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Abstract

This dissertation contains the experimental investigation of the symmetry
of the superconducting order parameter in novel superconductors and of the
interaction between superconductivity and magnetism in atomic-size and arti-
ficial heterostructures. The main scope has been to study the superconducting
order parameter and the modification of the density of states due to the pres-
ence of a magnetic order. This work has been devoted not only to the funda-
mental physics but also to the possible development of useful systems for the
realization of quantum electronic devices. The tool of investigation of these
systems has been the Andreev reflection spectroscopy. The symmetry of the or-
der parameter has been explored in novel superconductors, such as MgBy and
RuSroGdCuyOg with the point contact technique. For the first one we have
used a tip of Niobium, so realizing a S/N/S’ Josephson junctions. The con-
ductance characteristics have shown the Josephson current and the presence
of subharmonic gap structures, that have been explained in terms of multiple
Andreev reflections [S2,S8]. The point contact Andreev reflection spectroscopy
carried out on RuSrasGdCusOg has evidenced the d-wave symmetry of the su-
perconducting order parameter and, due to the presence of a magnetic order
in this compound, a reduced amplitude of the superconducting energy gap has
been measured [S1,53,54]. Furthermore, the presence of these two competitive
orders has shown a peculiar temperature dependence of the superconducting
energy gap. Artificial F/S (YBagCu3O7_,/Lag7Cag3MnOs3) heterostructures
have been analyzed in order to investigate the interplay between supercon-
ductivity and ferromagnetism [S5,S7]. Also in this case from the conductance
curves a reduced amplitude of the superconducting energy gap has been ex-
trapolated, then an estimation of the polarization of the Lag7Cag3MnQOg has
been drawn. Moreover the study of the coexistence between ferromagnetism
and superconductivity has been performed in nanostructured S/F/S Joseph-
son junctions [S6,59,510]. S/F/S heterostructures, constituted by a low-T¢ su-
perconductor, Niobium, and strong ferromagnetic materials, Nickel, NiggFes,
Cobalt and Iron, have been fabricated and analyzed. The oscillations of critical
current have been analyzed as a function of the ferromagnetic barrier thick-
ness. From the theoretical models we have estimated the exchange energy of
the ferromagnetic layer. This analysis has given, for the magnetic and electri-
cal properties of these heterostructures, a good input towards the realization
of coherent two-state quantum systems.
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INTRODUCTION

Immanuel Kant (1724-1804)

....Mathematics and physics are the two theoretical sciences of reason, which have to

determine their objects a priori; the former quite purely, the latter partially so, and
partially from other sources of knowledge besides reason...Reason, holding in one hand its
principles, according to which concordant phenomena alone can be admitted as laws of
nature, and in the other hand the experiment, which it has devised according to those
principles, must approach nature, in order to be taught by it: but not in the character of a
pupil, who agrees to everything the master likes, but as an appointed judge, who compels

the witnesses to answer the questions which he himself proposes.....
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The history of superconductivity has begun in 1911 thanks to the experi-
ments performed by Kamerlingh Onnes. In 1956 John Bardeen, Leon Cooper,
and Robert Schrieffer explained the disappearance of electrical resistivity in
terms of electron pairing in the crystal lattice: the BCS microscopic theory of
the superconductivity was born. Among the experimental techniques which al-
lowed testing this theory, quasiparticle tunneling introduced by Giaever (1960)
played a central role. Giaever showed that a planar junction composed of a
superconducting film and a normal metal separated by a nanometer thin insu-
lator, has striking current voltage characteristics. He showed that the deriva-
tive, the tunneling conductance, has a functional dependence on the voltage
which reflects the BCS quasiparticle density of states. This was the begin-
ning of tunneling spectroscopy, which was later used by Mc-Millan and Rowell
(1965) to establish a quantitative confirmation of the BCS theory.

A new era in the study of superconductivity began in 1986 with the dis-
covery of high-critical-temperature superconducting cuprates, new materials
that showed a critical temperature up to 40 K, where the superconductivity
seemed to come from the CuOq planes. Despite 20 years of intensive research,
the mechanism of superconductivity in high-T¢ superconductors is still not
clarified. A necessary first step in identifying the effective interactions respon-
sible for the superconductivity is to fully identify the symmetry of the pairing
state and to explain the various relevant experimental properties below Tc.
In recent years, the results of many experiments have made it generally ac-
ceptable to assume that high-T¢ cuprates exhibit d-wave symmetry of the
superconducting energy gap; however, the idea that the order parameter is
of s-wave type still remains tenaciously. We remark that the nature of the
symmetry of the order parameter for the high-T¢ cuprates occupies a center
stage in high-T¢ research and an understanding of this would shed consid-
erable light on the microscopic interactions that lead to superconductivity in
these unusual systems.

Among a variety of techniques, the point contact spectroscopy has proved
to be a comparatively simple, available and highly informative method to
investigate the symmetry of the order parameter in high temperature super-
conductors. It is indeed often difficult to have these compounds in form of
thin films or single crystal, so it is not possible to realize planar junctions and
the point contact spectroscopy presents itself as the only tool of investigation.

It has generally been believed that, within the context of the BCS the-
ory of superconductivity, the conduction electrons in a metal cannot be both
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ferromagnetically ordered and superconducting. In fact superconductors ex-
pel magnetic field passing through them but strong magnetic fields kill the
superconductivity (Meissner effect). Even small amounts of magnetic impu-
rities are usually enough to eliminate the superconducting phase. In spite
of this effect in 1977 the discovery of ternary rare-earth (RE) compounds
(RE)RhyB4 and (RE)MogXg, with X=S, Se, where magnetism and supercon-
ductivity coexist, has opened a new field of research. For this reason “in-
trinsic” and artificial F/S bilayers have been realized and investigated. It has
been verified that colossal magnetoresistance manganites have good structural
compatibility with high-T¢ superconductors, and are a rich reservoir of spin-
polarized charges, which can be used for spin injection studies. Injection of
spin-polarized electrons into a superconductor with energy greater than the
energy gap induces a non-equilibrium state in the superconductor by creating
non-equilibrium population of spins in the material, both by scattering and
pair breaking phenomenon. These heterostructures are interesting for their
properties and the possible applications.

But what about the F/S structures where S is a BCS superconductor and F
is a ferromagnetic material? The attention naturally turns towards these sys-
tems. It has been verified that, due to the presence of these competitive orders,
peculiar effects appear: the superconductivity is reduced by the spin polar-
ization of the F layer, then due to the proximity effect the Cooper pairs can
enter in the superconductor resulting in a oscillatory behavior of the density of
states. The last effect opens the doors towards new and exciting developments
for the realization of quantum electronic devices. In fact in S/F/S systems,
due to the oscillations of the order parameter, some oscillations manifest in the
Josephson critical current as a function of the ferromagnetic barrier thickness
evidencing the presence of two different states, 0 and 7, corresponding to the
sign change of the Josephson critical current.

Our research, presented in this dissertation, fits in this rapidly developing
and exciting area of condensed matter physics.

In the first place we have investigated, by means of the point contact An-
dreev reflection spectroscopy, the symmetry of the order parameter of a novel
superconductor, MgBs and a high-T¢ cuprate superconductor, RuSroGdCusOs.
The MgBy compound presents s-wave symmetry of the order parameter. In
this case S/N/S’ junctions have been realized using a tip of Niobium. So,
due to the multiple Andreev reflection, subharmonic gap structures have been
evidenced at integer multiples of the superconducting energy gap of the two
superconductors. On the compound RuSraGdCusOg, the first detailed study
of the symmetry of superconducting energy gap has been carried out. N/S
junctions have shown a d-wave symmetry of the order parameter with an am-
plitude of the superconducting energy gap lower than the conventional cuprate
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superconductors. We have explained this effect in terms of the proximity effect
due to the ferromagnetic order. In fact many experiments have shown in this
compound a coexistence between superconductivity and ferromagnetism. An-
other effect of this interplay is the peculiar, sublinear temperature dependence
of the superconducting energy gap. We have evidenced these features also in
the artificial F /S heterostructures constituted by a cuprate, YBagCu3Og, and
a colossal magneto-resistance oxide, Lag 7Cag 3MnOs.

Within the context of the interplay between superconductivity and ferro-
magnetism, we have fabricated and investigated the magnetic and electrical
properties of S/F /S nano-structured Josephson junctions constituted by a low
temperature superconductor, Niobium, and strong ferromagnetic metal, Ni,
NiggFegp, Co and Fe. These structures have evidenced a small magnetic dead
layer and oscillations of the critical current as a function of the ferromagnetic
barrier. The results on S/F/S junctions with Ni and NiggFeyy have reported
values of the exchange energy in agreement with other works. For the first
time we have reported critical current oscillations of Josephson junctions with
Co and Fe. For the high value of the exchange energies and small magnetic
dead layer these two materials can be considered as good candidates for the
realization of quantum devices.

This dissertation is organized as follows. In Chapter 1 the physics of the
superconducting and ferromagnetic materials is discussed with a hint to the
BCS theory and the theoretical models to describe these systems. A dis-
cussion on the possible coexistence of these two antagonist orders concludes
this Chapter. The Chapter 2 reviews the theory of the tunnel junctions and
the weak links regarding different transport regimes from the tunneling to
the Andreev reflection process. Then the Josephson junction model and its
modification with a ferromagnetic barrier is also presented. The experimental
techniques and apparatuses needed for our study are described in Chapter 3.
The last two Chapters contain the original results of this work, which have
appeared in Refs. [S1-S10]. In particular in Chapter 4 we present the point
contact spectroscopy measurements carried out on a novel superconductor,
MgBs, on a cuprate High-T¢ superconductor, RuSroGdCuyOg, and on an
artificial F/S system constituted by a cuprate, YBasCu3gOg, and a colossal
magneto-resistance oxide, Lag7Cag3MnQOg. In Chapter 5 we describe the fab-
rication and the transport measurements of sub-micron Josephson junctions
constituted by a low temperature superconductor, Niobium, and strong ferro-
magnetic barriers, Nickel, Permalloy (NiggFeyg), Cobalt and Iron. In Chapter
6 we draw our conclusions and outline possible future research developments.



PART 1

THEORY






CHAPTER 1

SUPERCONDUCTIVITY AND
FERROMAGNETISM

: s

i b il
Heike Kamerlingh Onnes (1853-1926)
....Mercury has passed into a new state, which on account of its extraordinary electrical

properties may be called the superconductive state..

In this part we explain the main properties of superconducting and ferro-
magnetic materials, in order to give a basic background to understand the
experimental data that we will show in Part II.

1.1. Fundamental properties of the superconducting materials

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes[125].
He was investigating the electrical properties of various substances at liquid
helium temperature (4.2 K) when he noticed that the resistivity of mercury
dropped abruptly at 4.2 K to a value below the resolution of his instruments.
After many researches the physicists arrived at the first characteristic property
of the superconductors: their electrical resistance is zero below a well-defined
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temperature T¢, called the critical temperature. Then it has been observed
that at any temperature below the critical temperature, the application of
a minimum magnetic field Ho(T) destroys the superconductivity restoring
the normal resistance appropriate for that field. So the relation between the
critical field Hg and the transition temperature T¢ is:

(1.1) Ho(T) = He(0)(1 = T/To).

Anyway the critical field He for the destruction of the superconductivity can be
experimentally determined only for the so-called type I superconductors. The
great majority of superconductors are of type II, and their transition between
the normal and the superconducting states is spread out over a finite range of
magnetic fields [128]. The observation of the temperature dependence of the
critical field, combined with the zero resistance in the superconducting phase,
led Meissner and Ochsenfeld [115] to the following result. If a superconductor,
posed in a magnetic field, is cooled down the transition temperature, the lines
of the induction field B are pushed out, in other words B vanishes inside the
superconductor (Meissner effect).

London [108] showed that the pure superconducting state in a magnetic field
has a persistent shielding current associated with it. Since Meissner effect is
very well established for samples of macroscopic dimensions, this current must
be confined to a region very close to the surface. Expressed in terms of the
field, we can conclude that B drops to a vanishing value over a characteristic
penetration depth A ~ 107° cm.

1.2. Microscopic theory of the superconductivity

To understand the physics of the systems that we study in this work we
recall the basic aspects of the microscopic theory of the superconductivity of
Bardeen-Cooper-Schrieffer (BCS theory) [12, 13]. The BCS theory uses the
Frohlich Hamiltonian [10] of the interaction between electrons and phonons to
show that, as a consequence of this interaction, there is a deformation of the
crystal lattice that under certain conditions determines an attraction between
the two electrons with the formation of a coupled state(Cooper Pair) [11].
At T=0 in the superconducting ground state all electrons are paired and the
superconducting ground state has the following expression:

(12) ) = [ Tlug + vget,* £ ]10)

—

k
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where |0) is the vacuum state, CZ—»T (c* P L) is the single-electron operator that

creates an electron with momentum k (—E) and spin T (]). While, v% is the
probability of pair occupancy and u% =1 —v% is the probability of pair vacancy.

At T=0 a certain minimum amount of energy is required to break the
Cooper pair, this energy is called the energy gap. In terms of the momentum
k, the expression of the energy gap is:

(1.3) Ap == Vigvptg
g

where V7 is the electron-electron interaction energy [168]. Assuming that
the electron-electron interaction is constant in a shell around the Fermi level
of width Awp, with wp the Debye frequency:

— { _V7 |Ek/’7 ‘Ek| < hWD;

(1.4) Vi 0, otherwise,

kE'

the energy gap A will be independent on k. We refer to an s-wave symmetry
of the order parameter in the case of a gap uniform in the k-space. The
probabilities of vacancy and occupancy in terms of the excitation energy of

the quasiparticle Ej, = \/E,% + AZ and the energy gap A are given by:
1 [E2 — A2 1 [E2 — A2
(1.5) ui =- A A bl F S, A

1+ — ;1)2:
2 B, k™9 B,

We can rewrite Eq. 1.3 in the following expression:
V A

2

k/'/ kl —"_
For T=0 we can simply verify that the expression for the energy gap becomes:
~ sinh(1/VN(0))
with N(0) being the density of electrons at the Fermi energy in the normal
state.

For T+# 0 the probability that the state with vector k' is occupied is given
by the Fermi-Dirac distribution:

1

1.8 f(Eg) = = )
( ) ( ) 1+ exp[Ek/KBT]
so Eq. 1.3 is modified by introducing the Fermi-Dirac distribution:

B Ay Ej
(19) A = Z Vk,k’ 5F tanh <2KBT>

(1.6) A=

(1.7)
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FiGure 1.1. Temperature dependence of the superconducting en-
ergy gap obtained by the numerical solution of Eq. 1.10, where A(0)
is the value of the energy gap at T=0.

Assuming the approximate form for the electron-electron energy, Eq. 1.4,
and going to the continuum, the self- consistent equation for the gap becomes:

1 kwp 2 2\1/2
— / dEé tanh M
VN©O) Jo VE? + A2 oK 5T

The numerical solution of Eq. 1.10 determines the temperature dependence of
the gap. In Fig. 1.1 we show the temperature dependence of the energy gap
in agreement with Eq. 1.10

We notice that Eq. 1.10 has not solution for each T, this means that there
is a critical temperature T¢ so that for T' > T¢ the superconducting energy
gap cannot be determined. This temperature can be calculated in the limit
A(T) — 0, giving:

(1.10)

(1.11)

From experimental measurements on conventional superconductors it has been
found that this numerical factor falls between 3.0 and 4.5. Furthermore from
the BCS theory we can directly obtain the expression of the superconducting
density of states:

(1.12) Ns(E){ O¢E— E>A;

(B7-A?)
Ny (0) E <A,

so we can conclude that a measurement of the density of states is a direct
estimation of the superconducting energy gap.
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1.3. High-T Superconductivity

The history of the high temperature superconductors (HTSC) has begun in
1986, when J. George Bednorz and Karl Miiller of the IBM research laboratory
in Zurich, Switzerland, reported [17] the observation of superconductivity in
the compound LaCuO doped with Ba or Sr atoms at temperatures up to 38
K. This caused tremendous excitement because 38 K was above the limit of
30 K for superconductivity that had been theoretically predicted almost 20
years earlier. Since then many investigations [78, 109] have been carried out
on high-T¢ superconductors with the dream to find the room-temperature
superconductors.

At that point, the compound YBayCusO7 took a central place [178], be-
cause of its high value of the T¢ = 92 K. Subsequently, attention was focused
on the compound BisSraCaCusOg with T = 105 K. That was followed by the
discovery in 1988 of TlyCagsBayCuOqg [154], with T¢ = 125 K and currently
a mercury-based material has been found to have the highest critical temper-
ature of about 133 K [147]. After more than 20 years, the field of high-T¢
superconductivity still remains very active and in development. From the ex-
perimental viewpoint much work has been carried out to improve the quality
of the samples with reproducible properties, for example single crystals and
thin films are available. Nevertheless it is difficult to develop a complete the-
ory that can describe the physics of these materials due to the complexity of
their properties. In particular, there is no doubt that the superconductivity
is based on Cooper pairs of electrons with zero net momentum because the
usual ac Josephson effect frequency is presented at integer multiplies of 2eV/h
and the flux quantum is observed of the usual size hc/2e, like the conventional
superconductors [168]. Moreover, the BCS theory appears inadequate to ex-
plain the vast and different characteristics of the new superconductors. For
example one and three-band Hubbard models have been proposed to give an
explanation of the electrical behavior of these compounds, but these theories
cannot take into account all the properties of the high-T¢ superconductors.

The high-T¢ superconducting oxides are layered cuprate perovskites. One
of the important characteristics of all cuprates is the presence of CuOs planes
separated by layers of other atoms (Ba, O, La,...) that have the function of
charge reservoirs and it is believed that the superconductivity occurs in these
planes, for this reason these compounds are generally called “cuprates”. The
critical temperature of the cuprate superconductors depends on the number
of CuOq planes, in fact it has been shown that T¢ increases with increas-
ing number of CuOy layers. Due to the complex layered crystal structure,
these compounds present a strong anisotropy of the electrical and transport
properties. Measurements of the resistivity as a function of the temperature
in the CuO5 planes have shown a linear temperature behavior. For different



24 CHAPTER 1. SUPERCONDUCTIVITY AND FERROMAGNETISM

materials the slopes of the curves are very similar suggesting a common scat-
tering mechanism for the carrier transport in the CuOy planes. These new
superconductors, moreover, present a short coherence length, & ~ 124 to 15A4,
smaller than that the conventional superconductors (¢ ~ 5004 to 10000A).
The coherence length is associated with the average size of the Cooper pair,
this means that a standard mean-field theory cannot describe the physics of
these compounds. Another common property of these materials is the pres-
ence of antiferromagnetic order at low temperature in the undoped regime,
i.e. when there are not free carriers in the planes. When the planes are doped
the antiferromagnetic order disappears and the superconducting phase occurs.
Anyway this doesn’t mean that there is not a correlation between these two
orders, in fact in literature some theories relating superconductivity and fer-
romagnetism are proposed, as we briefly show in Sec. 1.5

1.3.1. Symmetry of the order parameter

We ask ourselves another question: is the superconducting pairing in these
materials of the familiar s-wave type on which conventional BCS theory is
based, or some other form of pairing appears? Many experiments and the-
oretical predictions seem to show for these materials a deviation from the
s-wave symmetry of the BCS superconductors supporting the evidence of an
unconventional symmetry of the order parameter [80]. With the term “un-
conventional” we mean a state with a symmetry in the momentum k-space
different from the isotropic s-wave symmetry of the conventional supercon-
ductors. Experimental observations that are sensitive to the phase [177, 171]
and nodes of the gap [79], reported a sign reversal of the order parameter
supporting d-wave pairing. On the other hand, a group of experiments indi-
cate existence of a significant s-wave component [44, 164, 96]. There are also
indications, both from theories and experiments, that the high Tc materials
may have a mixed pairing symmetry (d + s, d + is, d + e, with o = s, dyy
[93], etc) in the presence of external magnetic field, magnetic impurities [101],
interface effects [63] etc. In Fig. 1.2 we show some of the possible symmetries
for the cuprates. We notice that a s-wave symmetry of the order parame-
ter presents a magnitude and a phase constant in the k-space, while for the
s-anisotropic and d-wave symmetry nodal lines appear in the magnitude of
the order parameter. But the behavior of the phase is different: for a s-wave
symmetry the phase is uniform, while for a d-wave state the phase presents
discontinuity along the nodal lines (110). Therefore, to identify the pairing
state, an experiment should be sensible not only to the magnitude but also to
the phase of the order parameter. As we will show in the next Chapter, exper-
iments based on the Andreev reflections are an useful tool to investigate the
symmetry of the order parameter, in fact in this case due to the sign change
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FIGURE 1.2. Magnitude and phase of the superconducting energy
gap for different symmetry of the pairing state. Figure adapted from
Ref. [80]

of the phase of the order parameter bound states appear at the Fermi level of
the superconductor.
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1.4. Magnetism

In this section we introduce some properties of magnetic materials, with a
particular accent to the ferromagnetic and colossal magneto-resistance com-
pounds, accompanied by brief hints to the recent theories that explain the
characteristics of these systems.

1.4.1. Magnetic order

In a solid the band electrons and sometimes also the ions in the crystalline
lattice, carry a microscopic magnetic moment [33]. In the case of electrons, this
is due to the spin angular momentum; atomic moments result from the orbital
motion of the shell electrons, or incompletely filled inner shells. There is a
significant difference in character between these moment-carriers. The atoms,
and therefore also their moments, are localized at the crystal lattice points.
The band electrons, however, propagate through the crystal as Bloch waves,
and are regarded as delocalized. Consequently, it is necessary to consider a
density of their spins, which is a continuously varying function of position.
In a non-magnetic material there is no long-range ordering of the microscopic
magnetic moments over sufficiently large distances, the orientation of the lo-
calized moments on the atoms varies randomly, and the departures from the
band-electron’s average spin density of zero are uncorrelated. Thus, in both
cases, the magnetization M (the average moment per unit volume) is zero.
The application of an external magnetic field H has two effects: (a) to align
the microscopic magnetic moments in direction of the field, and (b) to induce
anti-aligned moments due to the orbital response of the electrons. When the
former process is dominant, the material is paramagnetic; dominance by the
latter leads to diamagnetism. In both cases, the external field induces a mag-
netization, M = yH; where y is the magnetic susceptibility of the material
and is positive for paramagnets, negative for diamagnets. For both materials,
the magnetization vanishes when the external field is removed, the system
returns to its original disordered state.

In a magnetic material a spontaneous long-range ordering of the microscopic
moments exists. This is due to so-called exchange interactions between the
moment carriers. There are two major classes of magnetic materials exhibit-
ing spontaneous order, ferromagnets and antiferromagnets. In ferromagnetic
materials, the exchange interactions tend to align the moments in one direc-
tion, giving the material a non-zero magnetization. The preferred direction of
alignment (the so-called easy axis) is determined by secondary coupling to the
crystal field (e.g. spin-orbit effects). In contrast to ferromagnets, the exchange
interactions in antiferromagnetic materials tend to periodically order the mo-
ments in such a way that there is no overall magnetization of the system. In
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both ferromagnets and antiferromagnets the tendency of the exchange inter-
actions to order the moments is counteracted by thermal fluctuations; in the
limit of zero temperature, the thermal agitations which destroy the ordering
vanish, and the degree of order is limited only by quantum effects.

1.4.2. Ferromagnetism

The characteristic property of a ferromagnet is the spontaneous magne-
tization produced by the exchange interactions. This magnetization is not
necessarily uniform across the sample. A ferromagnet may be divided into
macroscopic volumes called domains, each possessing one oriented magnetic
moment. The application of an external magnetic field results in an expansion
of the domains with moments aligned with the field at the expense of those
with anti-aligned moments. This process is irreversible and leads to a per-
manent increase in the magnetization of the sample (hysteresis effect). The
magnitude of the spontaneous magnetization of a domain obtains a maximum
in the limit of zero temperature. This maximum magnetization is referred to
as the saturation magnetization (M s) of the material. In Fig. 1.3 we plot the
magnetization M versus H. The magnetic material starts at the origin in an
unmagnetized state, and the magnetic induction follows the curve from 0 to
Mg, the saturation induction, as the field is increased in the positive direction.
When H is reduced to zero after the saturation, the induction decreases from
Mg to Mg, the residual induction. The reserved field required to reduce the
induction to zero is called the coercivity, Ho. Depending on the value of the
coercivity, the ferromagnetic materials are classified as hard or soft. When the
reversed H is increased further, saturation is achieved in the reverse direction.
The loop that is traced out is called the major hysteresis loop.
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Due to the dominance of thermal fluctuations, the spontaneous magnetiza-
tion of a ferromagnet disappears above a certain critical temperature, the Curie
temperature (Tcoyre). Generally, a ferromagnetic material becomes paramag-
netic above Tcurie, but certain rare-earth elements exhibit anti ferromagnetic
ordering at temperatures higher than Tcyrie [113]. The phase transition from
the ferromagnetic to the paramagnetic phase (the normal phase) is the classic
example of a second order phase transition. Theoretical attempts of a micro-
scopic theory of ferromagnetism generally regard either the magnetic ordering
of the lattice atoms or the band electrons as of primary importance. Such
models are classified as “localized” and “itinerant”, respectively. Although in
any real system, both localized and itinerant effects are likely to be present to
differing degrees, it is usually possible to expect one to dominate the other.
For example, the rare-earth ferromagnets and their ionic compounds (such as
EuO and GdCy2) are regarded as good examples of localized systems, whereas
the ferromagnetism of the 3d transition metals (iron, nickel, and cobalt) and a
number of alloys of non-magnetic elements (e.g. ZrZny and ScsIn) are best ex-
plained by the itinerant scheme [138]. Theoretical studies of itinerant electron
models began in 1929 with the pioneering efforts of Bloch. His work indicated
that ferromagnetism was only likely to appear in the homogeneous electron gas
at very low densities; more detailed studies have proved that the homogeneous
electron gas is not ferromagnetic at typical metallic densities. This has been
confirmed by computational studies which predict the onset of ferromagnetic
ordering only at extremely low densities. There is, however, much disagree-
ment about the precise density range, and the physics of these low density
regimes should be regarded with caution [127]. More detailed models of itin-
erant electron systems have met with considerably better success than the
homogeneous electron gas approximation. These models have demonstrated
the main important role played by the band structure in determining whether
or not itinerant electron ferromagnetism will appear in a material. Of partic-
ular note is the so-called Slater and Stoner models [157, 159], which gives a
criterion for the appearance of ferromagnetism in terms of the density of states
at the Fermi energy. The Stoner model gives a very basic phenomenological
description of an itinerant system, and considerable improvement has been
made upon it [102]. Nevertheless, it has provided a useful starting point for
the study of itinerant electron ferromagnetism.

1.4.3. Colossal magnetoresistance

In 1950 Jonker and Van Santen reported the first study on polycrystalline
samples of (La,Ca)MnOg, (La,Sr)MnOs3 and (La,Ba)MnOg evidencing in these
compounds the presence of a ferromagnetic order [89]. These compounds
are usually called manganites. The first studies attributed this order to a
positive indirect-exchange interaction, but this viewpoint was soon replaced
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by the excepted double-exchange model. In this model the ferromagnetism
is interpreted as rising from an indirect coupling between incomplete d-shells,
via conducting electrons. Studies of the lattice parameters as a function of the
hole doping, in these samples, reported distortions of the crystalline structure;
these effects are explained in terms of the Jahn-Teller effect [77]. Furthermore
Wollan and Koehler [176], using neutron diffraction techniques, found that in
addition to the ferromagnetic order, an antiferromagnetic phase is presented
in manganites. In some cases, they also reported evidence of charge ordering
coexisting with the antiferromagnetic phase. One of the most remarkable
properties of the manganites is the influence of a magnetic transition on the
electronic conduction. Already in 1950, Jonker and Van Santen [89] discovered
that the resistance below the magnetic ordering, T<T cyie, exhibits a positive
thermal coefficient, indicating metallic-like behavior and a negative gradient
above Tcurie- This brings about a maximum in the resistivity curve near
Tcurie- Despite much progress, the implications of this behavior were only
explored in 1993, when a reduction of the resistance was observed in thin films
under application of an external magnetic field by Chahara et al. [43] and Von
Helmolt et al. [82]. This reduction was only 50% of the zero field resistance.
A year later it was proven possible to reduce the resistivity by several orders
of magnitude [87]. The term Colossal Magnetoresistance (CMR) was coined.
The CMR is a bulk property which originates from magnetic ordering and is
usually connected to the vicinity of Tourie. The electronic transport properties
of the transition metal oxides strongly interact with the magnetic properties
and with the crystal lattice. Because many properties and transitions cannot
be described by simple one-electron models, these compounds are generally
regarded as strongly correlated electron systems. Tokura [170] proposed that
the charge-ordering states observed by Wollan and Koehler [176], and Jirdk
et al.[88] are very important for the explanation of the CMR effect. They
presented results indicating an abrupt collapse of the charge-ordered state into
a ferromagnetic state under the influence of a magnetic field. The competition
between charge-ordering state and ferromagnetism is indeed a key component
of the current theories of manganites aiming to explain the CMR phenomenon.

1.5. Interplay between superconductivity and ferromagnetism

In the previous section we have presented the basic principles of the su-
perconductivity and the ferromagnetism, in this section we raise the question
whether these two different orders can coexist. Many theoretical and experi-
mental works have investigated this interplay to search the possibility of coex-
istence between these two competing phases. In 1956 Ginzburg [68] proposed
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the problem of the coexistence of magnetism and superconductivity consider-
ing an orbital mechanism by which he concluded that the superconductivity is
suppressed from the ferromagnetic order. With the microscopic theory of the
superconductivity in 1957, Bardeen, Cooper, and Schrieffer showed that the
superconductivity in the singlet state is destroyed by an exchange mechanism
[12]. The exchange field, in fact, in a magnetically ordered state, tends to
align spins of Cooper pairs in the same direction, thus preventing a pairing
effect. Abrikosov [2] studied superconductivity with magnetic impurities using
the Ruderman-Kittel-Kasuya-Yosida interaction in which magnetic impurities
interact with conduction electrons with the magnetization considered as an
external parameter independent of the superconducting gap, and showed that
the normal ferromagnetic state has lower energy than the superconducting-
ferromagnetic state and hence coexistence is energetically unfavorable. After-
wards Fulde and Ferrell [64] studied superconductivity with a strong exchange
field produced by ferromagnetically aligned impurities and found that if the
exchange field is sufficiently strong compared to the energy gap, a new type
of depaired superconducting ground state will occur. On the other hand, Fay
and Appel [60] predicted the possibility of a p-wave superconducting state in
itinerant ferromagnets where the pairing is mediated by the exchange of lon-
gitudinal spin fluctuations. Even if superconductivity is interpreted as arising
from magnetic mediation, it was thought that the superconducting state will
occur in the paramagnetic phase. But magnetically mediated superconduc-
tivity had not been observed [47]. Some theories predicted the possibility of
s-wave superconductivity and ferromagnetic order that coexist in the para-
magnetic phase but the ferromagnetic fluctuations destroy it near the Curie
temperature. Consideration of s-wave superconductivity and ferromagnetism
was carried out by Suhl [161] and Abrikosov [3] in which the ferromagnetism
is due to localized spins. The first experimental observations of coexistence
was found in the ferromagnetic metal UGeg [145]. The coexistence has also
been shown to exist in ZrZng [132] and URhGe [6]. Experiments on these
three materials show that the same electrons are responsible for both ordered
states. But still the exact symmetry of the paired state and the dominant
mechanism responsible for the pairing is in question. Although most authors
believe there is triplet superconductivity in these materials, the possibility of
s-wave superconductivity cannot be denied.

Despite the problem of the interplay between superconductivity and ferro-
magnetism is an open question in the field of the condensed matter, atomic-
scale multilayer F/S systems, where the superconducting and ferromagnetic
layers coexist, have been realized. For example, Smj g5Cep15CuOy [163] re-
veals superconductivity at T¢=23.5 K. In this compound the superconducting
layers are separated by two ferromagnetic layers with magnetic moments ori-
ented oppositely. Several years ago, a new class of magnetic superconductors
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based on the layered perovskite ruthenocuprate compound RuSryGdCusOs,
comprising CuOs bilayers and RuO2 monolayers, were synthesized [16]. In this
compound, the magnetic transition occurs at about 130 — 140 K and super-
conductivity appears at T¢=30— 50 K. Recent measurements of the interlayer
current in small-sized RuSroGdCusOg [119] single crystals showed the intrinsic
Josephson effect. Apparently, it is a weak ferromagnetic order which occurs
in this compound. Although magnetization measurements provide evidence of
a small ferromagnetic component, the neutron-diffraction data on this com-
pound revealed the dominant antiferromagnetic ordering in all three directions
[112].

Due to the progress of multilayer preparation methods, the fabrication of
artificial atomic-scale F' /S superlattices has become possible. An important ex-
ample is the YBayCuzO7/Lag7Cag3MnOgs superlattice. The manganite half
metallic compound Lag 7Cag3MnOs (LCMO) [150] exhibits colossal magne-
toresistance and its Curie temperature is about 240 K. The cuprate high-T¢
superconductor YBasCuzO7 (YBCO) with T¢=92 K has a similar lattice con-
stant as LCMO, allowing for the preparation of high quality YBCO/LCMO
superlattices with different F and S layer thickness ratios. The proximity
effect in these superlattices happens to be long-ranged. For a fixed supercon-
ducting layer thickness, the critical temperature is dependent on the LCMO
layer thickness. We will present the results of point contact Andreev reflection
spectroscopy on compounds like RuSraGdCusOg and YBCO/LCMO bilayers
in Chapter 4.

In addition in F'/S multilayers it has been reported that due to the proximity
effect the Cooper pair wave function extends from the superconductor to the
ferromagnet with damped oscillatory behavior [35]. This results in many new
effects: spatial oscillations of the electron density of states, a non-monotonic
dependence of the critical temperature of F/S multilayers and bilayers on the
ferromagnet layer thickness, and the realization of “7” Josephson junctions in
S/F/S systems. Spin-valve behavior in complex S/F structures gives another
example of the interesting interplay between magnetism and superconductiv-
ity, an effect that is promising for potential applications. The realization and
experimental characterization of S/F/S Josephson junctions with strong fer-
romagnetic barriers is the subject of Chapter 5.






CHAPTER 2

ELECTRICAL TRANSPORT IN
HETEROSTRUCTURES

Ivar Giaever (1961)

....on the naive picture that tunneling is proportional to density of states..

“If a small potential difference is applied between two metals separated by a
thin insulating film, a current will flow due to the quantum mechanical tunnel
effect. For both metals in the normal state the current voltage characteristic
is linear, for one of the metals in the superconducting state the current voltage
characteristics becomes non linear... From these changes in the current voltage
characteristics, the change in the electron density of the states when a metal
goes from its normal to its superconductive state can be inferred” With this
observation in 1961 Giaever [66, 67] revolutionized the solid state physics in-
troducing a new tool of investigation to study the superconducting materials.
Then his experimental data confirmed the Bardeen-Cooper-Schrieffer theory
on the conventional superconductors.

In this Chapter we want to examine different junctions, from the tunneling
junctions with a thick barrier to the junctions without barrier, and analyze
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FiGUure 2.1. Excitation tunneling diagram for a Normal metal-
Insulator-Normal metal junction. The black circle represents the
electron, the other the hole.

their main characteristics necessary to understand the physical properties of
the systems that we will study.

2.1. Tunnel junctions

The term tunneling is applicable when an electron passes through a region in
which the potential is such that a classical particle with the same kinetic energy
could not pass. In quantum mechanics, one finds that an electron incident on
such a barrier has a certain probability of passing through, depending on the
height, the width and the shape of the barrier.

2.1.1. N/I/N junctions

In this section we analyze the tunneling process through a barrier between
two normal metals (N/I/N tunneling junction). We suppose to apply a bias
V' between the metals, this is represented in the excitation-energy diagram by
a displacement of the zero-excitation level (Fermi level) (see Fig. 2.1). As
illustrated in Fig. 2.1, the metal on the left side is positively biased with
respect to that on the right and, as a result, there is a net transfer of electrons
from left to right. This transfer is represented by an excitation of a hole in the
k space on the left side from which the electron is removed, and an excitation of
an electron in the k space on the right side into which the electron is injected.
The sum of the excitation energies E, + Er for the hole and the electron must
be equal to the energy eV provided by the applied bias. A tunneling current
consists of a succession of many such pairs of excitations as the electrons cross
the barrier. The transition probability per unit time is given by Fermi golden
rule:
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27
(2.1) WL = f!TLR!P(ERWER - Ep),

where p(ER) is the density of states of the metal on the right side and |Tgy|
is the tunneling matrix element that depends on the properties of the barrier
(geometry, size, shape, etc). Now we want to calculate the tunnel current that
passes through the junction. We notice that the number of incident electrons
on the barrier in the energy range dFE is proportional to the occupied states
on the left side: Np(E —eV)f(E — eV)dE, where N(E — eV) is the density
of states of the metal on the left side and f(F) is the Fermi function. The
electrons can tunnel in the metal on the right if there are empty states on the
right side, so the current will be proportional to Nr(E)(1 — f(E)). The total
current of the electrons that tunnel from the left side to the right side of the
barrier, therefore, will be given summing on the possible full states on the left
and the empty states on the right:

(2.2)  Ipp o / = T RPN (E — eV)NR(E)f(E — eV)[1 — f(EB)dE

—0o0

A similar expression is given for the tunneling current from right to left:

+oo
23)  Imx [ TePNL(E - V)Na(E)(E)L - S(E - eV))E
— 0o
Thus, the net tunneling current will be the difference of the rightward and
leftward currents, and, exploiting the symmetry of the tunneling matrix ele-
ment so [Trr|? = [Trr|? = |T|? and considering the area A of the junction,
we obtain for the tunneling current the following expression:
(2.4)
2meA [T,
I=tin~tIn =% [ [TPNLE = V)NR(B)F(E) ~ F(E ~ eV)E.
Over a small range of bias voltage, the tunneling matrix element and the den-
sities of states can be considered as constants and removed from the integral.
For low temperature, the remaining integral can be shown to be approximately
equal to eV, where V is the applied bias. Therefore:

(2.5) I =GnNnNV,
where Gyn = (%HT\QNL(O)NR(O). We have obtained Ohm’s law.

—00

2.1.2. N/I/S junctions

We calculate the tunneling current in the case of the tunneling between a
Normal metal and a conventional Superconductor (N/I/S junction), in Fig.
2.2 we show the excitation energy diagrams for this junction. An electron in
the metal with excitation energy E; can tunnel into any unoccupied state of
the superconductor with energy Egr such that the total energy is conserved:
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FIGURE 2.2. Excitation tunneling diagram for a Normal metal-
Insulator-Superconductor tunneling junction. An electron tunnels
into either of the two states, conserving energy.

E;, + Eg = eV. We notice that there are two states ¥’ and k” with the same
energy, so the probability that the state k’ is empty is the probability that it is
not pairwise occupied, uz,. At the same time the probability that the state k”
is empty is given by u?,. Assuming the energy gap isotropic (A} = A} = A),
uz,, = v,%,, so the probability of a vacant state is ui, + v,%, = 1. Therefore,
though the excitations in the superconductor are really in states both above
and below kp, we can calculate tunneling current by considering only states
above kr and taking the vacancy there to be unity.

We can assume that from the normal state to the superconducting state
only the density of states changes, so, using the appropriates densities of the
states and noting that there are no states in the gap, Eq. 2.4 becomes:

2meA [T,
(26) I=— ITI"Nin(E — eV)Nrs(E)[f(E) — f(E —eV)]dE.
where Ny is the density of states of the normal metal, independent from FE,
and Ngs(E) is the density of states of the superconductor. From the BCS
theory, for a conventional superconductor, Nrg(F) is given by:

Nin iz 1Bl 2 A

(2.7) Ngs(E) :{ 0 B < A

in this equation Ngry is the density of states of the superconductor in the
normal state and the range of energy E' < |A] is excluded from the integration.

It is interesting to note that for 7' — 0 the differential conductance yields
the measurement of the density of states in the superconductor:

al { GNNW eV] = A

2.8 Gg(eV)=— =
(28) s(eV) dV r—o 0 leV] < A.
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FIGURE 2.3. Current-voltage characteristics at T'= 0 a) and at T #
0 b) for a N/I/S tunnel junction.
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FIGURE 2.4. Tunneling between two superconductors. A hole exci-
tation is created in one superconductor and an electron excitation is
created in the other superconductor.

As temperature is increased, caused by thermal fluctuation, the conduc-
tance peak decreases in height and becomes broader, giving rise to a finite
conductance in the gap region. In addition the conductance maximum moves
to higher values of eV/A(T) so the evaluation of the energy gap from the
tunneling characteristics is more complicated.

2.1.3. S/I/S’ junctions

Now we explain what happens when both electrodes forming the tunneling
junction are superconductors, considering the general case with two different
superconductors. We have seen that, in the case of tunnel between a normal
metal and a superconductor, an electron can tunnel into the states both below
and above kr, but the calculation of the tunneling current can be done by con-
sidering only states above kr and taking the others having a zero probability of
occupancy. The same treatment can be done for a Superconductor-Insulator-
Superconductor tunneling junction (S/I/S’). In a S/I/S’ junction we should
consider two processes. A pair can be broken, creating a hole excitation on
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FI1GURE 2.5. V-I characteristic of a junction with different supercon-
ducting electrodes at T =0 and T # 0, S and S’.

the side where the pair was and injecting the electron into the other side. The

second type is the transfer of an excited electron from one side to the other.

The minimum energy required for this process is the sum of the energy gap in

the two superconductors, Aps + Agg/. Since this energy must be supplied by

the external bias no current can flow for eV < Apg + Agg. At larger biases

the tunneling current is given by:

(2.9)

Tew — GNN /+°° |E—eV]| E|
o o [(eV — B> — A2 [E? - AL,

At higher temperatures the current must be calculated by numerical in-
tegration of Eq. 2.9. This result gives a non-zero current for biases eV <
Ars + Agrg with a region of negative differential resistance between eV =
|Ars — Agpsr| and eV = Apg + Aggs. In Fig. 2.5 the current vs voltage for
T =0 and T # 0 is shown.

172 [f(E—eV)—f(E)]dE.

2.1.4. Josephson effect

In the previous section we have analyzed the quasi-particle tunnel in a
S/1/S’ tunnel junctions, now we explain another interesting effect that can
occur: due to the weak coupling existing between the two superconductors,
transitions between the two states S and S’ are observed. This coupling is
essentially related to the finite overlap of the pair wave functions of the two
superconductors. This situation was noticed for the first time by Josephson
[90] reporting the existence of a current at V' = 0 (supercurrent). The existence
of a supercurrent can be regarded as an extension of the superconducting
properties over the whole structure including the barrier. In the framework
of energy-momentum diagrams, d.c Josephson tunneling can be described in
terms of the tunnel of the Cooper pair, at the Fermi level, from S to S’ [15].
The Josephson effect is described by two equations, one for the pair current
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FI1GURE 2.6. Tunneling between two superconductors. A hole exci-
tation is created in one superconductor and an electron excitation is
created in the other superconductor.

density J¢:

(2.10) JC = JO Sin(gbL - ¢R) = Jo sin gb,

and the other for the time evolution of the difference of the phase of the two
superconductors:
dp  2e

(2.11) %= V,
where Jy is the critical current density, and ¢; and ¢ are the macroscopic
phases of the two superconductors. Assuming V' = 0, the phase difference ¢
results, from Eq. 2.11, to be constant, so that a finite current density with a
maximum value Jy can flow through the barrier with zero voltage drop across
the junction. A typical current—voltage (I — V') characteristic of a Josephson
junction is reported in Fig. 2.1.4. When the current flowing through the
junction exceeds its maximum value [y (corresponding to the current density
Jo times the dimension of the junctions) a finite voltage suddenly appears
across the junction. Indeed a switch occurs from the zero voltage state to the
quasi-particle branch of the I — V' characteristic.

If we apply a constant voltage V # 0, it follows by integration of 2.11 that
the phase ¢ varies in time as ¢ = ¢o + (2¢/h)Vt and an alternating current
appears:

2
(2.12) J = Josin(éo + ﬁew),

with a frequency w = 2eV/h. This is called a.c. Josephson effect. One
possibility to observe this phenomenon is to apply a microwave irradiation on
the d.c. I —V characteristics of the junction. In fact the microwave signal
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FIGURE 2.7. I —V characteristic for a Josephson junction at T=0.

leads to the appearance of current steps at constants voltages, given by:

nh

(2.13) Vo= g mo(n=£1,42,..)
e

where vg is the frequency of the applied radiation. The first observation of
this phenomenon was reported by Shapiro. [152]
If a magnetic field B is applied, it causes a modulation in the junction given
by:
2ed

(2.14) Vay = =B x n,

where n, is a unit vector perpendicular to the barrier, d is the magnetic
thickness given by d = 2\ y + ¢, with A\; the London penetration distance and
t the barrier thickness. In the case of small symmetric junctions, the critical
current is found from:

—l/2 2nB,d

(2.15) Io(B) = 2JC/ f(x)cos

xdx
1/2 D

where f(z) is a positive and even function that describes the junction shape
in the region +£//2 and ®y = hc/2e is the elementary flux quantum. In gen-
eral this equation gives an oscillatory function, in particular for rectangular
junctions the Io(B) follows the well known Fraunhofer pattern.
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| | A(E) | B(E) |
A2
E < A E2+(A2—.§2%(1+QZ2)2 , ].;A.(2E) ,
E>A u’(;go (uo—fuo)f2 (1+2%)

TABLE 2.1. Andreev reflection [A(E)] and normal reflection [B(E)]
probabilities. 72 = ud +Z%(ud —vd); ud =1—v = L[1+ [E2E?2A2]1/2]

2.2. Weak links: N/S junctions

Now we want to study what happens when the barrier between the super-
conductor and the normal metal becomes zero. To understand this geometry,
in this section, we review the main results of the original Blonder-Tinkham-
Klapwijk (BTK) theoretical model [25], as developed for electronic transport
between a normal metal and a conventional BCS superconductor for an ar-
bitrary barrier. We also summarize the Kashiwaya-Tanaka [91] extension for
asymmetric s-wave and d-wave superconductors. Indeed, a close comparison
of the calculated conductance spectra is useful for a better understanding of
the peculiar transport processes that occur at an N/S interface depending on
the symmetry of the superconducting order parameter.

2.2.1. Andreev reflections in s-wave and d-wave superconductors

Following the original paper, we write the expression of the differential
conductance characteristics for a N/S contact that, according to the BTK
model[25], is given by:

Gns(ev) = Te7) =
+oo €
(2.16) GNN/_ dE[1+ A(E) — B(E)] |:_df(dE(e_"_/)V):|

where eV is the applied potential, Gy = 4/(4 + Z?) is the normal conduc-
tance expressed in term of Z, a dimensionless parameter modeling the barrier
strength, f(E) is the Fermi function and A(E) and B(E) are, respectively,
the Andreev reflection and normal reflection probabilities for an electron ap-
proaching the N/S interface (see table 2.1).

Let us briefly explain the phenomenon of Andreev reflections, which plays
a crucial role in all our work. In this case, an incoming electron from the
normal metal with energy E < A cannot enter into the superconducting elec-
trode and is reflected as a hole in the normal metal, simultaneously adding a
Cooper pair to the condensate in the superconductor (Fig. 2.8). This process
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N S

FI1GURE 2.8. An electron coming from the normal electrode with en-
ergy smaller than the energy gap cannot enter the superconductor.
It is reflected as a hole, leaving an extra charge 2e in the supercon-
ducting condensate (Andreev reflection).

causes an increase of the conductance around zero bias with a maximum ra-
tio G(V=0)/Gn (V> A)=2 (see Fig. 2.9 (a)). Eq. 2.16 shows indeed that,
while ordinary reflections reduce the transport current through the junction,
Andreev reflections increase it by transferring two electrons (Cooper pair) in
the superconducting electrode on the other side of the barrier. The case Z = 0
corresponds to a completely transparent barrier so that the transport current
is predominantly due to Andreev reflections. By increasing Z, the Andreev
reflections are partially suppressed and the conductance spectra tend to the
case of a N/I/S tunnel junction showing peaks at eV = +A (Figs. 2.9 (b),(c)).

Recently, Kashiwaya and Tanaka [91] extended the BTK model by con-
sidering different symmetries of the order parameter. Indeed, for a d-wave
superconductor, the electron-like and hole-like quasiparticles, incident at the
N/S interface, experience different signs of the order parameter, with forma-
tion of Andreev Bound States at the Fermi level along the nodal directions.
The presence of Andreev Bound States modifies the transport current and the
expression of the differential conductance is given by:

oo +3 .
JIZ B [ dp o(B, ) cosp |- LG

(2.17) Gns(V) = _ ’
T T ] e ool o

where

(2.18) o(E, ) = ox(y) (14 on(@)T2 + (on(p) — 1)(T,T_)2

1+ (on(p) —DI4T-)? 7
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FiGUuRE 2.9. Conductance characteristics, at low temperatures, for
different barriers Z as obtained by the BTK model for a point contact
junction between a normal metal and a s-wave (a,b,c), a d-wave(d,e,f)
and an anisotropic s-wave superconductor (g,h,i).

is the differential conductance and

1 _
(2.19) on(p) = HTW’ Z(p) = Z cos(p),
E—\JE2 - A2
(2.20) r, - A =
(2.21) Ay = Acos[2(aF p)].

So, at a given energy F, the transport current depends both on the incident
angle ¢ of the electrons at the N/S interface as well as on the orientation
angle «, that is the angle between the a-azis of the superconducting order
parameter and the z-azis.(

UWhen applying Egs. 2.17-2.21 to point contact Andreev reflection (PCAR) experiments,
there is no preferential direction of the quasiparticle injection angle ¢ into the superconduc-
tor, so the transport current results by integration over all directions inside a hemisphere
weighted by the scattering probability term in the current expression. Moreover, because
our experiments deal with polycrystalline samples (as we can see in detail in the Chapter
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FIGURE 2.10. Behavior of the superconducting order parameter at
the N/S interface.

In the case of d-wave symmetry, for Z — 0, the conductance curves at low
temperatures show a triangular structure centered at eV’ = 0, quite insensitive
to variations of @ with maximum amplitude Gys(V = 0)/Gyn(V >> A) =2
(Fig. 2.9 (d)). However, for higher barriers, the conductance characteristics
show dramatic changes as function of a. In particular as soon as o # 0,
the presence of Andreev Bound States at the Fermi level produces strong
effects more evident along the nodal direction (o = 7/4) for which Gyg(V =
0)/Gyn(V >> A) > 2 is found (Figs. 2.9 (e),(f)).

For comparison, we report the conductance behavior for anisotropic s-wave
superconductor, in which only the amplitude of the order parameter varies in
the k-space, while the phase remains constant and Eq. 2.21 reduces to:

(2.22) A =A_ =Acos2(a— )]

Again, in the limit Z — 0, an increase of the conductance for £ < A with a
triangular profile is found with maximum amplitude Gys(V = 0)/Gyn(V >>
A) = 2 at zero bias (Fig. 2.9 (g). On the other hand, for higher Z, we obtain
tunneling conductance spectra that show the characteristic “V”-shaped profile
in comparison to the classical “U”-shaped structure found for an isotropic s-
wave order parameter (Figs. 2.9 (h),(i)). We notice that in this case all the
curves are quite insensitive to variation of the « parameter and a zero bias
peak is obtained only for low barriers.

At the N/S interface the superconducting properties can be inducted in the
normal metal, due to the penetration of Cooper pairs: this phenomenon is
commonly called the proximity effect. If the electrons’ motion is diffusive, the
penetration of the Cooper pairs in the metal is proportional to the thermal
diffusion length scale L ~ /D /T, where D is the diffusive constant. In the
case of a pure metal the characteristic distance is { ~ vp /T, where vp is Fermi
velocity. So the order parameter disappears exponentially (see Fig. 2.10).

4), the angle « is a pure average fitting parameter, which depends on the experimental
configuration.
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Simultaneously the leakage of the Cooper pairs weakens the superconductivity
near the interface with the normal metal. This effect is called the inverse
proximity effect, and results in a decrease of the superconducting transition
temperature in a thin layer in contact with a normal metal, with the depression
of the superconducting energy gap A. If the thickness of a superconducting
layer is smaller than the critical one, the proximity effect totally suppresses
the superconducting transition. [56]

2.2.2. S/N/S: Subharmonic gap structures

In this subsection we analyze what happens when two superconductors are
connected by a “weak link” of any physical nature (normal metal, semiconduc-
tor, geometrical constriction, etc.). The main features in the current voltage
characteristics of such junctions are the presence of Josephson current and
Subharmonic Gap Structures (SGS). The physical origin of the Josephson ef-
fect with weak link can be understood by resorting to the Andreev reflection
[5] processes of quasiparticles with energy smaller than the superconducting

(a) SN S (b) S N ¥

b o>
———€—
\T
oA (SGS)
eV =— n=1273...
n
m=135..

FIGURE 2.11. In the case of superconducting electrodes (a), an
electron is reflected back or transmitted. For voltages eV < A the
Andreev reflected hole can not find an empty state in the left elec-
trode but is Andreev reflected in turn as an electron. For energies
2A/3 < eV < A/2 the electron finds an empty state in the right
electrode, three charges are transferred in this process (Multiple An-
dreev Reflections). For smaller voltages, MAR processes that transfer
four or more electron charges carry the current. (b) In asymmetric
tunnel junctions the conductance enhancements appear at energies
(As + Agr)/m, with m=1,3,5,..., Ag/n and Ag//n, with n=1,2,3,...
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energy gap. In the weak link region, an electron impinging on one of the in-
terfaces is Andreev reflected and converted into a hole moving in the opposite
direction, thus generating a Cooper pair at the interface, and is converted back
to an electron, leading to the destruction of the Cooper pair in the other S.
As a result of this cycle, a pair of correlated electrons is transferred from one
S to another, creating a supercurrent flow across the junction. The SGS have
been observed in junctions between identical superconductors as conductance
peaks appearing at bias voltages V=2A/ne with n = 1,2,3,... [14, 131, 146]
and different mechanisms have been suggested to describe this phenomenon:
initially, correctly the multiparticle tunneling model [149] was able to predict
the voltage positions of the SGS. Successively, a satisfactory explanation of the
subgap structures has been proposed in the BTK theory[25] and then extended
in the OBTK model by Octavio et al. [124]: SGS are originating from mul-
tiple Andreev reflections at the superconductor-normal-metal interfaces, see
Fig. 4.15(c). This model has been then generalized by Arnold [7] to any kind
of junctions between two superconductors and in particular to the supercon-
ducting point contacts by using a modified tunneling Hamiltonian approach.
It is now understood that the multiparticle tunneling model represents the low
transparency perturbation theory limit of the more general process of multiple
Andreev reflections [30].

Unlike symmetric junctions, very few reports in the literature address the
behavior of asymmetric S—c—S’ constrictions, see Fig. 4.15(d), both theoreti-
cally [124, 84] and experimentally [143, 184]. In particular, calculation of the
current-voltage relations for ballistic S/N/S’ junctions by means of transmis-
sion formalism [84] showed that, for finite temperatures, SGS appear in the
differential conductance at energies eV,, = (Ag + Ag)/m,with m=1,3,5,...,
eV, = Ag/n, and eV,, = Ag//n, with n=1,23,...

2.3. F/S junctions

The aim of this section is to give an outline of the physics of the Ferromagnetic-
Superconducting (F/S) interfaces. Andreev reflection plays an important role
to understand the transport process in F /S junctions. The Andreev reflection
near the Fermi level preserves energy and momentum but does not preserve
spin, in other words the incoming electron and the reflected hole have oppo-
site spin. This is irrelevant for the transport in N/S junctions due to the spin-
rotation symmetry. On the other hand at F/S interfaces, since the spin-up and
spin-down bands in F are different, the spin flipping changes the conductance
profile. In particular in fully spin-polarized metals all carriers have the same
spin and the Andreev reflection is totaly suppressed; therefore, at zero bias
voltage the normalized conductance becomes zero (see Fig. 2.12). In general,
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FIGURE 2.12. Andreev reflection process for a metal with P =0 (A)
and P = 100% (C); experimental measurements of a N/S interface
(B) and F/S junction (D). Figure adapted from Ref.[158].

for arbitrary polarization P, it can easily be shown that

(2.23) Grs©) _ o4 _ py
GrN
where, in terms of the spin-up N; and spin-down N electrons, the spin po-
larization is defined as
(Nt = N})
(N T+ N l) ’

From this analysis it has been shown that the point contact measurements
based on the Andreev reflection process give a quantitative estimation of the
polarization of the ferromagnetic material [158, 160]. In fact from the reduc-
tion of the zero bias conductance peak it is possible with a modified BTK
model to estimate the polarization P.

In a ferromagnet in proximity to a superconductor, the coherence length
&r, due to the presence of the exchange field E.,, is given by:

Dh
(2.25) €r = \/2(7rKBT By

where D is the diffusive coefficient. If the exchange energy is large compared
to the temperature Fex > kpT the coherence length is much shorter than in
the case of the N/S proximity effect. In addition to the reduced coherence
length compared to typical N/S structures, a second characteristic property

(2.24) P =
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arises from the complex nature of the coherence length: the induced pair
amplitude oscillates spatially in the ferromagnetic metal as a consequence of
the exchange field acting upon the spins of the two electrons forming a Cooper-
pair [37, 39, 139, 140] (see Fig. 2.13). This oscillation includes a change of sign
and by using appropriate values for the exchange energy and F-layer thickness,
negative coupling can be realized. This effect can be exploited in order to
fabricate ferromagnetic m-junctions. We refer to the state corresponding to
a positive sign of the real part of the order parameter as “0O-state” and that
corresponding to a negative sign of the order parameter as “m-state”.

-_\

o ‘' x Y 0

Ficure 2.13. Oscillatory behavior of the exponentially decay of
the superconducting order parameter at the F-S interface.

Demler et al. [54] gave a qualitative picture of this oscillatory character.
They considered a Cooper pair transported adiabatically across an F/S inter-
face, with its electron momenta aligned with the interface normal direction.
The pair entering in the F region decays exponentially on the length scale
of the normal metal coherence length. Then the up-spin electron, oriented
along the exchange field, decreases its energy by h = E,,/h, where E., is the
exchange energy of the F layer. On the other hand, the down-spin electron
increases its energy by E.,. To compensate this energy variation, the up-spin
electron increases its kinetic energy, while the down-spin electron decreases its
kinetic energy. As a result the Cooper pair acquires a center-of-mass momen-
tum @ = 2F,, /vp, which implies the modulation of the order parameter with
period mvg/Ee;, where vp is the Fermi velocity.

As a consequence of the oscillations of the order parameter, a similar os-
cillatory behavior is observed for the density of states. This behavior can
be explained by considering the spin effect on the mechanism of Andreev
reflections[35].

The process is illustrated in Fig. 2.14 using the energy-momentum disper-
sion law of the normal metal: in the previous section we have explained the
Andreev Reflections at a N/S interface, and we have seen that an incoming
electron in a normal metal N with energy lower than Ag from the Fermi level
is reflected into a hole at the N/S interface. If the normal layer is very thin
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FIGURE 2.14. Schematic of the Andreev reflection process in a
F/S junction, the momentum shift, Ay, is dominated by the spin
splitting of the up and down bands.

the density of states in N is close to that of the Cooper pair reservoir. The
situation is strongly modified if the normal metal is ferromagnetic. As An-
dreev reflections invert spin-up into spin-down quasiparticles and vice versa,
the total momentum difference includes the spin splitting of the conduction
band: APp ~ ). The density of states is modified in a thin layer on the
order of £r. In particular, the interference between the electron and hole wave
functions produces an oscillating term in the superconducting density of states
with period E.;/hvp. This effect has been observed experimentally by Kontos
et al. [97]

2.3.1. m-junctions

Due to the spatially oscillating induced pair amplitude in F/S proximity
structures it is possible to realize negative coupling of two superconductors
across a ferromagnetic weak link (S/F/S Josephson junctions). In this case
of negative coupling, the critical current across the junction is reversed when
compared to the normal case giving rise to an inverted current-phase relation.
Because they are characterized by an intrinsic phase shift of 7, these junctions
are called m-junctions.

One of the manifestations of the m phase is a non-monotonic variation of
the critical temperature and the critical current, with the variation of the
ferromagnetic layer thickness (tg) [35]. Referring to the current-phase rela-
tion Ic = Ipsing (Eq. 2.11), for a S/I/S Josephson junction the constant
Ip > 0 and the minimum energy is obtained for ¢ = 0. In the case of a
S/F/S Josephson junctions the constant Iy can change its sign from positive
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to negative indicating the transition from the O-state to w-state. Physically the
changing in sign of Ij is a consequence of a phase change in the electron pair
wave function induced in the F layer by the proximity effect. Experimentally,
measurements of I¢ are insensitive to the sign of Iy hence the absolute Iy is
measured, so we can reveal a non-monotonic behavior of the critical current
as a function of the F layer thickness. The vanishing of critical current marks
the transition from 0 to m state. The dependence of the critical current on
the thickness of the ferromagnetic layer in S/I/F/S junctions has been exper-
imentally investigated by Kontos et al. [97]. The quantitative analysis of the
S/F/S junctions is rather complicated, because the ferromagnetic layer can
modify the superconductivity at the F/S interface. Then other parameters,
such as the boundary transparency, the electron mean free path, the mag-
netic scattering, etc can affect the critical current. It is outside the purpose
of this dissertation to derive explicitly the expression of the critical current as
a function of the F layer, for the interested reader we refer to this review [35].

The majority of experimental studies to date have concentrated on weak
ferromagnets where E., ~ KT, resulting in multiple oscillations in I¢ with
temperature and tgp. In the case of strong ferromagnets, where Tcyrie >> T,
only oscillations of Ig with tg, and not with temperature, are observed. In
this work (Chapter 5) we will present the study of the oscillations of the
critical current as a function of ty for S/F/S Josephson junctions with strong
ferromagnetic barriers.

The generic expression of the critical current as a function of F layer is given

by:
ox {to —tr }
p 3 )

where t; is the thickness of the ferromagnet corresponding to the first minimum
and IcRn(to) is the first experimental value of IcRnx (Ry is the normal state
resistance), and & and & are the two fitting parameters. Eq. 2.26 ranges in
the clean and in the dirty limit. In particular, in clean limit, ¢ < L where L
is the mean free path of the F layer, £, = vph/2FE.;. In this way, known &
and estimating the Fermi velocity from reported values in literature, one can
calculate the exchange energy of the ferromagnetic barrier.

Then, in the case of clean limit the oscillations of IcRx ws tg can be modeled
by a simpler theoretical model [36] given by:

s tp—dy

1M ———
S &2

i tr—to
Sin &

(2.26) I.RN(tp) = I.RN(to)

| sin(2Eextr/hvy) |
2Ec,dp/hvs

(2.27) IRy

where in this case the two fitting parameters are vgp and E.,.



2.3. F/S JUNCTIONS 51

On the other hand, in dirty limit ¢ > L we can model the oscillations [22]
by the following formula:

A2t P
2.28 IcRy «| R ‘
(2.28) R o ew;o A? 4+ w2, /_1 sinh(Fkutr/uL) " :

where A is the superconducting order parameter, w,, is the Matsubara fre-
quency and is given by w,, = 7#Tkp(2m + 1) where T is the transmission
coefficient and m is an integer number. k, = (1 + 2 | wp, | 7/h) — 2iEey7 /R
and pu = cosf where 6 is the angle the momentum vector makes relative to
the distance normal to the F-S interface. L is given by vpr and 7 is the mo-
mentum relaxation time. In this case the fitting parameters are vy, F., and
the mean free path L of the ferromagnetic layer.
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CHAPTER 3

EXPERIMENTAL METHODS AND
INSTRUMENTAL APPARATUSES

Galileo Galilei (1564-1642)
...All truths are easy to understand once they are discovered;

the point is to discover them.....

In this Chapter a brief overview of the instruments that we have used in
this work is presented. We begin with the description of the experimental
methods for the fabrication and realization of the Josephson devices, starting
from the choice of the substrates and including the sputtering system, the pho-
tolithography, the ion milling and the focused ion beam. Then we describe the
measurement system to investigate the magnetic and the transport properties
of the devices. At the end, in the last section we introduce the point contact
Andreev reflection (PCAR) spectroscopy set up.
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3.1. Fabrication of Josephson junctions

3.1.1. Choice of the substrates

To produce good junctions we need to consider all the aspects of the prepa-
ration, starting from the choice of the substrates. The substrates should be
good insulators to avoid shorting-out high resistance devices. They should be
extremely flat, have a high thermal conductivity, good stability and have good
adhesion properties in order not to alter the surface condition and properties
of the junctions. For its favorable properties in our junction we have used sil-
icon wafers (100) with 250 nm SiO2 on the surface. The importance of clean
substrate surfaces has a critical impact on the performance of the device, so
before the preparation of the junction a careful cleaning of the silicon sub-
strates is necessary. The silicon wafer is put on a glass plate using hot wax.
Using a diamond edged circular saw, the silicon wafer is cut to form 10 x 5mm?
chips and 5 x 5 mm? chips for the magnetic measurements. The saw is set to
high rotation speed and advanced slowly in order to prevent the wrong crash
of the substrate. The chips, so realized, are heated to separate them from the
glass plate and bathed in Chloroform and ultrasonically cleaned for at least 15
minutes to remove the wax. After this bath, the chips are bathed in Acetone
and ultrasonically cleaned for additional 15 minutes. Before loading them on
the sputtering system the chips are cleaned with acetone.

3.1.2. Sputtering system: MarkIII

The heterostructures presented in Chapter 5 of this work have been de-
posited by d.c. magnetron sputtering in an Ar atmosphere at 1.5 Pa. The
sputtering system that we have used is MarkIII system (from the Device Ma-
terials group, University of Cambridge (UK)). In Fig. 3.1 we show a scheme
of the system. The main chamber is a cylinder with an opening top, in which
the flange with the magnetrons and sample holder is set. The chamber is
surrounded by a cavity that is the line for the liquid nitrogen® and by an
outer chamber. The outer chamber is connected to the roughing line through
a roughing valve and to the diffusion pump through a gate valve. The dif-
fusion pump is connected to the rotary pump through the backing line. The
roughing line and the backing line use the same rotary pump. An Ar tank
is connected to the rotary pump for roughing and to the outer chamber for
diffusion pumping. During the deposition Ar, with a purity better than 99.9%
is fed into the inner chamber through a needle valve. The deposition pressure
and the Ar flow rate are adjusted by both the needle valve and the gate valve

(W The purpose of this arrangement is to cool the chambers with liquid nitrogen during the
final stage of evacuation. This cooling encourages absorption of molecules into the walls,
thereby lowering the pressure.
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FIGURE 3.1. A scheme of the deposition system (MARK III mag-
netron dc sputtering).

of the diffusion pump. The system is furnished with a detector to measure
and control the pressure in the chamber. The flange was bolted down onto
the inner chamber, sealed with a copper gasket. The chamber was evacu-
ated overnight with the diffusion pump. The chamber and gas reservoir were
heated for 6 hours, to permit the out-gassing from the walls of the system
and flange. In the morning the bolts holding the flange were tightened and
the pressure checked with a mass spectrometer. The pressure was generally
found to be approximately 5 x 107® mBar. The magnetron cooling water was
then connected and the liquid nitrogen jacket filled. The system was pumped
for a further 1.5-2 hours; the ultrahigh vacuum base pressure achieved was
generally 2 x 1072 mBar.
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3.1.2.1. Photolithography

Photolithography is the process of transferring geometric shapes on a mask
to the surface of our junctions: Si/SiOg/Film. The steps involved in the
photolithographic process are wafer cleaning; photo-resist application; mask
alignment; exposure and development.

In the first step, the heterostructures are chemically cleaned using acetone
and nitrogen airgun to remove particulate matter on the surface as well as
any traces of organic, ionic, and metallic impurities. After cleaning, positive
Hoechst AZ-1529 photo-resist is applied to the surface of the structure. A
standard method for applying photo-resist is High-speed centrifugal whirling
of the wafers, in our case we use a spin of 6000rpm for 45 seconds. This
technique, known as “Spin Coating”, produces a thin uniform layer of photo-
resist of about 2um on the junction surface. After the “Spin Coating” the
sample are then baked for 1 minute at 100°C in an oven placed on a hotplate.
One of the most important steps in the photolithography process is mask
alignment. A mask or "photomask” is a square glass plate with a patterned
emulsion of metal film on one side. The mask is aligned with the wafer, so
that the pattern can be transferred onto the wafer surface. Each mask after
the first one must be aligned to the previous pattern. Once the mask has been
accurately aligned with the pattern on the wafer’s surface, the photo-resist
is exposed through the pattern on the mask with a high intensity ultraviolet
light. The last step in the photolithographic process is the development, the
time of the development depends on the geometry that we want to use. All
the chips, so realized, are examined under a light microscope.

3.1.3. Ion Milling

b 2 3

Ar* 12%0, AFTER ION ACETONE:
PLASMA MILLING: final geometry
_ remainina pattern
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(N N Em mBE
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FIGURE 3.2. A schematic illustration of the ion milling process.

To ion mill away the unwanted metal from the chip surface, we used a turbo-
pumped system fitted with a load-lock on the chip with the resist pattern.
Argon ions (Art/2%0;) from a plasma are accelerated at the sample which
mills the metallization away with a partial pressure of ~ 4 x 1072 Pa. The
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patterned resist acts as a thick layer of protection against the bombarding ions.
Regions not covered in resist are therefore milled away, and when the resist
is dissolved, the desired pattern remains in the film. The calibration of the
milling conditions is necessary to ensure the resist is not totally milled away
during this process. During this process the sample stage was water cooled,
and rotated continuously to ensure uniform milling. At the end of the process
the remaining resist is dissolved in acetone. In Fig. 3.2 there is a schematic
illustration of the ion milling process.

3.1.4. FIB

The focused ion beam (FIB) technique is widely used in the semiconductor
research and new applications include ion lithography and applications related
to micromachining (for a review see [126]). The FIB systems have several
functions, for example Ion milling to define micrometric junctions, end point
detection (EPD) technique used to identify different materials measuring the
current signal to the ground while ion milling and the imaging. In this work we
have used a FEI 200 series type FIB for milling and imaging of our junctions.

3.1.4.1. Fib system. — The most important components of the FIB system
are: the ion column, the work chamber, the vacuum system, the gas system
and the workstation to control the FIB’s operations.

A schematic diagram of a FIB ion column is shown in Fig. 3.3 [142]. The
structure of the column is similar to that of a scanning electron microscope,
the major difference being the use of a gallium ion (Ga™) beam instead of an
electron beam. A vacuum of about 1 x 10~7 mBar is maintained inside the
column. The ion beam is generated from a liquid-metal ion source (LMIS)
by the application of a strong electric field. This electric field causes the
emission of positively charged ions from a liquid gallium cone, which is formed
on the tip of a tungsten needle. A typical extraction voltage is 7000 Volt.
The extraction current under normal operating conditions is 2uA. After a
first refinement through the spray aperture, the ion beam is condensed in the
first electrostatic lens. The upper octopole then adjusts the beam stigmatism.
The ion beam energy is typically between 10 and 50 keV, with beam currents
varying between 1 pA and 10 nA. Using the variable aperture mechanism, the
beam current can be varied over four decades, allowing both a fine beam for
high-resolution imaging on sensitive samples and a heavy beam for fast and
rough milling. Blanking of the beam is accomplished by the blanking deflector
and aperture, while the lower octopole is used for raster scanning the beam
over the sample in a user-defined pattern. In the second electrostatic lens, the
beam is focused to a fine spot, enabling a best resolution in the sub 10 nm
range. The multichannel plate (MCP) is used to collect secondary particles for
imaging. The samples that are treated by a FIB are mounted on a motorized
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FI1GURE 3.3. Schematic diagram of the FIB ion column. Details are
in the text. Figure adapted from [142]

five-axis stage, inside the work chamber. Under normal operating conditions,
inside this stainless-steel chamber a vacuum in the low 10~7 mBar range is
maintained. Loading and unloading of the samples is usually done through a
loadlock, in order to preserve the vacuum inside the work chamber as much as
possible. It typically takes a few minutes to load or unload a sample. A system
of vacuum pumps is needed to maintain the vacuum inside the column and
the work chamber. A fore pump is used in combination with a turbo pump



3.1. FABRICATION OF JOSEPHSON JUNCTIONS 61

for pumping the work chamber. The ion column is additionally provided with
one or two ion pumps. A gas cabinet containing all applicable gases is present
outside the vacuum chamber. The gas containers are connected to a so called
nozzle assembly inside the vacuum chamber through an appropriate piping
system. The gases are used for faster and more selective etching, as well
as for the deposition of materials. Then, all operations such as loading and
unloading of samples (partly), manipulating the stage, controlling valves for
gas delivery, turning on and off pumps and manipulating the ion beam are
carried out via software. Indeed, the complete user interface is realized by
means of a computer workstation.

3.1.4.2. Imaging. — During the FIB imaging the primary beam is scanned
across the sample as a raster, which consists of a series of lines in the horizontal
(X) axis, shifted slightly from one another in the vertical (Y) axis. As the
beam scans over the sample, secondary electrons and secondary ions that are
generated by the sample are detected and the information is stored in the
computer; the image is generated from this stored information (see Fig. 3.4
(a)). The monitor displays the image at TV rate but the information update
in the computer occurs only at the beam scan rate. There are three different
types of image quality: high (1024 x 1024 pixel), medium (512 x 512 pixel)
and low (256 x 256 pixel) (Source: FIB Manual for FEI 200 (1996)). The best
resolution of FIB images equals the minimum ion beam spot size, i.e. below
10 nm.

3.1.4.83. Milling. — Promising work concerning FIB milling for micromachin-
ing applications has been published, such as tunneling gap milling, channel and
cantilever.

The removal of sample material is achieved using a high ion current beam.
The result is a physical sputtering of sample material, as illustrated schemat-
ically in Fig. 3.4 (b). By scanning the beam over the substrate, an arbitrary
shape can be etched. It is difficult to calculate directly the etching rate, be-
cause, it depends on the scanning style and re-deposition, which drastically
reduces the effective etching rate. Furthermore the sputtering yield is depen-
dent on the angle of incidence: it roughly increases with 1/cos(¢), with ¥ the
angle between the surface normal and the ion beam direction. The milling
process is monitored through the “end-point detection”; this is a realtime
graph of the average brightness in the milling area. An insulator will appear
darker than a conductor since the secondary electron yield of the latter is much
higher. So the metal is the high-intensity part. The resolution of the milling
process is a few tens of nanometers.
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FIGURE 3.4. Schematic representation of imaging (a) and the milling
(b) using a FIB system. Figure adapted from [142]

3.2. Electrical and magnetic measurement set ups

3.2.1. Vibrating Sample Magnetometer. — Magnetic properties of our
samples are investigated using a Vibrating Sample Magnetometer (VSM) [61].
It is basically a comparator, which measures the difference in induction be-
tween a region of space with and without the sample (for more details see
Ref.[62]).

In Fig. 3.5 we show a scheme of the mechanism of a VSM. The sample,
positioned at the centering of the coils, is oscillated vertically in a region of
uniform field. The AC signal induced in the pick-up coils (according to the
Faraday law of electromagnetic induction) by the magnetic field of the sam-
ple is compared with the signal from a reference sample, and is converted
to a number proportional to the magnetic moment, so it gives a direct mea-
sure of the magnetization M. Then a comparative analysis of other magnetic
properties including coercivity and the magnetization reversal process is also
possible. The advantages of this technique are that it is non-destructive, has
a high sensitivity at about 1075 emu, and is easy to operate.

3.2.2. Point contact probe and conductance measurements. — The
PCAR probe used in this work to investigate the conductance curves of N/S
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Fi1GURE 3.5. Simplified scheme of the Vibrating Sample Magnetome-
ter (VSM)

and F/S junctions, is a home-built set up, constituted by three micrometric
screws, each driven by its own crank. Two screws allow to vary the distance
between tip and sample, with a precision of 1um and 0.1um, respectively. The
third screw is devoted to change the inclination of the sample holder varying
the contact area on the sample surface. The vertical movement of the tip
allowed the tuning of the contact resistance from tunneling regime to metallic
contact. Our experimental setup resulted to be extremely stable, showing no
relevant effects of thermal contraction, so that in many cases it was possible
to vary the junction temperature without affecting the contact geometry. A
scheme of our PCAR probe is shown in Fig. 3.6.

To limit surface degradation, after the mounting, the PC inset was placed
in liquid He?, immediately. The contacts were established by driving the
tip into the sample surface at low temperatures. Current and dI/dV vs V
characteristics were measured by using a standard four-probe method and a
lock-in technique by superimposing a small ac-modulation to a slowly varying
bias voltage. Each measurement comprised two successive cycles in order to
check for the absence of heating hysteresis effects [122, 70]. The “Tunneling-
Current” (written in LabVIEW™ by F. Bobba and F. Giubileo) software
was used to display and control the measurements. All measurements were
performed in the temperature range between 4.2 K and up to the critical
current of the sample. An in-plane solenoid is mounted on the probe to enable
magnetic measurements.
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FiGUurg 3.6. Illustrative scheme of our PCAR probe. Close-ups
show the sample holder and the micrometric screws that allow to
vary the distance between tip and sample.

3.2.3. Josephson transport measurements. — The electrical measure-
ments on the Josephson devices have been done with a four-terminal technique.
Chips were set to a copper chip holder with silver conducting paint. The con-
tact pads of the chip were wirebonded to the copper pads of the chip holder
using an ultrasonic wirebonder with 25 pm diameter Al wire. The probe con-
sists of a diode thermometer, heating element, in-plane solenoid and out-of
plane Helmholtz pair for applying magnetic fields, (0 — 80 mT at 4.2 K), and
a microwave antenna (12 — 18 GHz). A low noise current and voltage source,
(giving a typical noise level of 0.5 — 1 xV in a 10 kHz bandwidth), applied a
quasi-d.c. (~ 15 Hz) sinusoidal current output. A metal shield was placed over
the end of the probe to reduce stray magnetic field. The “Dualscope” (written
in LabVIEW™ by G. Burnell) software was used to display and control the
measurements.
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A lock-in amplifier allowed the measurement of voltage signals as low as
1 nV. A simple op-amp adder box was used to combine the lock-in reference
oscillation (in the range 5 — 30 mV at 1 kHz), to a d.c. voltage output of
the analogue-to-digital card, which was used to control the current source.
The d.c. offset was then ramped by the software to obtain the differential
resistance as a function of bias current.






CHAPTER 4

POINT CONTACT ANDREEV REFLECTION
SPECTROSCOPY ON NOVEL
SUPERCONDUCTORS AND HYBRID F/S
SYSTEMS

Alexander Andreev (1964)
...In the opposite limit, in which there is no barrier at the interface, the key to

understanding the current transfer process is a novel reflection...

PCAR spectroscopy [58] is a versatile technique widely used to study the
basic properties of superconductors, such as the density of states at the Fermi
level and the superconducting energy gap. The technique consists in estab-
lishing a contact between a tip of a normal metal (N) and a superconducting
sample (S), thus forming a small contact area that is a “Point Contact” junc-
tion. By varying the distance and/or the pressure between tip and sample
it is possible to obtain different tunnel barriers, that is different conductance
regimes. Indeed, quasiparticle tunnel spectroscopy is obtained for high bar-
riers, while PCAR spectroscopy is achieved in case of low barriers. Often in
the experiments, intermediate regimes are realized, in which through the N/S
contact both quasi-particle tunneling and Andreev reflection processes occur.
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In this Chapter we present the PCAR conductance spectra obtained on
novel high-T¢ superconductors such as MgBs [S2,S8] and RuSroGdCuzOg
(Ru-1212) [S1,S3,54], in order to investigate the symmetry of the order pa-
rameter. The investigation of the symmetry of the order parameter is a crucial
point to identify the pairing state and thus represents an important step to-
wards the possible development of the microscopic theory of high temperature
superconductors. The MgBs compound presents a s-wave symmetry of the
order parameter and two superconducting energy gaps, while the our analysis
evidences for Ru-1212 a d-wave symmetry of the superconducting energy gap,
in addition the coexistence of the superconducting phase and the magnetic or-
der induces peculiar feature in the conductance spectra of this latter material.
This interplay between superconductivity and magnetism has been further
investigated by analyzing the conductance spectra obtained on artificial het-
erostructures constituted by a high-T¢ superconductor (YBayCuzO7_,) and a
colossal-magnetoresistance material (Lag7Cag3MnQOs) [S5,S7], in which case
the inhibition of the superconducting properties has been related to a partial
polarization of the magnetic layer.

4.1. Subharmonic gap structures and Josephson effect in
MgB,/Nb micro-constrictions

The discovery of superconductivity in the binary intermetallic MgBs com-
pound [120] has given rise to a considerable effort in the condensed matter
community in the last years. Besides the great interest in understanding the
new physics originating from the multiband nature of this material, attention
has been paid to the attractive potential applications in superconducting elec-
tronics, because of the remarkably high critical temperature (T¢ ~ 39 K)
simple crystal structure, relatively long coherence lengths [179] (£¢ ~ 25A,
€% ~ 65A) and low surface resistance [105] (Rg ~ 0.8m€ at T=24 K).
From the structural point of view, the intermetallic MgBs superconductor
is very similar to graphite with crystal lattice formed by honeycomb layers
of B atoms intercalated by layers of Mg atoms, sitting at the center of each
underlying hexagon (see Fig. 4.1 for a picture of the cristalline structure of
the MgBj). From the theoretical point of view, this compound presents a rare
example of two disconnected parts of the Fermi surface: a two-dimensional
(2D) hole-type o bands, and a three-dimensional (3D) electron-type m bands
[99, 156]. The unusual consequence of this band structure makes that in the
clean limit [107] two different energy gaps are formed at the Fermi level, both
closing at the same temperature T¢. Indeed, two superconducting energy gaps
have been experimentally observed by different techniques, including tunneling
spectroscopy [69, 85, 114, 165, 32, 71, 148, 42, 9] specific heat measurements
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FIGURE 4.1. Structure of the MgBy compound.

[174, 29], Raman spectroscopy [45, 137], and high-resolution photoemission
[166]. The majority of these studies agree with the presence of a larger gap
around A,=7.0=+7.5 meV attributed to the 2D o-band and a smaller gap
A;=2.0+2.8 meV due to the 3D m-band. In the dirty limit a large amount
of impurity scattering causes the two gaps to merge to an intermediate value
Ap ~ 4.1 meV, that closes at a reduced T¢ [31, 27].

The physics of multiband superconductors has been intensively studied since
the appearance of the original theoretical works [162, 107, 31] and different
phenomena are expected due to the presence of different condensates in the
same material. The predictions have been tested in few cases, as e.g. in
Niobium doped SrTiOs [65] or in Nickel borocarbides [40]. Due to these con-
siderations, MgBs appeared, from the beginning, as a natural candidate to
investigate peculiarities of a two band superconductor. Recently, a multiband
model for quasiparticle and Josephson tunneling in MgBs based junctions has
been developed [31]. Depending on the different bands exposed at the sides of
the insulating barrier, different temperature behaviors of the Josephson cur-
rent have been predicted with values of the IcRN product at low temperatures
as high as 9.9 mV and 5.9 mV for tunneling along the a-b planes and c direc-
tion, respectively. In the experiments, however, effective Josephson coupling
of the 2D band ¢ with a 3D band, both of a MgBs or of a conventional super-
conducting counterelectrode, has been not observed. In addition to this, the
measured IcRy values are often severely depressed and regardless to the junc-
tion orientation, different temperature dependencies of the Josephson current
are often reported [71, 42, 144, 167, 155, 172]. Similar behavior is expected in
proximity coupled S/I/N/S structures [15], and in MgBs junctions it has been
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attributed to degradation of T at the interface and/or to the barrier nature
and quality.

In this section, based on Refs. [S2,S8], we address the problem of the be-
havior of both SGS and Josephson current in the multiband superconductor
MgBs. Since both phenomena depend on the multiplicity of the order param-
eter in the two electrodes, the simultaneous presence of SGS and Josephson
effect allows a consistent cross check to verify the effective coupling of different
condensates at the sides of the tunnel barrier. To investigate this aspect more
deeply, we have realized point contact junctions between MgBs pellets and Nb
tips. The aim of our study was to check for the Josephson coupling of the
Nb order parameter with both the 2D and/or 3D MgBs bands, this aspect
reinforced by the appearance of the related subharmonic gap resonances. In
the following we report the first detailed study of the temperature dependence
of both subharmonic gap structures and Josephson current observed in asym-
metric Nb-MgBy micro-constrictions. Current-Voltage characteristic (IvsV)
and conductance spectra (dI/dVwvsV') were measured by using a home built
point-contact apparatus, in which a Nb tip was pressed into high quality MgB,
pellets, to favor the possible interaction with both bands of this compound.

4.1.1. Conductance characteristics for T > Tgb

The polycrystalline MgBs pellets used in the present work, showed resistive
superconducting transitions at Tc(p = 0) = 38.8 K, with AT¢ ~ 0.5 K. The
sample surface was chemically etched in a 1% HCI solution in pure ethanol.
The Nb tips were prepared by cutting a thin (0.2 mm) Nb wire then treated
by electrochemical etching.

In Fig. 4.2(b),(c) we show the conductance spectra measured for high and
low junction resistances above the niobium critical temperature, Tgb. These
are representative of several measurements carried out on different contacts.
High contact resistances were obtained by pushing the Nb tip into the MgBo
and then slightly releasing the pressure. In this case, the conductance curves
show the typical tunneling behavior, Fig. 4.2(b). The temperature depen-
dence of the zero bias tunneling conductance, reported in the inset, suggests
that rather than a S/I/N junction, the contact is formed between two MgBs
grains. Indeed, a zero bias conductance peak is found as for S/I/S junc-
tions, due to thermally activated quasiparticles with spectral weight increasing
for rising temperatures. The S/I/S behavior has been observed in other ex-
periments of PCAR spectroscopy in polycrystalline high-T¢ superconductors
[114, 116] and it has been attributed to a small piece of the base electrode cap-
tured by the tip apex. Due to the granularity of the samples, also in our case
when releasing the pressure, one MgBo grain remains on the Nb tip, see Fig.
4.2(a). Two junctions in series are so formed and in the analysis of the data
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attention has to be payed to the relative weight of the related junction resis-
tances. In the tunneling regime, the contribution of the point contact junction
is not critical, since Rpg <<Rj. On the other hand, this has to be taken into
account, in the point contact regime, with both resistances of the same order
of magnitude. The tunneling conductance characteristic, measured at T=12
K (scattered graph in Fig. 4.2(b)), were so compared to the theoretical fit-
ting for a S/I/S tunnel junction between two identical superconductors (solid
line). Since Ry = 3.1 £, we did not consider the contribution of the point
contact in series. A, = 2.7meV was used in the fitting in which a broadening
parameter, representative of the quasiparticle finite lifetime, I' = 0.7 meV was
also included [59].

The conductance spectrum of a low resistance contact is shown in Fig.
4.2(c), where the expected Andreev Reflection behavior with conductance en-
hancement for eV < A is observed. The conductance characteristic also shows
dip structures at energies higher than the Andreev Reflection feature (arrows
in the figure), that are not reproduced by the usual BTK theory (for details
see Sec. 2.2). The origin of these dips has been related to proximity effect [160]
and/or to the formation of a junction in series [151]. In our case, for a satis-
factory fitting of the experimental data, it was necessary to consider a more
complex configuration, consistent with the assumption shown in Fig. 4.2(a).
Indeed, when the resistance of the point contact junction (Rpc) is comparable
with the resistance of the Josephson junction (Rj), we have to consider the
formation of two junctions in series: the S/N point contact between the Nb-
tip and MgBsy and the inter-grain, low resistance MgBs/MgBs junction. As
shown in Fig. 4.2 (a), as the point contact tip/grain junction is approached
to the base MgBs electrode, the latter junction reduces its resistance and the
two MgBs grains can be coupled by Josephson effect. The measured voltage
is now given by the sum of two contributions, i.e., the voltage drop Vpc at
the point contact and Vj at the Josephson junction. In the limit of small
capacitance C, the average contribution Vj can be simulated by the modified
resistively shunted junction model given by Lee[104], where:

(4.1) (Vy) = ER T MTQ—l
gl exp(mya)

with o = I/I; the normalized current, Iy the Josephson current of the junction
in series, v = hlj/eKpT, (T, being the effective noise temperature) and
2w

Ty = ; dpsin gll (7 sin g) exp [— (%a) 4,0]

where I;(z) is the modified Bessel function. The conductance o(V') is then
calculated by the formula:

(4.2) o(V)=dI/dV = (dVpc/dI +dVy/dI)™",
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FIGURE 4.2. (a) A small MgBs grain remains on the Nb tip real-
izing two junctions in series: the point contact between the Nb tip
and the small grain with resistance Rpc, and the Josephson junction
between the two MgBs grains with resistance Rj;. The measured
voltage, Vieas, 1S the sum of the voltage drops at both junctions.
(b) Tunneling conductance for a high resistance contact measured at
T =12K. Experimental data (scattered graph) are compared to the
theoretical simulation (solid line) for a S/I/S tunnel junction between
two MgBs with Az= 2.7 meV and I" = 0.7 meV . (c¢) Conductance
spectrum at T =12 K for a low resistance contact. The theoret-
ical simulation (solid line) has been obtained with Ay= 2.4 meV,
7=0.66 and I' = 0 meV considering the formation of an intergrain
MgB,/MgBs junction in series with Ry = 1.5Q and Iy = 1.2 mA.
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where the point contact contribution is simulated by the usual BTK model
(Eq. 2.16). The best theoretical fitting (solid line in Fig. 4.2(c)) reproducing
also the side deeps, was obtained for A; = 2.4 meV and Z =0.66, and no
smearing factor I' was needed for this junction.

We notice that the presence of the Josephson junction in series introduces
in the model two more fitting parameters, the resistance Ry = 1.5 and the
critical current Iy= 1.2 mA of the Josephson junction; these, however, are not
independent one from the other and from the measured resistance. We remark
here that, since the measured voltage Vijeas = Vpc + V5 > Ve, a theoretical
fitting that did not take into account the presence of the additional Vy, would
give an over-estimation of the MgBs superconducting energy gap. From our
discussion, it appears that PC spectroscopy reveals two type of junctions de-
pending on the contact resistance: MgBa/MgBg at high resistances when the
tip/grain is left far from the surface and MgBy/Nb at low resistances when the
tip/grain is pushed into the surface. From the whole set of data at T > TA?,
obtained in several locations, we have found as average value of the 3D gap,
A =25+0.2 meV.

4.1.2. Conductance characteristics for T < Tgb

As we already mentioned, the analysis of the Josephson coupling between
a two band superconductor and a conventional one has been relatively less
studied in the literature with contradictory results about both the values of
the IcRN product and its temperature dependence. In comparison with the
theoretical predictions [31], the majority of the reports indicate depressed
values of such product and different temperature behaviors irrespectively to
the weak link or tunnel nature of the junctions [71, 42, 144, 155, 172]. To the
best of our knowledge, in the majority of the cases coupling of the conventional
superconductor with only the 3D band of the multi-gap material is inferred.

In this section we analyze the conductance data of low resistance junctions
for T < Tgb in which both Josephson effect and subharmonic gap structures
appear. Indeed, the simultaneous presence of these features makes unambigu-
ous any conclusion about the coupling between the Nb order parameter and
the 2D or 3D band of MgBs. In addition to this, the study of the behavior
of the subgap features in asymmetric junctions is itself of interest, since few
reports can be found in the literature.

In Fig. 4.3 (a), (b) we show the conductance spectra measured at T=7K
for two different contacts. The spectra are characterized by the huge conduc-
tance peak at zero bias, signature of the Josephson current flowing through
the electrodes, as confirmed by the corresponding I — V' characteristics shown
in the insets. In addition to this, subharmonic gap structures at low energies
appear in both cases. Similar structures have been seldom observed in MgBs
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junctions, however a detailed analysis of their origin and/or temperature de-
pendence was not carried out [114, 134].

In Fig. 4.3 we identify three principal features for junction (a), localized at
energies B ~ +1.2 meV, Es >~ +2.4 meV, and E3 ~ +3.5 meV, while only
E; and Eg are visible in junction (b), at the same energies. As discussed in
Subsec.2.2.2, these structures can be explained in terms of multiple Andreev
Reflections that enhance conductance at voltages Aj/n, Ag/n, and (A1 +As).
The most useful way to identify the origin of various SGS can be obtained
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FIGURE 4.3. Conductance spectra for two different contacts mea-
sured at T = 7 K (scattered graphs). The conductance measured at
T =12K, i.e., above Tgb, are also reported (solid lines). The arrows
indicate the energies of the SGS. Insets: Current-Voltage character-
istics of the same junctions.
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by studying their temperature dependence. Due to the high stability of our
system, the dynamical conductance of both the contacts were measured in
the temperature range between 4.2K and 12K. Since the two superconductors
have quite different critical temperatures (TI\CAgBQE 39K; THP ~ 9.2 K) for
these temperatures, only changes in the Nb energy gap are expected to affect
the evolution of the SGS.

In Fig. 4.4 (a) we show the temperature dependence of the conductance
spectra for the junction of Fig. 4.3(a). We clearly see that the feature at
the highest energy (Es3) changes in temperature while Eg ~ +2.4 mV and
E; ~ £1.2 mV remain quite stable, suggesting that these are related to MgBa.
In Fig. 4.4 (b), we report the temperature dependence of the energy positions
of the SGS for both junctions of Fig. 4.3, with solid and empty symbols
referring to junction (a) and (b), respectively. Due to the fact that all the
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FIGURE 4.4. (a) Temperature dependence of the conductance spec-
tra of the junction in Fig. 4.3 (a) in the range between 4.2K and 12K.
All the spectra have been shifted and the scale is valid only for the
highest temperature data. The arrows indicate the energy positions
of the E3 feature. (b) Temperature dependence of Eq, Eo, E5. Dotted
and solid lines are guidelines for the eye. Open symbols correspond
to sample in Fig. 4.3 (b). (c) Temperature dependence of ANY(T) =
E3(T) - Eo(T), symbols, and theoretical curve, full line.
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structures appear for voltages lower than 3.0 mV, we exclude the influence of
the 2D ¢ band in the formation of the resonances. We then make the follow-
ing identification: Eg — AM9B2 | AN By, — Ayng, and E; — AﬂMng/Q,
consistently with the MgBso value of A; = 2.4 meV inferred from the theoret-
ical fitting of the data at T> TXP (Fig. 4.3 (c)). To confirm our hypothesis,
we have extracted the temperature dependence of the Nb gap from the data
E3(T) and Ey(T), being ANP(T) = E3(T) - Eo(T). The result is plotted in Fig.
4.4 (c) where the experimental data correctly follow the theoretical behavior
(full line) expected for the Nb energy gap. In particular, the theoretical fitting
gives ANP(T = 0) = 1.4meV and a local critical temperature TR" = 9.2K. We
notice that the Ey structure only appears in the lower resistance junction (Fig.
4.3(a)), and its amplitude is relatively depressed in comparison with E; and
Es. Indeed, for this contact, we measured a higher value of the Josephson
current which, in comparison with junction (b), implies a stronger coupling
between the two electrodes.
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FIGURE 4.5. Temperature dependence of the IcRy product.
The experimental data (scattered graph) are compared to the
Ambegaokar-Baratoff behavior (full line).

In Fig. 4.5, we finally report the IcRn product versus temperature for
both contacts in Fig. 4.3 (a) and (b). Ic = 290 A and Ic = 110pA were
measured in these junctions with Ry = 7.4 and Rn = 18.5€), respectively.
This implies IcRx = (2.1 £0.1) mV at T=4.5K, among the highest values
reported in the literature [42, 71, 167]. Our values are very close to those
predicted when the superconducting Nb couples with the MgBy 7-band [31]
and follow the expected Ambegaokar-Baratoff temperature behavior [31, 15].
From our discussion it unambiguously appears that coupling of the Nb energy
gap only occurs with the MgBs 3D A, band, while in more than 50 measured
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contacts we never found evidence for coupling with the 2D A, band. We have
also demonstrated that it is in principle possible to avoid the MgBsy degraded
surface layer, responsible for both depressed values of the IcRy product and
non conventional temperature behavior.

4.1.3. Summary of the results

We have realized superconducting micro-constrictions between high quality
MgBs pellets and electrochemically etched Nb tips. The conductance as a
function of bias measured above the Nb critical temperature reveals that an
inter-grain MgBs/MgBs junction is often formed in series with the MgB2/Nb
contact. This results from a small piece of MgBs remaining on the tip apex
when relieved from the pellet. Depending on the tip pressure the MgBa/MgB,
contact resistance can be either larger (tip far from the pellet) or compara-
ble (tip into the pellet) with the MgBs/Nb point contact resistance. In the
last case, an accurate theoretical analysis has to be carried out to extract
the correct value of the MgBs superconducting energy gap. For T < Tgb, we
have observed Josephson effect as well as subgap resonances. We explain these
features in terms of Subharmonic Gap Structures due to Multiple Andreev Re-
flections. From the analysis of the SGS, consistently with the values measured
for T > Tg b we have extracted the correct temperature dependence of the Nb
energy gap and the value A, ~ 2.4meV for the 3D energy gap at the MgBs
Fermi surface. In our junctions, at T=4.5K, we have measured [cRy values
up to 2.2meV, among the highest reported in literature. The temperature
dependence of the IcRy product follows the classical Ambegaokar-Baratoff
behavior. Both observations completely confirm the results predicted by a re-
cent theoretical model [31]. In addition to this, the simultaneous observation
of both Josephson current and SGS, unambiguously indicate the coupling of
the Nb energy gap with the MgBy 3D band.

4.2. Andreev reflections in an intrinsic F/S system:
RllSI‘zGdClleg

In this section we report PCAR studies carried out in the hybrid rutheno-
cuprate RuSraGdCuzOg (Ru-1212) system (results reported in Refs. [S1,53,54]).
This compound [16] has recently drawn great attention among theorists and
experimentalists in the field of solid state physics due to the coexistence at low
temperatures of superconducting and magnetic ordering [118]. The Ru-1212
structure is similar to that of YBagyCu3zO7 with magnetic (2D) RuOy planes
substituting the (1D) Cu-O chains (see Fig. 4.6 (a)). The superconducting
critical temperature in this compound strongly depends on the preparation
conditions with some reports showing transition onset as high as 50K [23].
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FIGURE 4.6. (a) Cristalline structure of the Ru-1212; (b) Resistance
vs temperature of the sample reported in this work, showing the
critical and the Curie temperatures.

The Ru-1212 also shows a magnetic phase below 135K. It has been reported
that the magnetic order of the Ru moments is predominantly antiferromagnetic
along the ¢ axis [112], while a ferromagnetic component has been observed in
the RuOq planes, that act as charge reservoir [24]. At the moment, due to
complexity of this compound, an exhaustive description of the interaction be-
tween the magnetic and superconducting layers is still missing as well as an
unambiguous evaluation of the symmetry of the energy gap.

4.2.1. Experimental conductance curves and theoretical fittings

The Ru-1212 samples used for this study were directionally solidified pellets,
grown by means of the Top-Seeded Melt-Textured method starting from Ru-
1212 and Ru-1210 (RuSroGdOg) powder mixtures with a ratio Ru-1212/Ru-
1210 = 0.2. The details of the preparation procedure are reported elsewhere
[8]. In the X-Ray diffraction patterns, a single Ru-1212 phase was found.
In the resistivity measurements versus temperature, the onset of the super-
conducting transition was observed at TZ' ~ 43K with T¢ ~ 24K and
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ATc = 12K (ATc¢ is defined as the difference between the temperatures
measured at 90% and 10% of the normal state resistance). We notice that
a broadening of the superconducting transition is often observed in polycrys-
talline samples and it is usually related to the formation of intergrain weak
Josephson junctions[136, 118, 46]. We address this point in the next section.

To realize our experiments we used a Pt-Ir tip, chemically etched in a 40%
solution of HCI, while Ru-1212 samples were cleaned in an ultrasound bath in
ethyl alcohol. Sample and tip were introduced in the PCAR probe. The point
contact junctions were formed by pushing the Pt-Ir tip on the Ru-1212 pellet
surface with the probe thermalized in the liquid He? bath.

In Fig. 4.7, we show a variety of normalized conductance spectra obtained
at T= 4.2K by establishing different contacts on different areas of the same
Ru-1212 pellet. The junction resistances varied between 102 and 100§2. By
using the Sharvin relation, [153] it has been possible to achive an estimation
of the size of the contact area. Indeed R = pl/4a?, where p = 0.4mS) cm is
the low temperatures resistivity and 1= 1000 A, as estimated in Ref.[8]. In
our case, we have found that the typical contact size varied between 300A and
10004.

We observe that all the reported spectra are characterized by a Zero Bias
Conductance Peak (ZBCP) with a triangular structure, the main features ap-
pearing for each contact with different shapes, amplitudes and energy widths.
Quite often, oscillations are observed on the conductance background, as
shown in Figs. 4.7 cf. We observe that the ZBCP appears as a simple
structure in Fig. 4.7b, while in the remaining spectra it results to be struc-
tured with variations of slope or secondary maxima, as in Fig. 4.7e. The
maximum conductance ratio Gyg(V = 0)/Gyn(V >> A) is less than 2 for
all the curves, however Gng(V = 0)/Gyn(V >> A) ~ 2.2 for the data in
Fig. 4.7f. In addition to this, the energy width of the main zero bias tri-
angular structure is lower than 10mV in Figs. 4.7a—d while it results wider,
around 40mV, in Figs. 4.7e,f. At a first qualitative analysis, these data appear
quite puzzling and could be interpreted in term of local, large variations of
the superconducting energy gap. In the following, we will show that the the-
oretical fittings of all the spectra give clear indication of a d-wave symmetry
of the superconducting order parameter, with consistent values of the inferred
amplitude of the energy gap.

First of all, let us quantitatively analyze the curves of Figs. 4.7a-d. We
were not able to reproduce the conductance spectra reported in Fig. 4.7 a,b
by using either the conventional s-wave model or the anisotropic one, even by
considering small Z values, indicative of low barriers. On the other hand, as
can be observed in Fig. 2.9 a—c, the s-wave fittings cannot model the struc-
tured conductances reported in Figs. 4.7 c¢,d. The solid lines in the figures
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FIGURE 4.7. The dI/dV vs V characteristics measured in different
Ru-1212/Pt-Ir PC junctions at 4.2K. The experimental data (dots)
are shown together with the best theoretical fittings (solid lines) ob-
tained by a modified BTK model for a d-wave symmetry of the su-
perconducting order parameter.

are the theoretical fittings obtained by considering a d-wave symmetry of the
order parameter in the modified BTK model, Eqs. 2.17-2.21. A satisfactory
agreement is obtained by using as fitting parameters the superconducting en-
ergy gap A, the barrier strength Z, the angle o and a phenomenological factor
['Pynes [59] to take into account pair breaking effects and finite quasiparticle
lifetime [73]. We notice that in the considered spectra, both quasiparticle tun-
neling and Andreev reflection processes take place, since intermediate Z values
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FIGURE 4.8. Intergrain coupling effect in polycrystalline samples.
The measured voltage Vieqsureqd 1S the sum of two terms: Vpe, the
voltage drops between tip and sample, the N/S PC junction, and V7,
the voltage drops between two superconducting grains, forming the
S/1/S Josephson junction.

have to be used to simulate the barrier strength (0.45 < Z < 0.9). Moreover,
the angle a varies between 0.39 and 0.51, indicating that the average transport
current mainly flows along an intermediate direction between the nodal one
(a = w/4) and that of the maximum amplitude of the energy gap (a = 0).
The modified d-wave BTK model allows to satisfactorily reproduce the vari-
ations of slope around £1mV of the structured ZBCP in Figs. 4.7a,c,d with
a light discrepancy in modeling the full height of the peak in Fig. 4.7d. We
show in the next section that a more satisfactory fitting for this contact can
be obtained by taking into account an additional in series intergrain junction.

We remark that the values of the superconducting energy gap, inferred from
the theoretical fittings, are all consistent and enable us to estimate an average
value of the amplitude of the order parameter A = (2.8+0.2)meV. This value
is surprisingly low in comparison with the amplitude of the energy gap in
other cuprate superconductors, however the possibility that the presence of
the RuOy magnetic planes can play an important role in the complex Ru-1212
system has to be taken into account. We notice that the ratio between the
smearing factor I'PY?®s and the superconducting energy gap results always less
than 20% and it vanishes for the fitting shown in Fig. 4.7d. We consider this
fact as an indication of the good quality of our point-contact junctions.

4.2.2. Role of the intergrain coupling

To complete our discussion about the spectra measured at low temperatures,
we now address the analysis of the conductance curves reported in Figs. 4.7e,f,
with a wider ZBCP. In this respect, we observe that, due to the granularity of
the compound, in same cases, an intergrain Josephson junction can be formed
in series with the point contact one, as schematically drawn in Fig. 4.8. This
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topic has been already addressed in the previous section about PCAR studies
on MgBs.

To provide a quantitative evaluation of the conductance spectra, we consider
a real configuration in which the Pt-Ir tip realizes a PC junction on a single
Ru-1212 grain, which, in turn, is weakly coupled to another grain, so forming
a Josephson junction. In this case the measured voltage corresponds to the
sum of two terms:

(4'3) Vmeasured(l) = VPC’(I) + VJ (I) y

where Vpc and Vj are the voltage drops at the N/S point contact junction
and at the S/I/S intergrain Josephson junction, respectively. This last con-
tribution can be calculated by the Lee formula [105] which, in the limit of
small capacitance and at low temperatures, reduces to the simplified expres-
sion [173]:

0 for I < 1y ;
(4:4) VJ{ RiI;/[IJI)2=1] forI>1;.

At the same time, for the point contact contribution, we use again the extended
BTK model for a d-wave superconductor. The I(V) characteristic is then
calculated by inverting Eq. 4.3 and the conductance spectrum is given by:

dI  (dVec dVy\ '
_dV_( ar * dI> '

By applying this simple model we have satisfactory fitted the experimental
data reported in Figs. 4.7e,f. Remarkably, for both spectra, the best fittings
have been obtained by using A = 3.0 meV, consistently with the average
value extracted from the other curves in Figs. 4.7a-d. We observe that, in
this model, two more parameters are needed, namely the resistance R; and the
critical current Iy of the Josephson junction. However, the choice of these two
parameters is not completely arbitrary, since the condition Rj+Rpc =Ry has
to be fulfilled, where Ryn is the measured normal resistance and the product
R;I; necessarily results lower than A [15].

In some cases, it has been pointed out that dips in the conductance spectra
can be related to the presence of intergrain junctions, and for sake of com-
pleteness, we have applied our model also to the spectra of Figs. 4.7 a—d.
We notice that for different junctions, the effect of the intergrain coupling re-
sults more or less evident, depending on ratio Rj/Rpc. For the conductances
shown in Figs. 4.7a—c this effect turns out to be negligible, however, some
improvement of the theoretical fitting is obtained in the case of Fig. 4.7d (see
dashed line). Remarkably, by this last fitting we have found the same value
of the superconducting energy gap previously inferred, A = 2.8meV, with a
['Pynes /A ratio less than 3% and Rj/Rpc = 0.05.

(4.5) a(V)
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4.2.3. Temperature dependence of the conductance spectra

To achieve information on the temperature dependence of the supercon-
ducting energy gap in the Ru-1212 system, in this section we analyze the tem-
perature behavior of the conductance spectrum shown in Fig. 4.7d. Indeed,
this PCAR junction resulted to be very stable for temperature variations.

In Fig. 4.9 we show the conductance characteristics measured in the tem-
perature range 4.2K<T< 35K. We firstly notice that the ZBCP decreases for
increasing temperature and disappears at about T~ 30K, that we estimate
as the local critical temperature TlC of the superconducting Ru-1212 grain in
contact with the Pt-Ir tip, consistently with the resistivity measurements[8].
This fact provides further evidence that the ZBCP is a consequence of the
superconducting nature of Ru-1212 and is not due to spurious effects like in-
elastic tunneling via localized magnetic moments in the barrier region [49].
The experimental data for each temperature are then compared to the the-
oretical fittings calculated by using the d-wave modified BTK model with a
small contribution of Josephson junction in series. For all the curves, we fixed
the strength of the barrier and the angle « to the values obtained at the lowest
temperature.

The resulting temperature dependence of the superconducting energy gap
A(T) is reported in Fig. 1.3, where vertical bars indicate the errors in the gap
amplitude evaluation, that increase when approaching the critical tempera-
ture. Contrarily to what expected for BCS superconductors, we observe that
the energy gap, at low temperatures, decreases rapidly for increasing temper-
atures and goes to zero at T, (13 in a sublinear way. We notice that the same
temperature evolution for the superconducting energy gap is found trough the
d-wave BTK model with or without considering any intergrain junction in se-
ries; remarkably, in this last case, the superconducting energy gap A remains
the only varying parameter. A similar temperature dependence has been re-
ported by G. A. Ummarino et al. [71], however these authors give a larger
estimation of the maximum gap amplitude.

From the average value of the superconducting energy gap A = 2.8meV
and from the measured local critical temperature Tk~ 30K, we obtain a ratio
2A/KpT}, ~ 2 much smaller than the predicted BCS value and also smaller
than the values found for high-T¢ cuprate superconductors[50]. Again we
speculate that the simultaneous presence of superconducting and magnetic
order is an important key for understanding the behavior of the Ru-1212
system. Coexistence of superconductivity and antiferromagnetism is found
among cuprates, however it is common believe that ferromagnetism and su-
perconductivity are mutually excluding orders. Recently, it has been found
that in conventional Ferromagnetic/Superconducting (F/S) structures, prox-
imity effect give rise to an oscillatory behavior of the superconducting T, as
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FIGURE 4.9. Temperature evolution of the conductance spectrum of
Fig. 4.7 (c) from T = 4.2K to up the critical temperature (dots). The
solid lines are the theoretical fittings obtained by a modified d-wave
BTK model with the energy gap as only free parameter.

a function of the thickness of the F layer [38, 86]. There are conditions for
which a change of sign of the order parameter occurs, producing the m-junction
phenomenon[74]. In addition to this, a dramatic suppression of the amplitude
of the order parameter is expected for high T¢ superconductors in close con-
tact with a ferromagnetic material [110] and various examples of anomalous
temperature behavior are found in the literature. Gapless superconductivity
can be achieved, that can induce a sublinear temperature dependence of the
superconducting energy gap. In the Ru-1212 system, it has been proved that
the RuO2 planes are conducting, however these do not develop superconduc-
tivity at any temperature[135]. By means of different experimental techniques,
it has been inferred that a large fraction of the charge carriers is not condensed
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FIGURE 4.10. Temperature dependence of the superconducting en-
ergy gap as inferred from the theoretical fittings shown in Fig. 4.9.
The solid line is a guide for the eyes. The right hand scale refers
to the temperature evolution of the measured height of the ZBCP
normalized to the 4.2K value.

in the superconducting state even at low temperatures [135]. Both findings
are consistent with a reduced value of the 2A /(K pT¢) ratio in this compound.

In Fig. 1.3 we also report (righthand scale) the temperature evolution of
the height of the ZBCP normalized to its value at T=4.2K. It is worth to
notice that Gyg(V = 0,T), as directly measured from the experiments, and
A(T), as inferred from the theoretical fittings, show a similar scaling with
temperature. This correspondence is easily verified for Z=0 in case of a s-
wave superconductor, however it is a quite new result since it has been found
for intermediate barriers and unconventional symmetry of the superconducting
order parameter.

4.2.4. Magnetic field dependence of the conductance spectra

As we already observed, one of the most interesting features of the Ru-1212
is the coexistence of the superconducting phase and magnetic order. Indeed,
from Nuclear Magnetic Resonance (NMR) [103, 169] and magnetization [34]
measurements, it has been found that in this compound ruthenium occurs in
a mixed valence state Ru*t, Ru®* with some higher Ru®* concentration. The
RuOs planes, from one side, act as charge reservoir for the superconducting
CuOz planes, on the other hand, as observed in Muon Spin Rotation (uSR)
experiments [24], they show quite homogeneous ferromagnetic order below Tc.
A weak interaction between the two order parameters, ferromagnetism in the
RuOs planes and superconductivity in the CuOg planes, has been suggested
and recently several experiments appear to confirm this hypothesis [135]. De-
spite of the huge experimental and theoretical efforts focused on the study of
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FIGURE 4.11. Magnetic field dependence of the normalized dI/dV
vs V characteristics at T=4.2K from 0 T to 2 T (dots) for the spectra
of Fig. 4.7b. The full lines are the theoretical fittings obtained as
discuss in the text. In the inset the magnetic field dependence of the
energy gap is reported.

the interplay between superconductivity and magnetism, to the best of our
knowledge no spectroscopic studies in magnetic field of the superconducting
order parameter in Ru-1212 have been reported in literature so far.

In Fig. 4.11 we show the PCAR spectra measured by applying an external
magnetic field, parallel to the tip, with intensity H varying from 0T to 2T. The
dI/dV vs V curves refer to the contact reported in Fig. 4.7b. A reduction of
the ZBCP for increasing magnetic fields is observed, that in first approximation
can be reproduced by a phenomenological approach. Indeed, addressing the
problem of the magnetic field dependence of the conductance characteristics
is non conventional superconductors, is a quite difficult task and a complete
treatment of PCAR spectroscopy in magnetic field would require the use of
an appropriate density of states in calculating the BTK expression for the
reflection and transmission coefficients at the N/S interface. Due to the lack
of an analytical model, Miyoshi et al. [117] presented a two fluid model to
reproduce the effect of normal vortex cores in PCAR junctions in conventional
superconductors, assuming that the contact area contains multiple randomly
distributed individual junctions (non-Sharvin regime [153]). These authors
propose a simplified expression for the conductance, written as a sum of normal
and superconducting channels:

GNStot(v) = (1 - h)GNN + hGNS(V)
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where h=H/Hc, and Hc, is the critical field. This approach, however, cannot
be applied to our experiments since we deal with polycrystalline, unconven-
tional superconductor, exhibiting internal magnetic ordering. In this case, the
magnetic induction B is not simply proportional to the external magnetic field
H and as a consequence the density of vortices is not linearly related to H.
An alternative way to perform a theoretical fitting is obtained by using an
additional pair breaking parameter to simulate the effect due to the magnetic
field [121, 72]. In this case, the total broadening effect I' is considered as the
sum of two terms: I' = T'Pynes 1 1e2t where T'P¥7€s ig the intrinsic broadening
due to the quasiparticle lifetime, as used in the previous fittings, while I'¢**
mimics the pair breaking effect due to the external applied magnetic field. The
curve at H=0T (see Fig. 4.7b) has been fitted by using the d-wave modified
BTK model with A = 3.0meV. For increasing magnetic fields we keep con-
stant, in the numerical computation, the strength of the barrier Z=0.9, the
orientation angle o = 0.51 and the intrinsic TPY"* = (0.7meV, while varying
only two parameters: the energy gap A and the magnetic field effect I'***. We
observe that the best theoretical fittings (solid lines in Fig. 4.11) satisfactorily
reproduce for any field both the height and the amplitude of the measured
spectra. In the inset, we report the magnetic field dependence of the super-
conducting energy gap (dots) as extracted from the theoretical fittings. The
amplitude of the energy gap reduces linearly for H up to 2T and by a linear
extrapolation of the data, we find that the energy gap disappears at about
H®* ~ 30 T, consistently with the estimated critical field reported in Ref.[8].
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We have also studied the effect of the magnetic field on the conductance
characteristics of the junctions showing wider ZBCP, that are formed by two
junctions in series. In Fig. 4.12 we report the dI/dV vs V curves measured
up to 2.5 T for the contacts of Fig. 4.7e. In this case, we observe that the
conductance curves dramatically change with the application of the magnetic
field. As discussed in the previous section, the Josephson current due to the
intergrain coupling is immediately suppressed by the magnetic field, modify-
ing the spectra towards the narrower, non-structured, triangular shape of the
ZBCP. In addition to this, the oscillatory behavior of the background, due
to the intergrain coupling disappears in magnetic field. Remarkably, for the
junctions of both Figs. 4.11, 4.12 the peculiar features of the spectra together
with the normal junction resistance, are recovered when the magnetic field is
switched off, and no hysteresis is found for increasing/decreasing fields.

4.2.5. Conclusions

In this section we have explained the main results of the PCAR conduc-
tance spectra obtained in superconducting RuSroGdCusOg (Ru-1212) poly-
crystalline pellets. All the conductance curves at low temperatures show a
Zero Bias Conductance Peak that decreases for increasing temperatures and
disappears at the local critical temperature Tk ~ 30K of the superconducting
grain in contact with the Pt-Ir tip. The triangular shape of all the mea-
sured spectra has been modeled by using a modified BTK model for a d-wave
symmetry of the superconducting order parameter. This finding suggests a
closer similarity of the Ru-1212 system to the high-T¢ cuprate superconduc-
tors rather than to the magnetic ruthenate SroRuO4 compound. However, the
remarkably low values of the energy gap A = (2.8 £0.2)meV and of the ratio
2A/KpTe ~ 2 indicate major differences between the Ru-1212 and the high-
T cuprates. We speculate that the presence of ferromagnetic order within the
superconducting phase results in an effective reduction of the energy gap. We
have also demonstrated that, when dealing with granular samples, intergrain
coupling effects can play a predominant role. In some cases, an intergrain
Josephson junction in series with the point contact junction is formed. Taking
into account this feature as well, all conductance spectra have been properly
modeled by considering a d-wave symmetry of the order parameter, with con-
sistent values of the amplitude of the energy gap.

By fixing all the fitting parameters to their values at the lowest measured
temperature, and by varying A, the temperature dependence of the energy
gap has been extracted from the conductance characteristics of a very stable
junction. We have found that the energy gap exhibits a sub-linear dependence
in temperature. The magnetic field behavior of the spectra has been also
studied, showing a linear reduction of the energy gap for fields up to 2 T,
from which a critical field Hg, ~ 30 T is inferred. We have found that both
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the superconducting features and the normal background in the conductance
spectra do not show any hysteresis in magnetic field. These observations seem
to suggest a weak coupling between the superconducting and magnetic order
parameter.

Our analysis may be helpful for a deeper understanding of the mechanisms
enabling high temperature superconductivity, and its interplay with magnetic
order in unconventional superconductors like rutheno-cuprates.

4.3. Study of the Andreev reflections at the interface between
ferromagnetic and superconducting oxides

In this section we analyze the effect of spin-polarized electrons on the tun-
neling current in a heterostructure constituted by a high-TC superconductor,
YBayCusO7_, (YBCO), and a Colossal magneto-resistance ferromagnetic ox-
ide Lag7Cap3MnO3 (LCMO), as reported in Refs. [S5,S7]. We observe the
presence of both Andreev bound states in the YBCO layer, and spin polar-
ization in the LCMO layer. The zero bias conductance peak, appearing in
the conductance spectra due to Andreev bound states at the Fermi level of
the superconductor, results to be depressed by a proximity effect induced by
the magnetic layer. Our results are well interpreted in the framework of the
spin-polarized transport theory.

4.3.1. A rapid overview to YBCO and LCMO
In this subsection we explain the main properties of YBCO and LCMO.

4.8.1.1. YBCO. — A schematic structure of YBCO is presented in Fig. 4.13:
the unit cell is developed from that of a tetragonal perovskite tripled along the
c-axis and it consists of a sequence of copper-oxygen layers. The dimensions
of the unit cell are approximately 1.2 nm and 0.4 nm in the ¢ and in a or
b-axis directions respectively. The compound YBasCusOg is an insulator, so
it has to be doped to gradually become a hole-doped metallic conductor and
a superconductor below some critical temperature. The doping is achieved by
adding additional oxygen which forms CuO chains. These oxygen ions attract
electrons from the CuOs-planes which therefore become metallic. Note, that
the correct formula for YBCO material is YBasCusO7_,., where x corresponds
to partial oxygen content. Measurements of resistance vs temperature on
YBCO films show a T¢ >~ 91K [52].

4.8.1.2. LCMO. — The ideal structure of the LCMO oxide is a cubic per-
ovskite. The large sized La trivalent ions and Ca divalent ions occupy the
center of the cube with 12-fold oxygen coordination. The smaller Mn ions in
the mixed-valence state Mn?t-Mn?* are located at the vertices of the cube
and are coordinated 6-fold with the oxygen ions to form octahedrons MnOg. In
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Fig. 4.14 (a) a schematic view of the cubic perovskite structure is shown. Usu-
ally, the crystalline lattice will be distorted by the Jahn-Teller effect (see Fig.
4.14 (b)). The phase diagram of LCMO was measured by Cheong and Hwang
[170], and is given in Fig. 4.14 (c). The undoped parent compound LaMnOs3
has an antiferromagnetic insulating ground state. LaMnO3 and CaMnQOg are
both antiferromagnetic insulators. At first sight a mixture of LaMnQO3 and
CaMnOQOs3 is expected to show no spectacular effect. But, in their phase di-
agram a ferromagnetism is found, metallicity and several regions with spin
and charge orderings. An important aspect in the unexpected rich phase dia-
gram is the small but relevant distinction in crystal structure, although both
compounds are perovskites. LaMnOj3 consists of deformed MnOg octahedra,
whereas the octahedra are perfect in CaMnOgs . The origin of the deforma-
tion is the crystal field splitting of the 3d orbitals. Above 10% Ca doping
the ferromagnetic interactions suppress the antiferromagnetic coupling and
a ferromagnetic ground state is obtained. In the region of 20% to 50% Ca
substitution the ground state is a ferromagnetic metal, dominated by double
exchange. According to Cheong’s phase diagram, Fig. 4.14 (c), the ferromag-
netic metallic phase emerges instantly above a critical concentration, at all

® Cu2+,Cu®

® °o>

pmmm - -b---411.6802 A

a

FIGURE 4.13. Schematic representation of the YBCO.
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temperatures below Tcyrie. Resistance vs temperature measurements without
applied magnetic field showed that the metalinsulator transition temperature
is in the range of 220-260K [53].

4.3.2. Sample preparation and experimental setup

Highly epitaxial, c-axis oriented (YBCO/LCMO) heterostructures were grown
in a pure oxygen atmosphere (p=3.0 mBar) on SrTiOsz (0 0 1) substrates
(STO) by DC sputtering technique at T=900C (for further details see Refs.
[52, 51]). A YBCO film of 500A was first deposited; then, by defining the
geometry through a shadow mask, we sequentially realized a YBCO/LCMO

300

§ T
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100

Temperature (K)
g

50 .

0 1 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 1 : 1 1
00 01 02 03 04 05 06 07 08 09 10
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FIGURE 4.14. (a) Schematic view of the cubic cell of the LCMO.
(b) Distortion of the structure due to the Jahn-Teller effect. (c)
Phase diagram showing the different phases of LCMO as a function
of Ca concentration. FM : Ferromagnetic Metal, FI: Ferromagnetic
Insulator, AF: Antiferromagnetism, CAF: Canted Ferromagnetism,
and CO: Charge/orbital Ordering
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I_

FIGURE 4.15. Scheme of our point contact junction realized be-
tween a Pt-Ir tip and a YBCO/LCMO bilayer.

bilayer with thicknesses dypco = 1000A and dicymo = 75A, respectively. The
conductance spectra were measured in the PCAR setup from liquid-helium
temperature to room temperature. To realize the point contact experiments,
we used mechanically cut fine tips of Pt-Ir, chemically etched in a 40% solu-
tion of HCl in an ultrasound bath. Samples and tips were placed in the PCAR
probe and the electrical contacts (two on the tip, and two on the first YBCO
basis) were realized by indium drops. In Fig. 4.15 we show the geometry of
the junction and the voltage-current terminals.

4.3.3. Results and discussion

We present now the conductance spectra obtained between a YBCO/LCMO
bilayer and a Pt-Ir tip. We remark that our transport measurements include
two different interfaces, YBCO/LCMO and LCMO/Pt-Ir, both responsible
for the profile of the conductance curves. The different contributions can
be evidenced for instance in the lowest-temperature spectrum (see the inset
of Fig. 4.16), characterized by an asymmetric, “V”-shaped background, with
the presence of a Zero Bias Conductance Peak (ZBCP). The “V”-shaped back-
ground, similar to that reported for other metallic oxide junctions [141, 41], is
a signature of the LCMO /Pt-Ir junction, while the YBCO layer is responsible
for the asymmetry [55]. On the other hand, the ZBCP is a consequence of
the d-wave symmetry of the superconducting order parameter of YBCO, in-
dicating the formation of the Andreev bound states at the YBCO Fermi level
[55, 50, 175, 91]. Moreover, the presence of a ZBCP suggests that our tunnel
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FIGURE 4.16. Temperature dependence of a highly stable junction
between the YBCO/LCMO bilayer and the Pt-Ir tip. We notice that
a ZBCP appears at low temperatures and disappears at about 30K.
The lowest-temperature spectrum is detailed in the inset.

junction is not completely c-axis oriented, but a component in the a-b plane
is present as well.

The nature of the ZBCP can be experimentally investigated by following
the temperature evolution of the conductance spectra. In the case of PCAR
on pure YBCO, the literature reports a ZBCP decreasing with increasing
temperature, and vanishing at the critical temperature of YBCO (~ 90 K) [55].
In our YBCO/LCMO junction (see Fig. 4.16), we observe instead a depressed
ZBCP. According to the theory of spin transport between a ferromagnetic
material and a d-wave superconductor, the depression of the ZBCP follows
from the suppression of Andreev reflections at the interface, due to the spin
polarization of the ferromagnetic layer [183, 92]. In the measured conductance
spectra, the ZBCP disappears at a temperature of about T, ~ 30 K, which
is in agreement with the resistivity measurements on YBCO/LCMO bilayers
[51]. This fact provides further evidence that the ZBCP is a consequence of
the superconducting nature of YBCO and is not due to spurious effects like
inelastic tunneling via localized magnetic moments in the barrier region [49].

From our conductance spectra, the amplitude of the superconducting order
parameter of YBCO can be inferred as well. Namely, we can fit the background
according to the model [4, 111]:

dl

(46) G(V) =

2 / Near(E)Nsc/(E + eV)[f(E) — f(E +eV)]dE,
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FIGURE 4.17. The conductance spectrum with the fitted back-
ground. In the inset the YBCO conductance curve is shown with the
best fit with d-wave symmetry of the order parameter.

where Ng¢ is the density of states of the YBCO layer, and Ngjs is the density
of states of the LCMO layer. The latter can be expressed as Npp/(E) =
Neam(0)[1 + (|E|/A)"], where A is a constant associated with the electron
correlated energy of LCMO at the interface and the exponent 0.5 < n < 1
reflects the degree of disorder in LCMO near the YBCO/LCMO interface.
Concerning the YBCO, we can assume that, for bias voltages larger than
the superconducting energy gap, Ngc¢ is approximately constant, except for a
linear correction taking into account for the asymmetry of the normal state
of YBCO. In a window of bias voltages V € [V, V], the density of states of
YBCO can thus be written as Ngc = 1 —x(V + V), where  is the asymmetry
factor and the total conductance is normalized such that G(—V) = 1.

In Fig. 4.17, we show the lowest-temperature conductance spectrum, to-
gether with the best fitting curve for the background, following Eq. 4.6.
The superconducting energy gap of YBCO corresponds to the bias voltage
at which the theoretical curve for the background deviates from the exper-
imental conductance spectrum. From Fig. 4.17, we can estimate an en-
ergy gap A ~ 8 meV. The contribution of the YBCO layer to the con-
ductance characteristic can then be obtained dividing the measured differ-
ential conductance (at the lowest temperature) by the modeled background
curve: Gyeco(V) = G(V)eap/G(V )back- We can satisfactorily fit the spec-
trum Gypco(V) with a d-wave BTK model, Eqs. 2.17-2.21 (for details see
Sec. 2.2), regarding as fitting parameters the superconducting gap A, the bar-
rier strength Z, the angle « of the order parameter and the smearing factor I'.
Remarkably (see the inset of Fig. 4.17), the fitting provides a gap A = 8 meV,
consistent with our previous findings. This value, smaller than the reported
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FIGURE 4.18. Temperature dependence of ZBCP (dots) with the
best theoretical fit (solid line).

gap value of 20meV for YBCO [55], can be explained by the proximity effect of
the Cooper pairs from YBCO to LCMO, or by the injection of spin-polarized
electrons from LCMO to YBCO [111].

It has been theoretically predicted that, in a F/S interface, the amplitude
of the spin polarization of the ferromagnetic layer can be estimated from the
temperature dependence of the ZBCP. The latter is expected to be propor-
tional to the inverse of the temperature for intermediate temperatures [83].
In Fig. 4.18 we show the temperature dependence of the ZBCP as obtained
by the experimental conductance spectra of Fig. 4.16, together with the best
fitting curve. With an extrapolation of the best fitting curve at low tempera-
tures (7' — 0), we can directly compare our ZBCP evolution to the theoretical
model of Ref. [83]. This allows us to estimate a spin polarization of the LCMO
layer of about 67%, meaning that the electron spins are not fully polarized.
This is consistent with the observation of a (depressed) ZBCP: in fact, it would
have been completely suppressed if the LCMO polarization had approached
unity.

In the context of the fundamental interest on the interplay between super-
conductivity and ferromagnetism, we compare in Fig. 4.19 the behavior of the
ZBCP extrapolated from the temperature dependence of conductance spectra
in the Ru-1212 (Fig. 4.10) and YBCO/LCMO (Fig. 4.18) tunneling junc-
tions. We notice a similar, sublinear temperature dependence which is found
to be strikingly different from the behavior of standard BCS superconductors.
So the depressed ZBCP (both in height and in the temperature evolution)
together with a reduced superconducting gap, as observed in both intrinsic
(Ru-1212) and artificial (YBCO/LCMO) hybrid structures, are signatures of
an injection of spin polarized electrons from the ferromagnetic layer, inducing
peculiar modifications to the density of states of the superconducting layer.
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FI1GURE 4.19. Temperature evolution of the ZBCP for Ru-1212 and
YBCO/LCMO conductance spectra.

To summarize the results of this section, PCAR measurements on the het-
erostructure constituted by a YBCO/LCMO bilayer and a Pt-Ir tip have re-
sulted in conductance spectra with a triangular ZBCP, signature of the d-wave
symmetry of the order parameter of YBCO. A reduced height of the ZBCP,
as compared to the case of N/S junctions, has been observed. We have shown
that this effect is due to a partial polarization of the LCMO layer. A deeper
analysis of the effects of one or more magnetic layers on the superconducting
properties of high-T¢ compounds awaits further investigation.



CHAPTER 5

REALIZATION AND CHARACTERIZATION OF
HIGH PERFORMANCE
m-JUNCTIONS WITH STRONG
FERROMAGNETS

Brian Josephson (1962)
...tunneling supercurrents originally emerged out of complicated calculation of tunneling
currents as terms which did not go to zero when the voltage across the barrier was put

equal to zero...

In recent years a great interest has grown in the implementation of quantum
computing [123], where the information is stored in two-level quantum systems
(qubits). Many theoretical and experimental advances have been achieved to-
wards the physical realization of qubits and, in this respect, solid-state im-
plementations appear as good candidates, thanks to their potential scalability
which is partly enabled by the development of nano-scale technology [57]. In
particular, ferromagnetic m-junctions have been proposed as coherent two-
state quantum systems [181]. In fact, as a consequence of exchange splitting
of the spin-up and spin-down electrons in the ferromagnetic sub-bands, the
superconducting order parameter oscillates as a function of penetration depth
which causes its sign to change periodically [35, 97], as we have described in
detail in Sec. 2.3. A positive order parameter corresponds to a “0”-state, while
a negative order parameter to a “n”-state. To realize a practical quantum de-
vice it is necessary to control these two states with the fabrication of adapted
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structures; because this is easily achieved in S/F/S systems with weak [98] and
strong [26, 18, 130] ferromagnetic barriers, they have been introduced as suit-
able superconducting quantum-electronic devices based on 7w-shift technology
[180]. These systems exhibit indeed oscillations of the critical current with
the thickness of the F layer, equivalent to a change of the Josephson relative
phase from 0 to w. The principle goal in this research field is to understand the
physics of superconductor based quantum technology and, equally, to evaluate
potential material systems for their development, while aiming at reducing the
size of the employed heterostructures towards and below nano-scale.

In this Chapter we explain the details of the realization of S/F/S Joseph-
son junctions with strong ferromagnets, and the experimental magnetic and
electrical-transport data with their interpretation in agreement with the the-
oretical models, following the results described in Refs. [S6,59,510].

5.1. Nb/Ferromagnet/Nb Josephson junction fabrication

Nb 200 nm

Nb 50 nm
Nb 50 nm

Nb 200 nm

Nb: 250 nm ‘ Nb: 250 nm

Ni: 05-12 n.m‘ Py: 0.5-5nm

Nb: 250 nm Nb: 250 nm

Nb: 250 nm Nb: 250 nm

FIGURE 5.1. A schematic picture of the S/F/S heterostructure used
in this work.

Our heterostructure consists of Nb (250 nm) / Ferromagnetic layer / Nb
(250 nm). As ferromagnetic layer we have used: Ni, NigoFegy (Py), Co and
Fe. In the case of Co, Fe and Py their respective thicknesses tp were varied
from ~ 0.5-5.5 nm while, in the case of Ni, ty; was varied from ~ 1.0-10 nm.
To assist processing in a focused ion beam (FIB) microscope, a 20 nm normal
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FIGURE 5.2. An illustration of the sputtering process: the ferromag-
netic interlayer thickness is varied as a function of the angle 6 from
the pre-sputter position.

metal interlayer of Cu was deposited inside the outer Nb electrodes, but 50
nm away from the Fe barrier. We remark that the 20 nm of Cu is a thickness
smaller than its coherence length, so it is completely proximitized into the
Nb, and it does not affect the transport properties of the Josephson junction.
Refer to Fig. 5.1 for an illustration of the our heterostructures.

The heterostructures employed in this work, have been deposited by d.c.
magnetron sputtering (the details of the sputtering system are presented in
Sec. 3.1.2). In a single deposition run, multiple silicon substrates were placed
on a rotating holder which passed in turn under three magnetrons: Nb, Cu
and the ferromagnetic layer (Fe, Co, Py or Ni). The speed of rotation was con-
trolled by a computer operated stepper motor with a precision angle of better
than 3.6° and each sample was separated by an angle of at least 10°. Prior
to the deposition each target material was calibrated and the deposition rates
were estimated with an Atomic Force Microscopy (see table 5.1 for a summary
of the deposition parameters for all target materials presented in this work).
In the case of the ferromagnetic materials (Co, Py, Fe and Ni) the rates of
deposition, and hence tr, were obtained by varying the speed of each single
chip which moves under the ferromagnetic target while maintaining constant
power to the magnetron targets and Ar pressure. This was achieved by know-
ing the chip position relative to the target material () and by programming
the rotating flange such that a linear variation of ferromagnetic thickness with
0, d(tr)/df, was achieved. ty is inversely proportional to the speed of deposi-
tion, tp o 1/V;, and hence it can be shown that in order to achieve a linear
variation of tr () one programmes the instantaneous speed, at position § and
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Target material Rate Power Speed range dr
(nm/W at 1 rpm) (W) (rpm) (£0.2 nm)
Nb 6.89 90 028 250
Cu 4.39 30 0.22 20
Ni 2.12 40 0.20-4.2 0.5-10.5
Co 1.8 40 0.36-3.6 0.5-5.0
Py 1.64 40 0.33-3.3 0.5-5.0
Fe 2.0 40 0.22-2.2 0.5-5.0

TABLE 5.1. A summary of the deposition parameters for all materi-
als sputtered. tg refers to the expected film thickness.

time ¢ seconds (i.e. V(0);), of deposition according to

-1
Vivy [ ViVe 0

5.1 V() = _

(5.1) (6): w-v;(w-vi 27r> ’

where V; is the initial speed and V7 is the final speed in units of rpm. This
method of varying tr guaranteed, in all cases, that the interfaces between each
layer were prepared under the same conditions while providing precise control
of the F layers. Fig. 5.2 shows an illustration of the sputtering process. For
each run, simultaneously, our heterostructures have been deposited on 5 x 5
mm? and 5 x 10 mm? SiOy substrates. The first ones have been used for
the magnetic measurements, the second ones for the realization of Josephson
junctions.

5.1.1. X-ray measurements

To confirm our precise control over the ferromagnetic thickness variation
we performed low angle X-ray reflectivity of a set of calibration Nb/Co/Nb
thin films where the Nb layers had a thickness of 5 nm and the Co barrier
thickness was varied from 0.5 nm to 5.0 nm. A series of low angle X-ray
scans were made and the thickness of the Co layer (o (observed)) Was extracted
by fitting the period of the Kiessig fringes using a simulation package. It
was found that our expected Co barrier thicknesses, tco(eapected), Was well
correlated with tcg(opserved) With a mean deviation of +0.2 nm. Fig. 5.3 (a)
shows a comparison of tco(observed) With tco(eapected) @n1d an example of the low
angle x-ray data plotted with the equivalent simulation data where ¢ (observed)
was extracted.
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FIGURE 5.3. (a) tco(observed) Plotted with too(eapected) €xtracted
from simulation data, and (b)low angle x-ray data plotted with the
equivalent simulation for sample 1 where tco(crpectedy =5 nm and
too(observed)y =0E0.2 nm . The mean deviation is estimated to be
+0.2 nm.

5.2. Nanoscale device process

We can summarize the realization of the Josephson junctions in three dif-
ferent steps (for details on these processes see Sec. 3.1): (i) patterning the
films using optical lithography to define the micron scale tracks and the con-
tact pads. Our mask permits etching of at least 14 devices, which allows
us to measure numerous devices and to derive good estimates of important
parameters, like, for example, characteristic voltage (see Fig. 5.4 to see an
illustration of the mask); (ii) broad beam Ar ion milling (3 mAcm™=2, 500
V beam) to remove unwanted material from around the mask pattern, thus
leaving 4um tracks for subsequent FIB work; (iii) FIB etching of micron scale
tracts to achieve vertical transport. In particular to realize our devices we
have used a three-dimensional technique [94]. The wedge holder used in this
work was designed by D.-J. Kang and it is schematically shown in Fig. 5.5;
it is constituted by three sample lodgings, one in horizontal and two at 45°.
Once loaded the sample on the 45° lodging, we can rotate the stage of the FIB
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FIGURE 5.4. (a)“Cam 39” mask design for a 10 x 5mm? chip used
in this work, showing contact pads for wirebonding. (b) Central
detail: on each chip we realize 14 possible junctions with thinnest
track widths of 4um (c).

at 45°, in this way the beam is perpendicular to the surface of the sample,
and the first cut is done; then the sample holder is rotated of 180° around an
axis normal to the sample stage, to permit the vertical cut to be done (see
Fig. 5.5). This setup allows to load two samples for each run.

The fabrication procedure is shown in Fig. 5.7 [19]. A first box with area
4 x 2um? is milled with 150 pA to realize tracks of about 700 nm (b). The
time of milling is about 1 — 3 minutes, and this milling can be calibrated using
the stage-current/end-point detection measurement. Fig. 5.6 shows how the
milling of different layers can be distinguished, the first peak corresponds to
the Nb, the two small peaks correspond to the two Cu layers, and finally the
intensity decreases approaching to the SiOg substrate. The sidewalls of the
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FIGURE 5.5. Schematic of the sample holder used in FIB (a) showing
two axes of rotation, 45°, to horizontal milling (b) and 180° to
vertical milling.
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F1GURE 5.6. End Point Detector. The graph shows the stage cur-

rent as a function of the milling time, we can distingue the Nb layer,

the two Cu layers, the Ferromagnetic barrier and when the current
decreases we have reached the substrate.

narrowed track are then cleaned with a beam current of 11 pA. This removes
excessive gallium implantation from the larger beam size of the higher beam
currents. The cleaning takes ~ 25-30 seconds per device. The track width is
then < 500 nm. The sample is then tilted to § = 90°, and the two cuts are
made with a beam current of 11 pA to give the final device (Fig. 5.7 (d)) with
a device area in the range of 0.2 — 1 pm?. This technique permits to achieve
vertical transport of the current: in Fig. 5.7 (e) we show a schematic picture
of the current path. In Fig. 5.8 the final FIB image of a Nb/Cu/Co/Cu/Nb
device is presented.
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F1GURE 5.7. FIB procedure for device fabrication: the initial trilayer
after the photolithography and ion-milling (a) is cut with 150 pA
beam (b) and then with 11 pA beam (c-d). (e) At the end two side
cuts are realized to create the final device structure with a device
area in the range of 0.2 — 1 um? achieving vertical transport of the
current

5.3. Magnetic measurements

In this section we report magnetic measurements of Nb Josephson junctions
with strongly ferromagnetic barriers: Ni, NiggFeyg (Py), Co and Fe. From mea-
surements of the magnetization saturation as a function of the Fe thickness,
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FIGURE 5.8. FIB image of a Nb/Cu/Co/Cu/Nb device, the two light
gray lines are the Cu markers.
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FIGURE 5.9. Saturation magnetization versus thickness of the Ni
barrier, inset: hysteresis loop for tn; = 4nm.

our heterostructures have shown a magnetic dead layer ranging between 0.5
nm and 1.7 nm. In the case of Ni barrier we estimate its Curie temperature.
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FIGURE 5.10. (a) hysteresis loops for different Co thicknesses. (b)
Saturation magnetization versus thickness of the Co barrier. From

5.3.1. Measurement of the magnetic dead layer

In this section we explain the magnetic properties of Nb-Ni-Nb, Nb-Py-Nb,
Nb-Co-Nb and Nb-Fe-Nb heterostructures as a function of F thickness.

To this aim we have studied, using a VSM at room temperature (for details
see Sec. 3.5), the hysteresis loop of our heterostructures in order to follow the
evolution of the magnetization as a function of the applied magnetic field. In
Fig. 5.9 (inset), Fig. 5.10 (a), 5.11 (a) and 5.12 (a), we show a collection
of hysteresis loops for different thicknesses of the F barrier. We notice that
both the saturation magnetization and the width of the hysteresis loop, as
expected, decrease with decreasing F layer thickness, and the ferromagnetic
order disappears when the F barrier goes to zero. Furthermore from the
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hysteresis loops we have measured the saturation magnetization as a function

of the F barrier to extrap

olate the magnetic dead layer.

The presence of a magnetic dead layer has been reported in other studies
of S/F/S heterostructures [21, 28] and it can be explained as a loss of mag-
netic moment of the heterostructures. The magnetic dead layer can be due
to numerous factors, as, for example, lattice mis-match at the Nb-F interface
resulting in a reduction in the ferromagnetic atomic volume [95] and crys-
tal structure which leads to a reduction in the exchange interaction between
neighboring atoms. This loss in exchange interaction manifests itself as a loss
in magnetic moment due to a collapse in the regular arrangement of electron
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FIGURE 5.12. (a) hysteresis loops for different Fe thicknesses. (b)
Saturation magnetization versus thickness of the Iron barrier for
three different deposition runs. From the linear fit (gray line) the
magnetic dead layer is extrapolated.

spin and magnetic moment and can lead to the suppression in Tcyrie and Ee,
[1, 182, 106, 133]. Another factor can be the inter-diffusion of the ferromag-
netic atoms into the Nb. Like in the case of lattice mis-match this would result
in a breakdown of the crystal structure at the interface leading to a reduc-
tion in the exchange interaction. The knowledge of the magnetic dead layer
is a crucial point within the implementation of w-technology, to guarantee the
reproducibility and the control of the devices.

Extrapolating with a linear fit the saturation magnetization as a function
of F thickness, we have obtained the estimation of the magnetic dead layer:
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FIGURE 5.13. Saturation magnetization vs Ni, Py, Co and Fe thick-
ness at T= 300K.

~1.7 nm for Ni (see Fig. 5.9), ~ 0.5 nm for Py (see Fig. 5.10 (b)) and ~ 0.75
nm for Co (see Fig. 5.11 (b)).

In the case of Fe the saturation magnetization was measured for three dif-
ferent deposition runs (see Fig. 5.12). For each deposition we have obtained
similar saturation magnetization and by extrapolating the least-squares fit of
these data we have estimated a Fe magnetic dead layer of ~ 1.1 nm.

In Fig. 5.13 we summarize the magnetic moment vs thickness for Ni, Py,
Co and Fe. From these data we can extrapolate the slope of Mg vs tp.

From the theoretical model [157, 129] the predicted slopes are: ~ 0.60
emu/cm? for Ni, ~ 0.52 emu/cm? for Py, ~ 1.42 emu/cm? for Co and ~ 2.6
emu/cm?, for Fe. On the other hand from our experimental data the slopes of
Mg wvs ty for these ferromagnetic materials are suppressed from these expected
bulk values: 0.27 emu/cm? for Ni, 0.27 emu/cm? for Py, 1.0 emu/cm? for Co
and 0.83 emu/cm? for Fe. We can argue that, in our case, we are not consider-
ing bulk materials, as reported from Slater and Pauling, instead our systems
are constituted by F /S sandwiches, so the presence of a superconducting layer,
Nb, can induce a weakening of the ferromagnetic properties of the F layer and
a possible diffusion of the Nb into the F barrier.

5.3.2. Calculation of the Curie temperature

In the case of Ni we have followed the temperature dependence of the mag-
netization for two different thicknesses of Ni barrier so that an estimation of
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FIGURE 5.14. Magnetization as a function of temperature for a
Nb/Ni/Nb trilayer, inset: experimental data with the best fitting
curve to extrapolate the Curie temperature of Ni. tp is the magnetic
dead layer.

Tcurie could be made (see Fig. 5.14). The experimental data are modeled by
the following formula:

M(T)/M(0) = (1 = T/Tcuric)”

where M(0) is the magnetization at absolute 0 K, T is the measuring tempera-
ture, and 8 and Tourie are fitting parameters. We have estimated Toypie ~ 571
K, which is in agreement with Tcyrie = 620 K measurements of Ni in F/S bi-
layers [24]. This provides evidence that our Ni is consistent and not grossly
degraded. In addition the warming and cooling data follow each other imply-
ing that no interdiffusion has influenced the M(T) curves.

5.4. Transport measurements

In this section we present the I(V') vs V curves for the Nb/F /Nb Josephson
junctions varying the thickness of the F barrier. All these materials show mul-
tiple oscillations of critical current with barrier thickness implying repeated
0-7 phase-transitions in the superconducting order parameter. The critical
current oscillations have been modeled with the clean and dirty limit theoret-
ical models, from this analysis we have extrapolated the exchange energy and
the Fermi velocity of the ferromagnetic barrier.
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FIGURE 5.15. I — V characteristics for Nb/Co/Nb Josephson junc-
tions with different Co thickness.

5.4.1. Critical current oscillations

For several junctions on each chip we have measured the current versus
voltage from which the critical current (I¢) and the normal resistance (Ry)
of the Josephson junction have been extrapolated. In Fig. 5.15 we show
an example of I vs V curves for different Co thicknesses, we notice that for
each curve we have roughly the same resistance, that means the same area
of the Josephson junctions. This is an indication of the good control on the
fabrication of the devices with the FIB.

The IcRy products, as a function of F barrier thickness, exhibit a decaying,
oscillatory behavior, in agreement with the theoretical predictions (see Sec.
2.3).

The oscillations of IcRx as a function of Ni, Py, Co and Fe thicknesses at
4.2 K are shown in Figs. 5.16 (a)-(b) and Figs. 5.17 (a)-(b).

In the case of Py, the clean limit model, Eq. 2.27, closely matches the
experimental data up to a thickness of ~ 2 nm, while in the case of Ni the
oscillations are explained by the clean limit theory up to ~ 7 nm. Above these
values a better fit is obtained using a formula for a diffusive and high F.,
ferromagnet, Eq. 2.28. For Eq. 2.27 the fitting parameters are the F.; and the
Fermi velocity vp. In the case of Eq. 2.28 the fitting parameters are: v, the
mean free path L, the superconducting energy gap A and Fe,. But L and A
are not free parameters, because they are fixed by the theoretical predictions.
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the theoretical fit in agreement with Eq. 2.27, dash-dot blue line is
referred to Eq. 2.28.

In this way the only free parameters are, as for the clean limit equation, the
Fermi velocity and the exchange energy. Using Eq. 2.28 we obtain the best
fitting values for Ni: vp(Ni) = 2.8 x 10> m/s and Ly; ~ 7 nm; while for
Py vp(Py) = 2.2 x 10° m/s and Lp, ~ 2.3 nm and A = 1.3 meV. These
values are consistent with the ones used in Eq. 2.27 and elsewhere [26, 21];
while for the exchange energy we estimate E.;(Ni) ~ 80 and E,,;(Py) ~ 201
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meV. E¢,;(Ni) is close to other reported values by photoemission experiments
[81], but smaller than that reported by other authors [26]. The smaller than
expected Fe,(Ni) is a consequence of impurities and possibly interdiffusion
of Ni into Nb. Anyway, from the magnetic measurements the extrapolated
value of the Tguie provides evidence that our Ni is of acceptable quality.
The E,(Py) is consistent with the expected value and is approximately twice
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that measured in Nb/Py/Nb junctions deposited with epitaxial barriers where
Ecp ~ 95 meV [21].

On the other hand for Co and Fe the thicknesses range all in the clean
limit, so the experimental data have been modeled with the general formula,
Eq. 2.26, and & and & are the two fitting parameters. We can see that the
experimental data are in good agreement with the theoretical model.

In particular for the Co data, from the theoretical fit shown in Fig. 5.17(a)
we find that the period of oscillations is 7" = 1.91 nm, hence & ~ 0.30 nm
and & ~ 3.0 nm. In the clean limit, £ = vph/2E,;. In this way, known &
and estimating the Fermi velocity of being vp = 2.8 x 10° m/s, as reported in
literature, we can calculate the exchange energy of the Co: Eg, = hvp /2T ~
309 meV.

For Fe, from the theoretical fit we obtain & = 3.8 nm and & = 0.25 nm.
So the period of the oscillations is T = 1.6 nm. Known & and vy = 1.98 x 10°
m/s [48], we can calculate the exchange energy of the Iron: E, = hvp/2T ~
256 meV.

To confirm that our oscillations are all in the clean limit (meaning that
the considered Co and Fe thickness are always smaller than the Co and Fe
mean free path), we have modeled our data with the simplified formula which
holds only in this limit, Eq. 2.27, where in this case E., and vg are the two
fitting parameters. From the theoretical fit we obtain E.,(Co) = 309 meV,
vp(Co) = 2.8 x 10° m/s and Ee,(Fe) = 256 meV, vp(Fe) = 1.98 x 10° m/s.
We remark that the best fits are obtained with exactly the same values as
previously reported from Eq. 2.26. Both models provide excellent fits to our
experimental data showing multiple oscillations of the critical current in a tiny
(nano-scale) range of thicknesses of the Co and Fe barrier.

5.4.2. Estimation of the mean free path

With a simplified model that is obtained solving the linear Eilenberger equa-
tions [76] we can estimate the mean free path for Co and Fe. The general
formula is:

—1

L e
(5.2) tanh = — gflf p—
Sefr &+ L T+ily

where £y is the effective decay length given by f’e_flf = 51_1 + i§2_1, &, is the
Ginzburg-Landau coherence length and £ is a complex coherence length. In
the clean limit 1 + L&y " >> Imax{In(1 + L&), In(LE,")}. The solution of
Eq. 5.2 gives

UFh UFh

5.3 -1 = ~1 L_]' = — —
( ) gl fO + ) 50 27TT0]€B 5 52 §H 2E6$ )

and the numerical solution is shown in Fig. 5.18.
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In the case of Co, following this method we find from Fig. 5.18 that the
experimental ratio £2/£1 ~ 0.1 corresponds to two inverse magnetic lengths of
L/¢g ~16.5 and L/¢y ~ 18.7. By assuming L/{y ~ 0.1 and for the estimated
parameters & ~ 3 nm and & ~ 0.3 nm we obtained, from the inset in Fig.
5.18 that for L/{y ~ 16.5 and L/{y ~ 18.7 the mean free path L ~ 5 nm.
Furthermore to validate the determined mean free path of our Co thin film we
have estimated L(Co) in a 50 nm thick Co film by measuring its resistivity as
a function of temperature using the Van der Pauw technique. The transport
in Co thin films is dominated by free-electron-like behavior [75] and hence the
maximum mean free path is estimated from L = hkp/ neezpb, where n, is the
electron density for Co and is estimated from the ordinary Hall effect to be
5.8 x 10%® cm ™2 [100] and p, is the residual resistivity. The residual resistance
ratio ((pr + pv)/pp) was measured to be ~ 1.41 and hence we calculate L¢,
at 4.2 K to be 10 nm. This verifies that our assumption that for Co the
oscillations are all in the clean limit is well justified.

The same method can be done to estimate the mean free path for Fe. In this
case the ratio £ /& ~ 0.06, so supposing L/{y=0.2, we can extrapolate from
the graphical solution (Fig. 5.19) a value of L/&y ~ 29. Considering the curve
L/& vs L/Ep (see inset in Fig. 5.19) we obtain a value L/&; of about 25 and
we estimate the value of the mean free path of about 6nm. With this analysis
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FIGURE 5.20. A typical I vs V curve of a Josephson junction with
4.1 nm of Py (a) and 0.8 nm of Fe (b) (black dash line) and the
integer Shapiro steps in the voltage-current curve with an excitation
at 13.86 GHz (a) and 14.01 GHz (red line). ¢y = h/2e

we can remark that for Co and Fe the condition that all the thicknesses are
in the clean limit is unambiguously fulfilled.

5.4.3. Shapiro steps and Fraunhofer pattern

In Fig. 5.20 we show an example of typical I vs V characteristics for a
sample with a barrier of 4.1 nm of Py (a) and 0.8 nm of Fe (b). For these I(V)
curves we also show the effect of an applied microwave field with an excitation
at f = 13.86 GHz and f = 14.01 GHz, respectively. Constant voltage Shapiro
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FIGURE 5.21. Magnetic field dependence of the critical current of
a Nb/Fe/Nb Josephson junction with 2.5 nm of Fe with the best
theoretical fit in agreement with Eq. 2.15.

steps appear due to the synchronization of the Josephson oscillations on the
applied excitation [15]. As expected the steps manifest at voltages equal to
integer multiples of hf/2e.

A uniform magnetic field ranging between -60 mT and 60 mT has been
applied through the junction barrier from a solenoid coil. Measurements of
the critical current I¢ as a function of the applied magnetic flux, poH, reveal
a Fraunhofer-like shape. In Fig. 5.21 the Ic(H)/Ic(H = 0) vs pp H is shown
for the Nb/Fe/Nb Josephson junction with 2.5 nm of Fe. The best theoretical
fitting is obtained considering Eq. 2.15.

5.4.4. Temperature dependence of the IcRny product

In Fig. 5.22 (b) we show the temperature dependence of the product IcRyn
for different Co thicknesses. We notice that, for each Co thickness, the Joseph-
son junction resistance remains approximately constant, slightly increasing
when approaching the critical temperature of Nb (T¢ = 9.2K), as expected.
On the other hand, the critical current, and hence the product IcRy, quickly
decreases with increasing T and goes to zero at the critical temperature of the
Nb. This is shown explicitly, in Fig. 5.22 (b) I(V') vs V curves for 2.2 nm of
Co are presented for different temperatures.

As for the Fe data, n Fig. 5.23 we show the temperature dependence of the
IcRn product for different thicknesses of the Fe barrier. We remark that also in
this case the IcRx product, quickly decreases with increasing the temperature.
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Ficure 5.23. Temperature dependence of the IcRy for different
thicknesses of the Fe layer (logarithmic scale). Inset: oscillations of
the decay rate ar(Ty = 4.2K) of IcRn, Eq. 5.4, with the temperature
[stars; the blue line is a guide to the eye], as compared with the
oscillations of the IcRy product itself [spheres; the red line is the fit
given by Eq. 2.26] in a window of Fe thicknesses.

It is interesting to notice how the rate at which the critical current drops
to zero, exhibits a non-monotonic dependence on the Fe and Co layer thick-
ness. We can define the relative decay rate ap of the IcRy product with the
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temperature as in Ref. [26], namely

(5.4) aT(To) = dhl[]c(f;]\[(m -
_ 'd[cRN(T) 1
B AT |p—q, IcRN(To)’

calculated at Tg = 4.2 K. In the inset of Fig. 5.23 and in Fig. 5.24 we plot
ar as a function of tg. and tc,, respectively, for consecutive thicknesses; we
observe oscillations of ap in phase with the oscillations of the IRy, in other
words the smaller IcRy decays to zero with increasing T more slowly than
the greater IcRn. A satisfactory explanation for this intriguing phenomenon
awaits further investigation.

5.4.5. Summary

In summary, we have fabricated and investigated Nb/F /Nb Josephson junc-
tions varying the Ni, Py, Co or Fe barrier thickness. A magnetic dead layer
lower than 1.7 nm is extrapolated by a linear regression of the thickness de-
pendence of the saturation magnetization. From the I(V') vs V curves we have
measured the Josephson critical current Ic and the normal resistance Ry in
order to follow the oscillations of the IcRy as a function of the F thickness. In
agreement with the theoretical models for the clean and dirty limit, we have
fitted the experimental data estimating the exchange energy and the Fermi
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| Barrier | Ecp(meV) [ vp(x10° m/s) | tp(nm) |

Ni 80 2.8 1.7
Py 201 2.8 0.5
Co 309 2.8 0.7
Fe 256 1.98 1.1

TABLE 5.2. Summary of the exchange energy F., and the Fermi
velocity vg extrapolated from theoretical fits of the critical current
oscillations and the magnetic dead layer ¢p.

velocity of the F barrier (see table 5.2 for a summary of the E., and vp).
Shapiro steps appear at integer multiples of the applied voltage. Then, for
different thickness of the Co and Fe barrier, we have shown that the IcRy
product decreases with increasing temperature, and in particular the decay
rate presents the same oscillatory behavior as the critical current.

With the results of this Chapter, we have shown that we are able to produce
nano-structured Nb/F/Nb 7-junctions with a high control of the F thickness
(within an accuracy of 0.2 nm). The low magnetic dead layer gives us the
possibility to reproduce the transport properties in our heterostructures with
a small thickness deviation. The estimated FE,, is close to that of the bulk F,
which implies that our films are deposited cleanly with only a small reduction
in exchange energy. Interfacial roughness and possibly interdiffusion of F into
Nb is assumed to account for the slightly smaller exchange energy. Moreover,
in particular for Co and Fe, which exhibit oscillations all in the clean limit,
the high exchange energy means small period of IcRy oscillations, enabling
us to obtain the switch from 0 to m state in a very small range of thicknesses
(< 3 nm). We can therefore conclude that Co and Fe barrier based Josephson
junctions are viable structures to the development of superconductor-based
quantum electronic devices. The electrical and magnetic properties of Co and
Fe are well understood and are routinely used in the magnetics industry: we
have demonstrated that Nb/Co/Nb and Nb/Fe/Nb hybrids can readily be
used in controllable two-level quantum information systems.



CHAPTER 6

CONCLUSIONS AND OUTLOOK

'

Friedrich Wilhelm Nietzsche (1844-1900)
Since I grew tired of the chase and search, I learned to find;

and since the wind blows in my face, I sail with every wind.

In this dissertation we have summarized the main results obtained dur-
ing the three years of my PhD. There are two main reading keys underlying
the entirety of our analysis, and acting as its common denominator. From a
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motivational point of view, the main scope of our research has been to under-
stand the physics of conventional and unconventional superconductors with
the modification of their properties in presence of a ferromagnetic order. On
a more technical ground, our employed tool of investigation has been, with its
manifold manifestations, the Andreev reflection.

Specifically, our analysis took off in Chapter 4 from the study of a novel
s-wave superconductor, MgBy (see Sec. 4.1). The superconducting micro-
constrictions realized between MgBs pellets and Nb tips have shown the
Josephson current and Subharmonic Gap Structures, indicating the coupling
of the Nb energy gap with the MgBs 3D band. The subgap resonances have
been explained in terms of Multiple Andreev Reflections and from this anal-
ysis we have extracted the correct temperature dependence of the Nb energy
gap and the value A = 2.4 meV for the 3D energy gap at the MgBs Fermi
surface [S2,58].

We have then turned our attention towards a high-T¢ cuprate supercon-
ductor, RuSroGdCusOg (see Sec. 4.2), which exhibits an intrinsic coexistence
with a magnetic order, qualifying itself as an atomic-size S/F heterostructure.
The conductance spectra obtained on this compound have shown a triangu-
lar Zero Bias Conductance Peak, feature of the formation of Andreev bound
states at the superconductor Fermi level. We have properly interpreted our
experimental data by assuming a d-wave symmetry of the superconducting
order parameter, thus estimating a value of the energy gap A = 2.8 meV,
smaller than that observed in others (non-magnetic) cuprate high-T¢ super-
conductors. We interpreted the effective reduction of the energy gap as a
consequence of the presence of ferromagnetic order within the superconduct-
ing phase [S1,53,54].

The reduction of the superconducting energy gap and a sublinear tem-
perature dependence of the zero bias peak have been evidenced also in the
conductance spectra obtained on YBaysCuzO7/Lag7CagsMnO3 bilayers (see
Sec. 4.3). These artificial S/F heterostructures have served as an interesting
testground for the investigation and interpretation of the interplay between
ferromagnetism and superconductivity. In this context, we have shown that
the partial suppression of the superconducting properties of YBagaCu3zO7 (re-
duction of both critical temperature and gap amplitude) is due to a partial
polarization of the Lag 7Cag3MnOs3 layer [S5,57].

Motivated by intellectual curiosity and by the sake of achieving a more fun-
damental understanding of the effects of the competing superconducting and
magnetic orders, our interest has thereupon turned towards the analysis of
conventional superconductors at the interface with more traditional ferromag-
netic materials.
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In Chapter 5 we have presented the details of the fabrication and investiga-
tion of Nb/F/Nb Josephson junctions, with different ferromagnetic barriers,
Ni, NiggFeyg (Py), Co and Fe. In these systems, the suppression of the An-
dreev reflection due to the ferromagnetic layer, results in an exponentially
decaying and oscillatory behavior of the superconducting order parameter as
a function of the penetration length. Dealing with Josephson junctions, such
phenomenon manifests as oscillations of the Josephson critical current, corre-
sponding to multiple 0 to 7 switchings of the Josephson relative phase. The
S/F /S heterostructures have been deposited in situ by dc magnetron sputter-
ing varying only the thickness of the ferromagnetic layer in the range between
0.5 and 12 nm. From the magnetic measurements we have extrapolated a
magnetic dead layer lower than 1.7 nm, which ensures the quality and repro-
ducibility of our devices. The nanoscale junctions have been realized with
optical photolithography, broad ion milling and focused ion beam. From the
electrical measurements we have measured the Josephson critical current (I¢)
and the normal resistance Ry in order to follow the oscillations of IcRyN as a
function of the ferromagnetic thickness. The oscillations of the critical current
have been interpreted with the theoretical models to extrapolate the exchange
energy and the Fermi velocity of the ferromagnetic barrier. This research has
also enabled us to evaluate potential material systems (in our case, Co and
Fe) for the realization of superconductor-based quantum electronic devices at
the nanoscale [S6,59,510].

The research of new materials which stand out for their superconducting
and /or magnetic properties is always open, so the necessity to study the sym-
metry of the superconducting order parameter and its modification due to a
magnetic interface remains always a lively and exciting field. The electron-
doped materials and single-crystal specimens of new members of the rutheno-
cuprate material family are only some examples.

On the other hand the study and the investigation of atomic-size and ar-
tificial superconducting/ferromagnetic heterostructures has given the input
for new and interesting research towards the realization of high performance
devices based on the interplay between these two opposite orders.

In this context, a viable future development will be to realize pseudo spin
valve (PSV) devices using two F layers made of different ferromagnetic mate-
rials with the different coercitive fields separated by a superconducting layer
[20]. In this case the spacer layer is relatively thick, and is used to decouple
the ferromagnetic layers to prevent them from switching at the same field. In
such an instance the fundamental physics will play with the interlink between
these two competing orders, and on the practical point of view it could be the
starting brick for suitable devices. In this way the magnetization orientation
of the F/S/F structure can be controlled by a weak magnetic field which by
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itself is insufficient to destroy superconductivity, but the small magnetic field
enables the softer F layer to be aligned with it, while the harder material
will not switch. This artificial structure allows active control of the magnetic
state of the barrier. The magnetoresistance of the PSV gives direct access to
the information about relative orientation of the ferromagnetic layers, and the
magnetic state of the barrier.

The novelty, and strength of such devices, lies in the fact that these het-
erostructures can be realized either with classical ferromagnetic materials and
low-T¢ superconductors, or with colossal magneto-resistance materials and
high-T¢ cuprates. So what will be the most promising future technology???
Will it rely on liquid helium, or nitrogen???? We hope to contribute towards
providing a proper answer to such dilemmas. On a far-reaching scope, the
route to room-temperature applications would constitute a more formidable
challenge for our research.
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