants

Speed of light

Electron charge
Vacuum permittivity
Planck constant
Boltzmann constant
Electron mass

Vacuum permeability
Bohr magnetron
Magnetic flux quantum

Greek letter symbols

Normalized quasiparticle damping coefficient
Stewart-McCumber parameter

Normalized bias current

Interface transparency

degree of asymmetry

Superconducting energy gap

Step height in F-layer

Dielectric constant; energy of electron-like excitation
Phase of superconductor

Order-parameter related component of phase
Josephson penetration depth

London penetration depth

Magnetic thickness

Magnetic component of phase

Coherence length in superconductor
Complex coherence length in F-layer
Coherence length in F-layer

Oscillation length in F-layer
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LIST OF SYMBOLS

Symbol Description
&y Characteristic coherence length in N-metal
& Transparency parameter
p Junction resistance per unit length
po Specific resistance of junction per unit area
o Standard deviation of switching-current distribution
Ts Inelastic magnetic scattering time
¢ Superconducting phase difference
¢, Magnetic field
(e Supercurrent
® Magnetic flux
¥ Superconducting macroscopic wave function
wyrp  Microwave frequency
wpo Josephson plasma frequency
Q2 Reduced superconducting gap
Arabic letter symbols
A Junction area
A FElectromagnetic vector potential
¢o Swihart velocity
C' Total junction capacitance
C*  Specific capacitance of junction
d¥*d  Dead magnetic layer
d;y Tunnel barrier thickness
dr F-layer thickness
d%™  Critical crossover thickness
d’" Magnetic thickness
DU Density of states for electrons
D Diffusion constant
e* Electron charge in superconductor
Er  Fermi energy
E; Josephson coupling energy
Eo. Exchange energy
h  Normalized magnetic field
H Magnetic field
H, First critical field
1 Bias current
I Exchange integral
1. Critical current
I, Displacement current
I, Return current
I, Quasiparticle current
I; Josephson-current
Ip>  Amplitude of first and second harmonic term
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LIST OF SYMBOLS

Symbol Description
dl/dt Bias-current sweep rate
Iy, Switching current
j Bias current density
je Critical current density
k  Complex wave vector
kr  Wave vector at Fermi level
¢ FElectron mean free path; normalized junction length
L Length of junction
ma  Magnetic saturation moment
M Magnetization
n. Electron density
n°"  Cooper pair density
po, Oxidation pressure
P(I) Switching-current probability distribution
q Wave vector of mass momentum
@ Quality factor
R Junction resistance
R, Normal junction resistance
Ry Subgap junction resistance
t Time
t12 Bottom and top electrode thickness
T Temperature
T, Critical temperature of superconductor
Te Curie temperature
T* Crossover temperature
Twse Thermal escape temperature
U Potential for the phase
V' Voltage
V. Characteristic voltage
Vy, Gap voltage
Vars Fiske step
Vazrs  Zero Field step
Vs Shapiro step in current
vp  Fermi velocity
w  Width of junction
x,y,2 Spatial coordinates
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Summary

The aim of this thesis was twofold. Based on the superconductor-insulator-ferro-
magnet-superconductor (SIFS) technology first 7 coupled and second 0-7 coupled
Josephson junctions have been fabricated and characterized. This involved both
experimental and theoretical tasks.

From the experimental point of view, the main challenges were the realization of
7 coupling in SIFS junctions and the precise integration of 0 and 7 coupled parts in
a single junction, i.e. a 0—m junction. An appropriate material system based on a
low T, superconductor with a relatively high transition temperature T,, an insulating
layer which forms a high quality tunnel barrier and a ferromagnetic layer to control
the coupling of phase (0 or 7) had to be selected.

The superconducting banks and the barrier were made by Nb and Al-Al,Oj
technology and the ferromagnetic layer was realized by the diluted ferromagnetic
NiCu alloy. The patterning was done by optical lithography. The coupling of the
ferromagnetic Josephson tunnel junctions was investigated by means of transport
measurements. The insertion of a Cu layer between the tunnel barrier and the
ferromagnetic layer and a modified patterning process using the SNEAP technique
yielded high quality Josephson junctions with low spread of parameters. Hence the
multilayer stack became SINFS-type like, where the N-layer has a structural function.

Measurements of the maximum supercurrent of junctions as a function of the
externally applied in-plane magnetic field indicated a highly uniform Cooper pair
transport over the tunnel barrier and the ferromagnetic layer. The kind of coupling
(0 or 7) of the SIFS junctions was found from the dependence of the oscillating
critical current density dependence on the F-layer thickness.

The main result was the fabrication of 0—m coupled Josephson junctions by a
stepped F-layer, where a spontaneously formed magnetic flux ® is generated in case
of a symmetric -7 SIFS junctions upon zero field cooling below T,. The emergence
of the spontaneous flux, which was calculated as 13% of half a flux quantum, was
seen in the magnetic field dependence of the current-voltage characteristics of the
0—m JJ and the 0 and 7 reference junctions. The experimental data is in excellent
quantitative agreement with theoretical expectations. To my knowledge, this is the
first underdamped tunnel 0-7 junction based on low-T, superconductors. It can be
measured directly due to its rather high I.R product.
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Outlook

Both 7 (flat F-layer)and 0-7 (stepped F-layer) SIFS Josephson junctions offer inter-
esting aspects for future research.

Generally speaking, the SIF'S technology offers advantages over the existing 7 and
07 junctions based on d-wave superconductors [22, 93] such as the low dissipation of
plasma oscillations, no restrictions in topology and easy integration into the mature
Nb/Al-Al,03/Nb technology.

7w Josephson junction

It is highly desirable to use 7 tunnel junctions to substantially improve the parame-
ters of various classical and quantum electronic circuits.

For example, the use of 7 junctions in rapid single flux quantum (RSFQ) logics
may significantly reduce the size of the logic cells [11, 162]. The parameter which
defines the speed of operation is the product of the critical current and resistance I.R.
If proceeding to the quantum regime, a 7 junction may be used to construct a quiet
flux qubit, which is self-biased and well decoupled from the environment [12]. Again
one needs to use junctions with high resistance (to avoid decoherence) and reasonably
high critical current density j. to have the Josephson energy Ej < I. = j.- A > kgT
for junction areas A of a few square microns or below. Likewise, the Josephson
plasma frequency w, o< v/j., which plays the role of an attempt frequency in the
quantum tunneling problem, has to be kept at the level of a few GHz.

For future studies of 7 coupling in Josephson junctions the use of ferromagnets in
the clean limit was suggested. Recently, some promising publications have appeared
on the inversion of coupling realized by classical 3d magnets (Co,Ni) and alloys
(NizAl) in clean limit [70, 83]. However, the short oscillation period is still prob-
lematic for the exact determination of the coupling phase and the 0 to 7 crossover
thickness, but it may be possible with the precise F-layer wedge technique presented
in this thesis.

The presence of domain walls and free magnetic moments in the F-layer may cre-
ate a noise source for the current transport in SFS/SIFS-type junctions. Tracing out
the magnetic field dependence of the critical current I.(H) rotates the magnetization
or changes the size of magnetic domains, which should add some Barkhausen noise
to the system. Up to now no measurement have been performed on the electric noise
in SF'S or SIFS junctions.

The 0 or 7 coupled junctions fabricated in this thesis could be integrated into a
superconducting ring with an odd number of junctions to prove the coupling by the
magnetic field dependence of the critical current, as done in [75, 76].

The presence of higher harmonics in the current-phase relation could be deter-
mined. The first harmonic vanishes at the temperature-controlled inversion point
of the coupling phase (0 to 7) and the contribution of the second harmonic be-
comes predominant. An elegant method for the experimental investigation of the
current-phase relation is based on the coupling of the junction of interest with an
interferometer through a mutual inductance. Details can be found in [87].

Of interest are thermal escape or quantum tunneling and energy level quantization
measurements of a single m coupled Josephson junction. Such investigations have
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SUMMARY

already been started [170] and are described in part in Appendix B. The existence
of quantized energy levels in the potential at an intermediate state were proved
experimentally. The good agreement with the frequency-critical current relation
indicates that the theoretical predictions for the Josephson junction potential can
also be used to describe the behavior of the potential in SINFS junctions. It is
suggested that quantum tunneling dominates the thermal escape at temperatures
below 100 mK, if the critical current density is increased to 1 A/cm?, which is a
realistic order of magnitude for = JJs with thin Al,O3 barrier.

Density of states (DOS) measurements in 0 and 7 coupled NINFS-type Josephson
tunnel junction with ferromagnetic NiCu alloys could be done in analogy to the
experiments by Kontos et al. [174] using PdANi alloys. The 0 coupled junction
should have a DOS with a maximum at the Nb gap edge and a minimum at the
Fermi level, whereas for the m coupled junctions the DOS is flipped with respect to
the normal state.

The interplay of magnetic remanence, junction geometry and current transport
through the F-layer could be studied. A remanence of the F-layer should give a
hysteretic I.(H) pattern, and the formation of magnetic domains and walls should
modify the coherence lengths of the superconducting order parameter. Details can
be found in the theoretical publications [64, 150].

0—m Josephson junction

There are many open questions concerning the O—m Josephson junctions. These
structures allow to study the physics of fractional vortices with a good control of the
ratio of symmetry between 0 and 7 parts.

When going from the short to the long junction limit a change in the magnetic
diffraction pattern should happen. The dip at zero field should decrease towards a
plateau-like I.(H) pattern for the O—7 LJJ. The spontaneous magnetic flux should
approach half a flux quantum [15].

The formation of spontaneous flux in the ground state of multiple O—7 phase
boundaries in a long Josephson junction could be studied [18].

The 0-m JJ could be included in a long annular junction and the polarization
of the semifluxon could be read-out after the injection of integer fluxons and the
appearance of zero-field steps for underdamped junction [98].

The fractional vortex could be studied by nearby dc or rf SQUIDs, scanning
SQUID microscopy or LTSEM measurements, as done for flat phase junctions, see
Appendix A. The shape of its magnetic field and the kind of coupling (ferromag-
netic/antiferromagnetic) could be investigated for various lattice geometries.

Macroscopic quantum tunneling and microwave spectroscopy measurements should
be performed on a 0—7 coupled junction, just as done on the flat phase 7 junction
described in Appendix B.

So-called ¢ junctions could be constructed by periodic alternating short 0 and
7w coupled junctions along the axis of a long linear junction. The current-phase
relation has a very unusual shape with two maxima. In the short junction limit the
field dependence of the critical current is very different from the standard Fraunhofer
dependence [161].
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SUMMARY

m and 0-m are potential candidates for building flux-based qubits, also referred
to as phase qubits. While the 7 junction may serve a passive phase shifter in a quite
qubit [12], the O—7 junction may be used as the active part in the qubit, as was
recently proposed [20]. When the energy barrier separating two degenerate classi-
cal fractional flux states becomes very small, the system may spontaneously switch
between two states due to thermal excitation over the barrier or quantum tunneling
through the barrier. Two semifluxons in a long 0—7—0 JJ at a distance slightly larger
than the crossover distance from flat phase to flux state can be described by the
dynamics of a single particle in a double-well potential, which may exhibit quan-
tum tunneling at low temperatures. In a very short, symmetric O—r junction the
low amplitude of its spontaneous flux lowers the potential barrier between the two
degenerates states and quantum tunneling between the states may appear, too.
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High-quality Josephson tunnel junctions with ferromagnetic interlayers are presented. Depending on
the thickness of the ferromagnetic NiggCug4 layer and on the ambient temperature, the junctions
were in the 0 or 7 coupled ground state. Using a step-like ferromagnetic layer, the first controllable
0-7 tunnel Josephson junction was obtained. The ground state of the 0-7 junction corresponds to a
spontaneous vortex of supercurrent pinned at the 0- phase boundary, carrying a fractional vortex of
6.7 % of the magnetic flux quantum . The ability to fabricate 0, 7 and 0- Josephson junctions
within the same process opens up new prospects for applications in complementary logic circuits,
quantum bits and also for the investigation of fractional vortices.
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