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Abstract

This thesis presents point-contact measurements between superconductors (Nb, Ta, Sn,
Al, Zn) and ferromagnets (Co, Fe, Ni) as well as non-magnetic metals (Ag, Au, Cu, Pt).
The point contacts were fabricated using the shear method. The differential resistance
of the contacts was measured either in liquid He at 4.2 K or in vacuum in a dilution
refrigerator at varying temperature down to 0.1 K. The contact properties were inves-
tigated as function of size and temperature. The measured Andreev-reflection spectra
were analysed in the framework of the BTK model — a three parameter model that de-
scribes current transport across a superconductor - normal conductor interface. The
original BTK model was modified to include the effects of spin polarization or finite
lifetime of the Cooper pairs.

Our polarization values for the ferromagnets at 4.2 K agree with the literature data,
but the analysis was ambiguous because the experimental spectra both with ferromag-
nets and non-magnets could be described equally well either with spin polarization or
finite lifetime effects in the BTK model. With the polarization model the Z parameter
varies from almost 0 to 0.8 while the lifetime model produces Z values close to 0.5.
Measurements at lower temperatures partly lift this ambiguity because the magnitude
of thermal broadening is small enough to separate lifetime broadening from the polar-
ization. The reduced magnitude of the superconducting anomalies for Zn-Fe contacts
required an additional modification of the BTK model which was implemented as a
scaling factor. Adding this parameter led to reduced polarization values. However, reli-
able data is difficult to obtain because different parameter sets produce almost identical

spectra.
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Tiivistelma

Tissd viitoskirjassa esitellddn pistekontaktimittauksia suprajohteiden (Nb, Ta, Sn, Al,
Zn) ja ferromagneettien (Co, Fe, Ni) sekd ei-magneettisten metallien (Ag, Au, Cu, Pt)
vililld. Kontaktit luotiin ristikk#disten metallilankojen véliin, ja niiden differentiaali-
nen resistanssi mitattiin joko nesteméiisessd heliumissa 4.2 kelvinin lampdotilassa tai ty-
hjiossd jopa 0.1 kelvinissd. Kontaktien ominaisuuksia tutkittiin seki niiden koon ettd
mittausldampotilan funktiona. Mitatut Andreevin heijastusspektrit analysoitiin muokatu-
illa BTK-malleilla, jotka kuvaavat virran kulkua suprajohde — normaali metalli -rajapinnan
lépi ja huomioivat sekd spinpolarisaation ettd Cooperin parien direllisen elinajan vaiku-
tuksen.

4.2-asteisessa nestemdisessd heliumissa saadut polarisaatioarvot olivat yhtépitavid
kirjallisuusarvojen kanssa, mutta koska kokeelliset spektrit oli mahdollista sovittaa sekd
spinpolarisaation ettid direllisen elinajan aiheuttamien vaikutusten avulla, analyysi oli
monitulkintainen. Kun spektrit sovitettiin polarisaatiota kdyttden, Z-parametri vaihteli
vililld 0 — 0.8, mutta Cooperin parien elinaikaa kéytettdessd arvot keskittyivét ldhelle
arvoa 0.5. Matalammissa ldmpétiloissa tulkinnallisuus vdheni, koska Cooperin parien
elinajan aiheuttama spektrin levidminen voitiin erottaa ldmpdétilan vaikutuksesta.

Zn-Fe-kontakteista mitattujen spektrien suprajohtavien anomalioiden havaittiin kuitenkin
olevan matalissa lamp6étiloissa tavallista pienempid, ja sitd selittdmiin BTK-mallia muokat-
tiin lisddmalld siihen vield skaalauskerroin. Tdmin parametrin kdyttdminen johti pienem-
piin polarisaatioarvoihin. Téssd tapauksessa spektrit oli mahdollista kuvata useilla eri

parametrijoukoilla, miké vaikeutti luotettavan datan saamista.
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Symbols and Abbreviations

Symbol

A

'=n/T

Go = 2¢?/h

Units

eV

eV

1/0

1/0

A/m

1/m

J/K

Description

Area

Contact radius

Contact diameter

Superconducting energy gap

Electron charge

Lifetime parameter

Conductance

Quantum conductance

Magnetic field strength

Current

Current-voltage characteristics

Fermi wave length

Boltzmann constant

The mean free path of electrons

Elastic mean free path of electrons
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Ry

Rsy,

T

1/(eVm?)

1/(eVm?)

Om

1/m3

Inelastic mean free path of electrons

magnetic moment of electron

Density of states

Superconducting density of states

Resistivity

Electron density

Maxwell resistance

Sharvin resistance

Transmission coefficient

Temperature

Three dimensional transmission coefficient

Quasiparticle lifetime

Voltage

X
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1. Introduction

Point-contact spectroscopy is an experimental method that was invented in 1974 by
I. K. Yanson who found non-linear features in the current voltage characteristics of a
contact in a membrane between two metal films. The non-linearities were related to the
electron-phonon scattering of the metals, and point-contact spectroscopy has since been
used to investigate different properties of metals and contacts [1H3]].

Differential resistance spectra of point contacts sometimes have additional anoma-
lies at zero bias. Their origin is not known but one of the suggested explanations is
Kondo scattering at impurities in the contact region. These anomalies can be either
minima or maxima, and their shape corresponds to an impurity spin from 0.1 to 0.2
in units of 2. Such a spin could arise from a cloud of polarized conduction electrons
trapped in the contact region [4} [5]]. This polarization should be measurable with point-
contact Andreev reflection spectroscopy which led to the experiments presented in this

thesis.

The articles included in this thesis contain:

[P1] “Andreev-reflection spectroscopy of ferromagnets: the impact of Fermi surface
mismatch” Spectra of contacts between superconductors Nb and Aulny and nor-
mal conductors Co and Cu were analysed with two different modified BTK mod-
els - one that includes spin polarization and the other one the finite lifetime effects.
We found that both models can describe the spectra of ferromagnetic Co and non-
magnetic Cu equally well. We suggested more information on normal reflection

and quasiparticle lifetime would be needed to resolve the degeneracy.

[P2] “Spin polarization versus lifetime effects at point contacts between superconduct-
ing niobium and normal metals” Contacts between superconducting Nb and the
ferromagnets Co, Fe and Ni as well as the noble metals Ag, Cu and Pt support

our previous results on the dual interpretation of the point-contact spectra.



[P3] “Normal reflection at superconductor - normal metal interfaces due to Fermi sur-
face mismatch” The lifetime model analysis of spectra of superconductors Nb
and Al in contact with non-magnetic normal metals Ag, Cu and Pt yielded Z
parameters close to 0.5. The possibility that this represented the Fermi surface

mismatch was discussed.

[P4] “Electron and hole transmission through superconductor - normal metal inter-
faces” Superconducting Al in contact with non-magnetic normal conductors Ag,
Au, Cu, Pd and Pt to investigate the size dependence of the Z parameter. We
discussed the possibility that Fermi surface mismatch did not cause the constant

Z parameter.

[P5] “Suppression of superconductivity at nanoscale ferromagnet - superconductor in-
terfaces” Ferromagnetic Fe in contact with superconductors Nb, Ta, Sn, Al and
Zn to investigate the effect that the strength of the superconductor has on Andreev
reflection and the extracted spin polarization. The analysis of the spectra shows

that the superconductivity could be suppressed at the contact interface.

1.1 Techniques for measuring the spin polarization

Measuring spin polarization is important to a field known as spintronics, or spin elec-
tronics [6H9]. During recent years the electronic circuits in computers have become
smaller and smaller, even down to nanoscale, and also data storage has become denser.
Eventually the aim is to use not only the charge but also the spin of electrons to store
information. Spintronics research includes topics ranging from the creation of spin po-
larized currents to defining its coherence length and measuring the polarization of the
transmitted current.

Ferromagnetic materials can be characterized by the imbalance of spin up and spin
down electrons at the Fermi level with the densities of electronic states presented in
Figure While their magnetization M = %p can be uniquely defined with the
difference of the amount of spin up and spin down electrons, N = N — Ny, with
magnetic moment g in volume V' [10], there are many possible definitions for the spin
polarization P of the material [[11}[12].

Despite this, several methods for measuring the spin polarization have been pro-
posed, including spin polarized photoemission [13} [14], spin-polarized tunneling [15]]

and Andreev reflection spectroscopy [16, [17]. These experimental techniques match
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different theoretical definitions for the polarization and it can therefore be difficult to
compare the polarization values extracted from them [11} [12]]. It is expected that the
polarization of non-magnetic metals should be equal to zero [18] and that half-metals
with only one of the spin species at the Fermi level should have a spin polarization of

one [[11]. One of the most commonly appearing definitions is

_NM-N

= 1.1
NT"'Ni (1.1)

where N; () are the densities of states at the Fermi level, but this polarization can
not be probed directly with all experimental methods because there are usually other
mechanisms in addition to the effect of the densities of states that affect the current
transport [[11]]. It is also possible to define the polarization by dividing the current into

two parts that consist of majority and minority electrons

_h-4
_IT'FIJ,,

(1.2)

where currents /1 (|) that consist of the majority and the minority electrons depend not
only on the density of states but also the Fermi velocities of the materials I ()

ny(E) nt(E) ny(E) nt(E) ny(E) nt(E)
(a) Non-magnetic (b) Ferromagnetic (c) Half-metallic

Figure 1.1: Schematic representations of the electron densities of states of a) a non-
magnetic metal, b) a ferromagnet and c) a half metal. For a non-magnetic metal there
are equally many states for the spin up and down electrons at the Fermi level E'r, for a
ferromagnet the number of spin up and down is not equal at the Fermi level and for a

half metal only one of the spin species is present at the Fermi level.



1.1.1 Spin polarized photoemission

The spin of an electron is conserved in the photoemission process that consists of ex-
citing an electron with a photon, after which the electron can diffuse to the surface and
cross the surface barrier. The polarization of the ejected electrons according to Equa-
tion [I.1) can be measured with Mott scattering where an electron beam is scattered off
of heavy atoms and the two spin species are scattered into different angles [[19]]. Spin
polarized photoemission is sensitive to an approximately 2 nm thick surface layer and
it can also be used to study the band structure of ferromagnets [[14]. The first successful
experiment was performed in 1969 by Busch et al. [[14]] who found that the spin polar-
ization of Gd was approximately +5.5 %. Later also the polarization of Fe, Ni and Co
has been measured [[13]. The results are tabulated in Table [2.1]

1.1.2 Spin polarized tunneling

Tunnel junctions consist of two metals separated by a tunnel barrier and have been used
widely to investigate properties of superconductors [20,21]] and also to measure the spin
polarization of magnetic metals since 1971 [15, 22, [23]].

When a magnetic field H is applied in the plane of the junction, the superconduct-
ing density of states Ns(F) spin-splits by 2uH, where p is the magnetic moment of
the electron. This was first observed in Al-AloO3-Ag tunnel junctions by Meservey et
al. [24] in 1970. Because a Cooper pair consists of two electrons in states k4 and —Fk|
also when a magnetic field is applied, one of the spin species will be lifted in energy
by uH and the other will be lowered by uH. As the excited quasiparticle states are
A apart from the paired ground state, the tunneling current at A — uH will consist of
quasiparticles of one spin and the others at —A + pH of the other spin direction [[15]].

A ferromagnetic normal conductor can produce a spin polarized current which leads
to an asymmetric tunneling conductance in magnetic field. This asymmetry contains
information on the relative density of states in the ferromagnet, and thereby the spin

polarization of the current.

1.1.3 Point-contact Andreev reflection spectroscopy

A third way to measure the spin polarization is point-contact Andreev reflection spec-
troscopy which utilizes nanoscale point-contacts between a superconductor and a nor-
mal conductor. Transporting current across such an interface requires the single elec-

trons of the normal metal to be transformed to Cooper pairs in the superconductor. This
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process is affected by the imbalance of spin up and down electrons in the normal metal.
Point-contact Andreev reflection spectroscopy will be discussed in more detail in the

next two chapters.






2. Point-contact spectroscopy

2.1 Point contacts

Point contacts are nanoscale constrictions between two conductors. Three different
schematic views of contacts shaped as an orifice, a long channel and a cavity are pre-
sented in Figure The shape of the contact does not have a large effect on their
electronic properties [1]. Our experimental conditions are most likely closest to Fig-
ure as the point contacts are formed between two macroscopic wires.

There are many experimental methods to form nanoscale point contacts. Some
of them are simple while others require complicated nanolithographical procedures.
Among the earliest point-contact measurements were pressure contacts between two
wires [25] and pinholes in tunnel junctions [[1,[2]. A schematic view of the latter case is
presented in Figure Such holes can form accidentally when making tunnel junc-
tions if the oxide layer is not thick enough but they can also be fabricated intentionally
by reducing the depth of the oxide layer, with a sharp needle, or by applying an electric
field to break the weakest part of the insulating layer. A hole can also be etched into
the dielectric membrane and the two conducting films grown on both sides afterwards.
Contacts of this kind are usually very stable with respect to thermal and mechanical
variations, and can therefore be easily used to measure point contacts as function of
temperature or magnetic field [[1].

Point contacts can also be constructed mechanically, for example with a so called
spear-anvil method shown in Figure[2.2b] The contact is formed by pressing a sharp tip
(spear) against a flat electrode (anvil). Jansen et al. [26] were the first ones to fabricate
contacts of this type. The area of the tip is typically larger than that of the individual
contacts and after a set of measurements it is typically deformed. The tip can be moved
with a differential screw mechanism that allows controlled changes of both the position
and size of the contact interface. Contacts of this kind often have some oxides or, if

prepared in ambient conditions, a layer of water molecules at the interface. This can
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Metal 1

i Metal 2

Metal 1 Metal 2

Metal 1 Metal 2

(a) An orifice between films. (b) A long channel. (c) A cavity.

Figure 2.1: Schematic views of point contacts characterized with a diameter d: a) a
circular orifice in an insulating layer between two metal films, b) a long channel of

length L much longer than the diameter d, and c) a cavity.

show in the spectra as tunneling-like features but often such a layer is broken when the
contact is formed [1} 2, [27]. Contacts of this kind can also be manufactured with a
scanning tunneling microscope which enables more spatial accuracy [2].

The spear-anvil technique can be modified to form contacts between two crossed
wires or rods as shown in Figure This is known as the shear (or crossed-wire)
method. The wires can slide against each other which should lead to less deformations
to the material than with the spear-anvil method while cleaning the contact area of ox-
ides and impurities. Also in this case the position and size of the contacts can be varied
in situ [1]].

Wires can also be used to form point-contact interfaces through mechanically con-
trollable break junctions. A notch is cut to a wire that has been attached to a bending
beam as shown in Figure [2.2d| When the beam is bent, the wire will break into two at
the position of the notch. When done at low temperatures in vacuum, this will expose
clean metal surfaces that can be pressed back together to form a contact. The point
contacts made with this method are mechanically so stable that they have been applied
to investigate atomic size contacts but are limited to having the same metal as both
electrodes [, 27].

2.2 Point-contact spectroscopy

To start understanding scattering processes at point contacts, one can begin with a free-

electron-like picture and think of electrons as individual particles flying through and



Diclectric

"~ Metal

AV4

Substrate

(a) A contact between (b) A spear-anvil con- (c) A shear-method

two films. tact. contact. (d) A break junction.

Figure 2.2: A schematic representation of different methods used to fabricate point
contacts: a) as a hole in an insulator between two thin films, b) by pressing a needle
(spear) to a film (anvil) and a wire (anvil), c) by gently touching two wires and d) by

breaking a wire.

scattering in the background created by the ions. Though in many of the theoretical
works describing the observed phenomena more advanced models are used, this simpli-
fication allows useful insight into the topic.

In electronic equilibrium, the Fermi levels of the electrodes are aligned. If they
consist of the same material, this is a natural assumption. For contacts between differ-
ent metals this is accomplished by changing the zero point of the energy as shown in
Figure 2.3a] Biasing the contact with a voltage lifts one of the electrodes to a higher
potential (Figure 2.3b). This accelerates the electrons travelling through the contact be-
cause when they cross the contact interface, their energy is eV higher than that of the
unbiased electrode [/1]].

Point contacts can be used to probe how the electrons scatter with different quasi-
particles as function of energy. If the electrons scatter with these particles, they can be
reflected back through the contact (Figure [2.4), leading to an excited quasiparticle with
a maximum energy of eV'. The quasiparticles can receive this energy only when it is
equal to the energy of a transition to an excited state and hence the current through the
contact is reduced at this specific voltage. These deviations are more easily observed in

the first and second derivative of the current-voltage characteristics.

2.3 Transport regimes

A point contact is characterized by two lengths: the contact diameter, d, and the mean

free path of electrons, . The mean free path splits up to an elastic and inelastic con-

9



Metal 1 : Metal 2 Metal 1 : Metal 2

Fermi level i ev | Fermi level
Er, Er, Er, EF,
——
(a) In equilibrium. (b) Biased

Figure 2.3: The Fermi energies of a point contact between different materials both in

equilibrium and biased with voltage V.

Metal 1 Metal 2 Metal 1 Metal 2

(a) No back scattering. (b) A back scattering event

Figure 2.4: Electrons can a) pass the contact region without scattering or b) they can

scatter with, for example, phonons and be reflected back through the contact.
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Metal 1

NN

(a) The ballistic regime (b) The diffusive regime (c) The thermal regime

Figure 2.5: The three different transport regimes: a) ballistic with [ > d, b) diffusive
with [ < d < v/l;jnle and ¢) thermal with Iy, 1, < d.

tribution I.; and l;,,, with % ~ % + li according to the Matthiessen rule. These can
be used to categorize the contacts into three transport regimes illustrated in Figure [2.5]

called ballistic, diffusive, and thermal.

2.3.1 Ballistic transport regime

In the ballistic regime both of the mean free paths are much longer than the contact
diameter, [, l;, > d. This means that the electrons flow through the contact without
scattering in the contact region, as seen in Figure Therefore they dissipate their
energy far from the contact and there should not be heating at the contact.

Ballistic electrons are accelerated at the contact interface and the increase in veloc-
ity, Av, depends on the applied voltage as Av = eV /hkp, where kF is the Fermi wave
number. The resistance of a ballistic point contact, derived by Yu. Sharvin in 1965 [28]],
is

16pl
=3
where p is the resistivity of the material, [ is the mean free path of electrons, the product

Rsp, (2.1)

pl = hkp/ne? is a material specific constant of order 1071°Qm?, and n the electron
density. This equation can be used to estimate the diameter d of the ballistic contacts.

For Cu the diameter becomes approximately

d= 30nm/\/ RSh(Q) . (2.2)

This can be used as a rough estimate for most simple metals [[1, 2] but it will not hold for
very small contact interfaces because Equation [2.1is correct only for R < h/(2€?) ~
13 k€2 as is described in Section 2.4.
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Most pure metals have so long electron mean free paths that it is possible to fabricate
ballistic point contacts with them. Many alloys and compound materials on the other
hand have much shorter mean free paths which causes restrictions to the use of point-

contact spectroscopy [1]].

2.3.2 Thermal transport regime

In the thermal regime shown in Figure [2.5¢|the elastic and inelastic mean free paths are
shorter than the contact diameter /., l;;, << d. The resistance of a point contact in the

thermal regime is obtained from Maxwell’s formula
Ry == (2.3)

This was derived by J. C. Maxwell by solving the Poisson equation for a circular orifice
when the Ohm’s law j = o F is valid [, 2]

Because of the amount of the scattering events in the contact region most of the
energy carried by the electrons is dissipated in the contact volume. This can lead to sig-
nificant Joule heating with the highest possible temperature at the centre of the contact,
Tinaz- described by the Kohlrausch formula [29]

V2

T2 - Tanth + E )

max

(2.4)

where Ty 1S the temperature of the environment of the point contact, V' is the applied
voltage, and L = 7721@% /3€? is the Lorenz number. When the bath temperature is
much lower than the temperature of the point contact, the voltage dependence of the

temperature can be estimated to be linear as

2w
eV = —kpT. 2.5
/3B (2.5)

Because of the strong heating - at high voltages even large enough to raise the tem-
perature of the point contact above room temperature - also the temperature-dependent

resistivity p(7") of the material affects the current-voltage characteristics [1} [3]].

2.3.3 Diffusive transport regime

Between the ballistic and thermal regimes, where l.; < d < /linle, lies the diffusive

transport regime shown in Figure[2.5b] The contact resistance follows Wexler’s formula

16pl p
= 2.
a2 T B (2.6)
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where [ is a slowly varying function of I/d with values close to unity. This is ap-
proximately a sum of the ballistic Sharvin resistance and the thermal Maxwell’s resis-
tance [l 2].

2.4 Eigenchannels and transmission coefficients

The diameter of small ballistic contacts usually lies in the range of a few nanometers.
For much smaller contacts approaching the atomic limit, the concept of conduction
channels is often applied. The contact is thought to consist of /V individual channels,
each channel ¢ with a transmission coefficient 7; that determines how large fraction of
the current can pass, 0 < 7; < 1, and ¢ is an index running form 1 to N. The number
of channels per constriction depends also on the structure of the valence orbitals of the
atoms forming the contacts but can be roughly estimated to be

2
N~ (’“;“) : 2.7)

where kr is the Fermi wave number and a is the contact radius [27]. In this approach,
the conductance of an atomic point contact can be obtained from the Landauer formula

as a sum over all occupied channels

G=Go) 7, (2.8)

where Gy = 2¢?/h is the quantum conductance [} 27].

2.5 Point-contact Andreev reflection spectroscopy

Because the superconductor has an energy gap in the density of single-electrons states
where the electrons form Cooper pairs, the single electron current must be transformed
to a Cooper pair current. In a simplified description, this means that when crossing the
interface from the normal metal into the superconductor, the incident electron creates a
pair and a corresponding hole is reflected back to the normal metal, as shown in Fig-
ure 2.6 Effectively two electrons are transported through the interface simultaneously.
Because energy, momentum and spin must be conserved, the reflected hole and the cre-
ated electron have properties closely related to those of the incident one. This process
is known as Andreev reflection [30, [31]], and it is described in more detail in Chapter 3.

Andreev reflection at superconductor - ferromagnet junctions is more complicated

than in the case of non-magnetic normal conductor - superconductor contacts. This is
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Figure 2.6: Andreev reflection at non-magnetic normal metal - superconductor inter-
face. The incident electron (dot) from +eV is reflected as a hole (empty diamond) at

—eV'. A Cooper pair is produced at the Fermi level in the superconductor.

because the Cooper pair consists of two electrons with opposite spins and therefore the
reflected hole belongs to a different spin band than the original electron. If the normal
metal is not spin polarized, there are equally many electrons of each spin species and
therefore all electrons should be able to form a pair. In magnetically ordered materials
on the other hand, a majority of electrons belong to one spin species and the minority
to the other. Therefore only those majority spin electrons that are able to pair with a
minority spin electron can cross the interface and participate in current transport. Thus
for a ferromagnet only a part of the electrons can participate in current transport through

Andreev reflection while the rest are reflected back from the interface [17]].

In 1995 de Jong and Beenakker [[17] suggested that Andreev reflection at supercon-
ductor - normal conductor point contacts could be used to detect the spin polarization.
They pointed out that not all of the transmission channels can participate in Andreev
reflection because the incident electron and the reflected hole belong to different spin
bands. For a magnetically ordered material with an imbalance of spin up and down
states this means that Andreev reflection can probe the magnitude of this imbalance.
The first experimental results were obtained in 1998 by Soulen et al. [[16] and Upad-
hyay et al. [32].

It was initially assumed that the polarization could be read off the zero bias resis-

tance or conductance because when interface scattering is negligible, that is the strength
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Figure 2.7: Andreev reflection is not possible at a half-metallic normal metal - super-
conductor interface. The incident electron (dot) from +¢eV can not be reflected as a hole
(empty diamond) at —eV because there are no electron states in the corresponding spin
band.

of the interface barrier Z = 0, the differential conductance of a point contact can be

written in a form
1 dI

GydV

where GGy is the conductance in the normal state and P. the spin polarization of the

2(1—P,), 2.9

contact. This means that without an interface barrier and polarization the conductance
would be doubled (resistance reduced to half of the normal state resistance) because
of the two electrons effectively transported in the Andreev reflection process but in the
polarized case this doubling is reduced by (1 — P.) [16]. In general, most contacts do
not fulfil these assumptions but have some sort of interface barrier, possibly caused by
an oxide layer or the mismatch of Fermi velocities at the interface [18] and these effects
can lead to an overestimation of the polarization [33]].

Spectra of superconductor - non-magnetic normal conductors have been analysed
with a model by Blonder, Tinkham and Klapwijk [34], known as the BTK model, for
more than 30 years. It is a one dimensional model that describes the interface with a §
function barrier with a strength Z. This model has been expanded to describe also the
spin polarization of magnetically ordered metals 35H37]. These models are pre-
sented in more detail in the next chapter. They have been applied to the measurement

of spin polarization in a wide variety of materials in different forms ranging from bulk
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materials [38-40] to thin films or foils [16} |18, |32, [39-42]] and nanowires [43] as well
as for a number of different metals from traditional ferromagnets [16} [18} 40] ferro-
magnetic alloys and compounds [38, 44-50] to Heusler alloys [51H54]] and half-metal
candidates including Lag 7Srg 3MnO3 [39] and CrOs [S5H57]. The measurements have

been performed both as function of magnetic field [41] and temperature [38]].

Despite the wide range of applications, point-contact Andreev reflection spectroscopy
has also faced criticism. While the fabrication of point contacts can be very simple in
comparison to other techniques, the analysis might not be as straightforward as it can
seem and its validity has been questioned [36, 42, 58]]. On a microscopic scale the exact
experimental geometry is often unknown and unideal with deformations and imperfec-
tions. This can present itself as clearly visible additional features in the measured spec-
tra [S9] or subtly as more slight alterations from the ideal form. There have been many
attempts to describe this situation theoretically. The BTK model has been expanded
to the diffusive regime [35] and three dimensions [36} 160], and additional broadening
parameters have been included [42, [61]. While in many cases the simple differential
conductance or resistance curves can be uniquely described with this increasing set of
parameters, this is not always the case and in general the increasing number of parame-
ter tend to reduce this uniqueness [36, 58]. It is possible that several different physical
phenomena have very similar effects on the spectra. It can, for example, be difficult
to separate pair breaking effects from spin polarization, or to observe the suppression
of the superconducting gap caused by local heating or the proximity of the ferromag-

netic electrode when there is also scattering in the electrodes to cause broadening of the

spectra [36].
Photoemission [13] Tunneling [15] AR [16] AR [18]
Fe +54 +40+2 46+2 434+ 0.03
Co +21 +35+3 4242 45+0.02
Ni +15 +2343 4444 3740.01

Table 2.1: Polarization values (%) measured with the three different techniques, spin

polarized photoemission, spin polarized tunneling and Andreev reflection.
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There are also questions related to the physical meaning of some of the fitting pa-
rameters in the BTK model as, for example, the origin of the Z parameter has been dis-
cussed [40, 42} [62]]. Because ¢ functions only exist as approximations of reality, there
have been attempts to understand the physical meaning of the Z parameter [40, 42, 62].
Blonder and Tinkham [62] argue that as the contacts are three dimensional the Z should
be thought of as a phenomenological parameter related to the amount of elastic scat-
tering at dislocations, other imperfections of the interface or an oxide layer at the con-
tact. [42,62] Blonder and Tinkham [62]] also point out that the mismatch of the Fermi
velocities v of the electrodes will cause some reflection in addition to the interface
barrier and that this reflection is absorbed into the Z parameter. This will lead to Z

having an effective value higher than that caused by the interface barrier alone

1— 2
Z =122+ | 4: | (2.10)

where 7 is the ratio of the Fermi velocities and 7 the contribution from the dielectric

barrier. It is possible that this overestimates the effect of the mismatch because ab
initio calculations have suggested that the contribution of this mismatch to Z should be
smaller than those observed at point contacts [40, 63]].

In addition, most point-contact Andreev reflection measurements of the spin polar-
ization have found the polarization P to drop as function of the strength of the interface
barrier Z. One possible reason for this drop has been suggested to be multiple scattering
in the contact region so that the Z parameter would depend on both the average number

of scattering events per electron d/I and the scattering anisotropy 1 according to

where d is the width of the scattering region, ¢ a scattering anisotropy and [ the elec-
tron mean free path [40]. Unfortunately these quantities are not directly measurable.
Another explanation for this dependence could be that the polarization measured in
point-contact spectroscopy is affected by the changing transport regime from ballistic to

diffusive when the number of scattering events increases in the contact region [36, 42].
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3. The Blonder-Tinkham-Klapwijk
model

The BTK model by Blonder, Tinkham and Klapwijk [34] was aimed to fill the the-
oretical gap between the tunneling model and the description of metallic contacts by
creating a model to describe arbitrary barrier strengths. It is a one-dimensional ballistic
model and applies to non-magnetic normal metal-superconductor junctions. This chap-
ter starts with a brief introduction to superconductivity and an overview of important
concepts and continues then to describe the original BTK model and how it has been

expanded to include the quasiparticle lifetime and the spin polarization.

3.1 Superconductivity

Superconductors can be defined as metals that in the absence of an external magnetic
field lose all electrical resistance below a specific temperature called the critical temper-
ature T.. This means that in the superconducting state they do not have any electrical
resistance. They are also perfect diamagnets that expel magnetic fields inside the super-
conductor when the field is not stronger than the critical magnetic field B.. This second
phenomenon is known as Meissner effect. Superconductivity can be destroyed both by
increasing the temperature and the magnetic field. These transitions can be of first or
second order [[64].

Superconductors can be classified into type I and type II superconductors based on
their transition from superconducting to normal state in an external magnetic field. For
type I superconductors, the transition at the thermodynamical critical field H. is of first
order. For type II superconductors, the superconducting transition is of second order.
These superconductors have two critical fields, H.; and H.o. At the lower critical field
H_; the magnetic field starts to penetrate into the superconductor in vortices that have

a normal core while the rest of the material still remains superconducting. Only at the
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upper critical field H., the density of vortices becomes so large that the entire metal

becomes normal conducting [[65]].

The single-electron density of states of a superconductor has a gap at the Fermi en-
ergy. This gap is called the energy gap and it is usually denoted as 2A. A schematic
representation of the electronic density of states at the interface between a normal con-

ductor and a superconductor is presented in Figure [3.1] [64].

Metals can be thought to consist of conduction electrons and a lattice of positive
ions. Cooper showed in 1956 [66] that under attractive interaction of any strength a
bound electron pair can form from the Fermi sea background. For conventional metals
such an attractive interaction arises from the electron-phonon interaction of the conduc-
tion electrons and the positive ions of the lattice. Simplified, an electron moving through
the lattice attracts the positive ions of the lattice towards its path. Because of their long
relaxation time, these displaced ions will then attract a second electron which results in
an attractive interaction between the two electrons. If this interaction is stronger than the
repulsion from the screened Coulomb interaction, there will be a net attraction which

leads to superconductivity [65)]. These bound electron pairs are called Cooper pairs.

If one bound electron pair can form, it should also be possible that more of them
will form. Bardeen, Cooper and Schrieffer [67] showed in 1957 that it is possible to
have a ground state where all free electrons are bound to pairs that has a lower energy

than the corresponding state of single electrons.

3.2 The BTK model

Flow of electric current across superconducting interfaces can be described with a semi-
conductor model where the superconducting density of states Ng(E) is the only differ-
ence between the normal and superconducting states. The density of states of the normal
conductor is assumed to be a continuous distribution of single particle states while the
superconductor is described as a semiconductor with a gap 2A in the density of states
as shown in Figure 3.1 [65]. The discussion in this section follows that of the paper by
Blonder, Tinkham and Klapwijk [34].

In zero magnetic field, the interface between a superconductor and a normal conduc-

tor can be described with an appropriate set of boundary conditions and the Bogoliubov
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Figure 3.1: The density of states of a normal conductor (N) and a superconductor (S)
in contact with each other. An applied bias voltage V' shifts the Fermi energy of the

normal conductor with respect to that of the superconductor.

equations
T 272
maf(at,t) _ <_hQZ — () + V(:z)) flz,t) + Az)g(z, 1), 3.1)
T 272
mag(a{ 2-- (‘ZZ — @)+ V<x>) g(z,t) + A% (@) f(z,1),  (B2)

where A(x) is the superconducting pair potential, ;(x) the chemical potential and V' ()
a potential. The functions f(x,t) and g(z,t) are the wave functions of electrons and
holes (time-reversed electrons). In the normal state the equations [3.1] and [3.2] become
the Schrodinger equations for electrons and holes because there is no energy gap.

For clean materials and assuming a real and constant A in the superconductor, the
Bogoliubov equations can be solved with plane-wave trial functions for the electron and
hole

f= aekr=Et/h)  anq (3.3)
g= ,ﬁei(k‘x—Et/h) ’ (34)

where @ and © are numerical coefficients called coherence factors for which | @ |2 + | 7 [?= 1

holds, k is the momentum, x the position, ¢ time and E the energy. When the external
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potential V' (x) vanishes, the Bogoliubov equations and |3.2] simplify to

21.2
Ei = [zi—ﬂ] i+ AD (3.5)
21.2
E@:—[Z:L—M]@JFM. (3.6)

Energies E that satisfies this equation pair are

h2k2 2
E? = <2m - u) + A?, (3.7)

which has positive and negative roots. This solution leads to the following equations for

the coherence factors and momentum

1 VEZ = A2
a2:§ e =1-—¢? (3.8)

hk* = \/2m\/,u +VE? - A2, (3.9)

For energies EY > 0, it can be defined that

2 1<1+'E2_A2>.

ut =1—0f == o (3.10)

2

In the BTK model, the scattering at the interface is modelled with a §-function potential
V(z)=Ho(x). (3.11)

The potential has a dimensionless strength

mH H

227:7
Rkp  hop’

(3.12)

where kg is the Fermi wave number and vy the Fermi velocity.

The states allowed for electrons at an interface are drawn in Figure [3.2] In equilib-
rium they all are equally probable. There are four different possible transmission and
reflection processes for an incident electron above the superconducting energy gap A
at position 0 in Figure [3.2] It can be Andreev reflected to a hole at position 6 with
probability A(F), normal reflected to position 5 with probability B(FE), transmitted
either with wave vector on the same side of the Fermi surface to 4 with probability
C(F) or with wave vector on the other side of the Fermi surface to 2 with prob-
ability D(FE). Inside the energy gap the last two transmission processes are forbid-

den. The sum of the probabilities must always be conserved and therefore must fulfil
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Figure 3.2: Energy versus momentum at a superconductor - normal conductor interface

according to [34].

A(E)+ B(E)+ C(E) + D(E) = 1. They can be calculated from the solutions of the
Bogoliubov equations.
If the incident electron produces only outgoing particles, the wave functions at the

interface are

Yine = <1> e (3.13)
0
0\ . _ 1 .
Yrefl =a <1> el T4+ b <O> e~ , (3.14)
Dirans = c<“0> eF e 4 d(“°> ek (3.15)
Vo Uuo
where hg* = v/2m+/jt £ E and the notation
x
- (19)

is used. The constants a, b, ¢ and d can be calculated using boundary conditions that

require that the wave function is continuous at the interface and that its derivative fulfils

h (9ys OYn
— | == ——— | =Hy(0 3.17
o ( Vs 0N _ o), (3.17)
when the interface barrier is V (z) = H§(x). It has also been assumed that ¢~ = ¢+ =
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k= = kT = kp. The coefficients become

L (3.18)
Y
2,2 2, s
Y
1—iZ
o= w1l —i2) (3.20)
g
g= 0z 3.21)
Y

where v = ug + (u% — U%)Z 2. These coefficients are related to the probabilities of

the transmission and reflection processes at the interface. The probability of Andreev
reflection A = a*a where a* is the complex conjugate of a, the probability of normal
reflection B = b*b and the transmission probabilities are C = c*c(ud — v3) and D =
d*d(u? — v3). They are listed in Table[3.1}

Current over a voltage biased junction can in general be calculated by solving the
Boltzmann equation. The situation is more simple in the ballistic regime where scat-
tering in the contact region can be ignored. The distribution functions of incoming
particles can be described with Fermi-Dirac functions at equilibrium shifted in energy.
The incoming electrons from the normal metal have a distribution fo(E —eV’) and those
from the superconductor fo(FE).

For simplicity, the current [ is calculated on the normal side of the contact where

there is no supercurrent. It becomes
I=2NO)cvrA [ (fo(B) - fo(E) dE, (3.22)

where A is an effective area of the contact, N (0) is the density of states at Fermi energy

E'r and the arrows point to the direction of the particles momenta. The distributions are

fo(E) = fo(E —eV) and (3.23)
fe(E) = A(E) (1 - f-(E)) + B(E)f-(E) + (C(E) + D(E)) fo(E), (3.24)

where A, B, C' and D are the probabilities of reflection and transmission processes

listed in Table The current can now be written as

I = 2N(0)evpA / (Jo(E — V) — fo(E)) (1 + A(E) — B(E))dE.  (3.25)
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Figure 3.3: Spectra created with the BTK model with varying temperature and Z
parameter. The temperature dependence of the energy gap follows the BCS relation
2A(T = 0)/kT. = 3.53.

Finite temperatures are included through the Fermi-Dirac distribution. This equation
could be integrated numerically to obtain the current as function of voltage, but it is of-
ten easier to directly calculate its derivative dV/dI. Examples of differential resistance

spectra created using this model are in Figure [3.3][34].

3.3 Finite quasiparticle lifetime in the BTK model

Occasionally the measured differential resistance or conductance spectra of supercon-
ductor - normal conductor contacts have been broader than predicted by the BTK model.
There have been a number of ways to explain these deviations ranging from additional
thermal broadening [40} 48, [58]] to a spreading resistance of thin films [47]. Another
option is to describe the broadening with a finite quasiparticle lifetime 7 caused by in-

elastic electron-electron scattering. It was first introduced for tunneling contacts [68.169]]
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and has later been applied also for direct contacts [61} 70, [71]. In this approach the den-
sity of states is affected by the broadening. The broadening parameter I' = £/ alters
the energy with £ — <I" [68], 169, [71] or with E 4 :I" [61]]. Following the notation by
de Wilde et al. [71]], this can be included into the BTK model by adding an inelastic

scattering term to the trial plane wave functions f(z,t) and g(x, t)

=4

pika—i(E—iD)t/h g (3.26)
pika—i(E—iD)t/h (3.27)

f(x7t) =
g(iL‘,t) =

Like before when the external potential V' = 0, the Bogoliubov equations [3.1| and
simplify to

N

h2k?
(E—il)a= [ — ,u] U+ AU (3.28)
2m
h2k?
(E—il)o=— l:—u:|’l~)+Aﬁ (3.29)
2m
after the derivations. They lead to two solutions for the energy
P2 )
(E—il)? = [2 - 4 + A%, (3.30)
m

The positive solution corresponds to the coherence factors

s 1 [1+\/(E—iF)2—A2

OBy =1-3. (3.31)

These coherence factors are no longer complex conjugates of each other.

In the BTK model the density of quasiparticle states is
Ng=Re[(u§ —vg) '] . (3.32)
When inelastic scattering is included this becomes

E—il
V(E —iT)2 — A2

Ng = Re (3.33)

This means that unlike many of the other broadening mechanisms, the inelastic scatter-
ing affects directly the density of states.

The boundary conditions and the solution for the coefficients a and b do not change.
The probabilities for Andreev and normal reflection have the same form as for the BTK
model without lifetime broadening but the coherence factors ug and vg have changed.
Examples of spectra created with the BTK model that includes the lifetime parameter I'

are presented in Figure [3.4]
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Figure 3.4: Examples of spectra of the BTK model modified to include the finite lifetime
of quasiparticles. The values of the lifetime parameter I' were 1 % (green line), 7 %
(orange line) and 20 % (purple line) of the energy gap 2A (T = 0K). The black line
shows the spectra without lifetime broadening. The temperature dependence of the
energy gap follows the BCS relation 2A (T = 0K)/kT, = 3.53.
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3.4 Spin polarization in the BTK model

Possibly the simplest and most natural way to define the spin polarization is to use the
density of states at the Fermi level for each spin to define the spin polarization,
_M-N

= . 3.34
N¢ + N¢ ( )

This polarization can be accessed with spin polarized photoemission [[11] and tunnel

junctions [[15].

Strijkers’s model

A second definition more suited for the point-contact measurements is obtained when
one discusses current transport which is not only related to the density of states. The
current / can be divided into two currents, I+ and I} according to the spin of the elec-
trons as

I=L+1,=(1-P)I,+Pl,, (3.35)

where I,, and I}, are the currents in the fully unpolarized (P = 0) and polarized (P = 1)
case, respectively. The unpolarized portion of the current (1 — P)I,, can take part in
Andreev reflection while the polarized current P, can not be Andreev reflected. This
leads to a polarization of
_ L -1, _ Nyvpy — Nyvp,
Li+1, Nyvpts+ Npop,’

(3.36)

where N and N are again the densities of states at Fermi level and vr 1 and v the
Fermi velocities of each of the spin species [11} 16} [18].

Strijkers et al. [18] have used this definition as a base for their model that expands
the BTK model to magnetic metals. When the superconducting pair potential is a con-
stant, the probabilities A(E) and B(E) for Andreev reflection and normal reflection can
again be calculated from solutions of the Bogoliubov equations with plane wave trial
functions separately for the polarized and unpolarized parts of the current. The bound-
ary conditions stay the same for both currents and for the unpolarized part the solution
is exactly the same as in the original BTK model. It is assumed that the probability for
Andreev reflection vanishes for the polarized current. The probabilities for Andreev and
normal reflection are tabulated in Table [3.2 With the probabilities the current through
the contact as function of bias voltage can be solved using equation [3.25] Examples of

spectra calculated with this model are shown in Figure 3.5
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Unpolarized current

Polarized current

\w: m: \wﬁ mﬁ
Dm
E| <A 1-A 0 1
Bl < E? + (A2 — E?)(1 +222)? “
B> A ugvy (uf — v)*2%(1 + 2°) 0 (up — v8)*Z°(1 + 2°)
- Qm Qm J\w _ dew

Table 3.2: The probabilities for Andreev reflection A and normal reflection B for both fully unpolarized and polarized currents in the

1
Strijkers’ model. The notation u3 = 1—v3 = 3 AH
is used [18].

- DMV\MMV and v = udvd+ (u§—vg) [ug + Z* + (uf — v§) Z*(1 + Z?)]
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Figure 3.5: Spectra of the BTK model modified to include the spin polarization [18]
with various parameter values. The temperature dependence of the energy gap follows
the BCS relation 2A (T = 0)/kT, = 3.53. The polarization has values P = 0 (black
curve), P = 0.25 (red), P = 0.5 (pink) and P = 1.0 (blue). For P = 1.0 at the lowest
temperatures the differential resistance is not defined inside the energy gap and at higher
temperatures it has a finite but large value.
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Mazin’s model

Mazin et al. [35] use the scattering approach of independent conduction channels for
each spin to calculate the spectra of superconductor-ferromagnet contacts. In the polar-
ized case the number of channels for the spins can be different from each other. Its main
difference when compared to the Strijkers model is the treatment of the probability of
Andreev reflection above the superconducting energy gap. The plane wave reflected
from the interface becomes a combination of a plane wave and an evanescent wave.
This means that the Andreev reflection probability is non-zero above the energy gap
even though the evanescent wave does not carry current but this does enhance the trans-
parency of the interface. The resulting conductances are tabulated in table with the
ones from the Strijkers model as reference [35]]. The final value for the spin polarization

has been shown to be nearly independent of the choice of the model [33] 36].

Pérez-Willard

In this model the current is divided into two spin currents / = Iy + I| that both have
their own transmission coefficients 74 and 7| while in most other modifications of the
BTK model the transmission coefficient is assumed to be the same for electrons of both

spin directions. The spin polarization is defined by these two transmission coefficients

P= It~ . (3.37)
Ty

Pérez-Willard er al. [|37] use Greens functions to describe the interface and a nor-
mal state scattering matrix to set the boundary conditions. The current is calculated with
equation [3.25]like in the original BTK model but the probabilities A and B for Andreev
and normal reflection originate from the scattering matrix. The equations for the con-
ductance of a superconductor - ferromagnet interface are tabulated in Table [37]. 1t
has been reported that the polarization values extracted from the measured spectra with
this model are larger than those from the Strijkers model [[18] but an exact comparison
is again difficult because there is no direct relation between the parameters of the two

models [37].

Chalsani’s 3D model

This model includes three dimensional spin dependent transmission and reflection prob-

abilities T’y and Ry} with Ty()) + Ry()) = 1. The transmission through an interface
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depends on the angle 6 at which the incident electrons approach the interface. There-
fore average transmission coefficients TT, | for each of the spin species are calculated
by averaging over all incident angles from — /2 to 7/2 with respect to the normal of

the interface. This leads to a total conductance of
G=NT++N,T,. (3.38)

The polarization of the current transmitted through the interface,

P S P
r= Gfr +G¢ NTTT_'_NiTi

(3.39)

is in many cases not the same as the polarization P defined using the densities of states

at the Fermi level in equation because TT and T | are not necessarily equal [36].

3.5 Fitting with multiple parameters

With two or three adjustable parameters the fitting is rather straightforward, because
the fit quality can easily be evaluated. With more parameters the changes in the fit
quality can be rather small and there can be multiple sets of fit parameters that de-
scribe the spectra equally well [36, 58]. Woods et al. attempted to limit the number
of parameters by fixing the superconducting energy gap 2A [42] to its BCS value ob-
tained from the critical temperature of the contact. Bugoslavsky et al. [58] suggested
to minimize the variance between fit and measured spectrum to separate the degenerate
solutions from each other. The variance between the normalized measured spectrum
(Smeas = (1/Rn)dV/dI(V')) and fit (Sf;:(V)) over the measured voltages V; is de-

fined as

N
1
NZ meas z Sflt(‘/z))Q (340)
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4. Experimental details

We have investigated point contacts between superconductors and normal conducting
metals. The contacts were fabricated with the shear method by crossing two macro-
scopic wires with diameters of either 0.25 mm or 0.5 mm. Using the shear method
allowed the diameter of the contact to be varied in situ but kept the contacts still rather
stable during thermal cycling. The superconductors were Nb, Ta, Sn, Al and Zn, and
the ferromagnetic metals Co, Fe and Ni. The non-magnetic normal conductors Ag, Au,
Cu, Pd and Pt were used as reference, though not all possible combinations were mea-
sured. The properties of the superconductors are listed in Table[d.1] Often the surfaces
of the samples were first cleaned with fine abrasive paper and then with ultrasound in
an ethanol bath. Dilute HCI acid treatment was sometimes used to remove the oxide
layer of Zn (one out of two samples) and Al (two out of twelve samples). It is generally
assumed that the brushing motion of the wires against each other before the contact is
formed breaks the possible oxide barriers at the contact interface. The measurements
were performed either at 4.2 K in liquid He or at varying temperatures from below 0.1 K
up to 10 K in vacuum in a dilution refrigerator.

For measurements at 4.2 K the sample stage of Figure 4.1alis connected to a dipstick
and immersed in liquid He. For that the two sample wires are (Cu-coated if necessary)
soldered to the sample holder (Figure[4.1b). One of the wires is connected to a movable
rod that can be used to change the position and size of the contact.

The measurements at varying temperatures are performed in a dilution refrigerator
which can be cooled down to below 0.1 K. The sample stage (Figure[d.2a) sits in vacuum
and is connected to the mixing chamber of the cryostat. The setup for fabricating the
contacts is shown in Figure d.2b] The wires are connected to the Cu pieces that are
glued electrically insulated on top of a bending plate. When the plate is bent, the wires
move towards each other, changing both the position and the size of the contact.

The differential resistance dV//dl can be measured with a modulation technique

where the dc current I running through the contact is modulated with a small ac com-
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T, (K) B.(T =0K) (mT) 2A(T = 0K) (meV)
Nb | 9.2 198 3.0
Ta | 43 83 1.3
Sn | 3.7 30.5 1.1
Al | 12 9.9 0.35
Zn | 0.88 53 0.24

Table 4.1: Critical temperatures, fields and energy gaps (at T" = 0 K) of the traditional

low temperature superconductors used in our measurements [64].

ponent I at frequency f. When this component is sufficiently small, the corresponding
dc voltage can be obtained as the first term of a Taylor expansion

v (I + fcos(ft)) =V({I)+ Ccli—‘;lzcos(ft) + ;Cf;z/fcosQ(ft) +--- 4.1)
The differential resistance dV//dI can be obtained by measuring the ac voltage dV" at
frequency f.

The schematics of the electronic circuit used in our measurements are shown in
Figure 4.3] The computer produces the dc part and the oscillator the ac part (frequency
f = 372 Hz) of the excitation voltage. They are fed through two galvanometric de-
couplers to break ground loops and two series resistors to generate the dc and the ac
currents. The resistors vary from 100 €2 to 10 MS2 for the dc current and are 100 times
larger for the ac current (except for the largest resistance which is 100 M€2). The current
is fed into the cryostat, through the point contact and back to ground potential outside
of the cryostat. The series resistors define the currents rather precisely, and they are
always chosen to be much larger than the contact resistance. The absolute error in the
dc current caused by the resistance of the contact is smaller than 1 percent.

The voltage drop across the contact is measured separately. The signal from the
sample is first amplified with the voltage preamplifier (DL instruments, Model 1201).
Then the ac voltage drop over the contact is measured with a lock-in amplifier at a

frequency f = 372 Hz of the ac modulation. The dc voltage drop is recorded with
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(a) Sample stage at 4.2 K. (b) Setup at 4.2 K.

Figure 4.1: The experimental setup for fabricating shear method point contacts in liquid
He at 4.2 K. a) The entire sample stage that is immersed in liquid He. b) The setup for
fabricating shear contacts in liquid He where one can see the two silvery-looking wires

almost forming a cross. The point-contact is formed at the intersection of the wires.

the analogue-digital converter ADC at the computer to obtain the differential-resistance

spectrum of the contact. The signal can also be viewed with an oscilloscope.

37



(a) Sample stage of the dilution refrigera- (b) Sample holder of the dilution refrigera-
tor. tor.

Figure 4.2: The experimental setup for fabricating shear method point contacts in vac-
uum. a) The sample stage for fabricating point contacts with the shear method attached
to the mixing chamber of the dilution refrigerator. The mixing chamber is the grey part
on top of the figure. The sample wires on the bending plate are in the centre of the
figure, above the yellow vertical rod which is a piezo tube used as pushing rod to bend
the bending plate. b) The sample holder for the wires forming the shear contacts. The
sample wires are attached to Cu pieces with screws. The current and voltage leads are

soldered to the Cu pieces that are glued electrically insulated onto a bending plate.
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Figure 4.3: A schematic view of the electronic system used to measure differential
resistance point-contact spectra.
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5. Polarization measurements at
4.2 K

5.1 Andreev-reflection spectroscopy of ferromagnets: the im-

pact of Fermi surface mismatch [P1]

In order to measure the spin polarization of a ferromagnetic sample we measured dif-
ferential resistance spectra of point contacts between superconducting Nb (7, = 9.2
K) and ferromagnet Co at 4.2 K in liquid He. Contacts with non-magnetic Cu were
measured as a reference. [P1]

With the Strijkers’ polarization model [18]] we found that the spectra of Co in contact
with superconducting Nb could be fitted with a polarization value that agrees well with
those presented in the literature [[16, 18, /40.150L59]. We also found that the spectra of Cu
can be fitted with the lifetime model without polarization. However, it turned out that
also the spectra of non-magnetic Cu could equally well be fitted with the polarization
model and a non-zero spin polarization P, and the spectra of ferromagnetic Co with a
zero spin polarization and a finite lifetime parameter I' in the lifetime model. Examples
of these fits are shown in Figure[5.1] This agrees with the results obtained for Pb-Pt-Cu
and Pb-Pt-Co contacts of Chalsani et al.[36] measured at 4.2 K and 1.5 K. [P1]

We also found that when the polarization P is small but the Z parameter large, the
two models can not be separated from each other but when the polarization increases and
Z decreases, the fitting quality deteriorates. At intermediate values differences appear
at the shoulders of the spectra and at ideal interfaces with Z = 0 the lifetime model
produces a much broader spectrum. This is shown in Figure [5.2] where the theoretical
curves from the polarization model were fitted with the lifetime model. This was also

visible when fitting the measured spectra but the model that gave the best fit varied. [P1]

The magnitudes of the polarization P or the lifetime parameter I did not vary sig-
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Figure 5.1: Measured differential resistance versus bias voltage (thick grey solid lines)
together with fits with the Strijkers’ polarization model (I' = 0, red dashed lines) and
the lifetime model (P = 0, blue solid lines). Deviations between fits and the measured
spectra are found only near the shoulder where double minimum turns into the hori-
zontal normal-state spectrum. The contact resistance Ry (V') was taken to be a constant
because no data above T, was not available. (a) Nb-Coat T=4.2 Kand 2A = 2.6 meV,
(b)Nb-CuatT=4.2Kand 2A = 2.5 meV. [P1]

nificantly between the ferromagnetic and the non-magnetic metals (Figure[5.3)). We also
observed a dependence P(Z) similar to earlier studies [18,40] for both material com-
binations, and found no difference between the P(Z) dependencies of the ferromagnet
and the non-magnet. The lifetime parameter I" seemed to be independent of Z for these
two metal combinations. Re-analysis of earlier Aulns - Cu contacts data from [72]

produced similar results. [P1]

5.2 Spin polarization versus lifetime effects at point contacts

between superconducting niobium and normal metals [P2]

We expanded the measurements to contacts between superconducting Nb and ferro-
magnetic Fe and Ni, as well as non-magnetic Ag and Pt as reference. The results agreed
with our previous data for Nb - Co and Nb - Cu contacts. The fit quality was good

for ferromagnets and non-magnets with both models (Figure [5.4), and also their Z de-
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Figure 5.2: Normalized theoretical spectra from the Strijkers’ polarization model (red
dashed lines) fitted with the lifetime model (blue solid lines). The parameters of the
polarization model indicated in the figures were chosen to match those from the anal-

ysis of the measured spectra. The energy gap was 2A(7T = 0) = 3.0 meV and the
temperature 7' = 4.2 K. [P1]

pendencies of the spin polarization as well as the extrapolated polarization values are
indistinguishable (Figure [5.5).

5.3 Discussion

Without the knowledge that the non-magnetic metals should have a spin polarization
equal to zero, applying the spin-polarized model blindly to our data would imply that
Ag, Cu and Pt are polarized with a spin polarization close to 0.5. It would be equally
possible to mistake the ferromagnets as unpolarized. It is clear that these two differ-
ent descriptions of the experimental spectra can not be correct simultaneously. This

difference should be measurable.
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It is difficult to justify choosing one model to use for metals that are assumed to
be ferromagnets and an other one for those that are assumed to be non-magnetic. This
might be reasonable for well-known materials like the ones we have been investigating
but if point-contact Andreev reflection spectroscopy is to be used to determine the spin
polarization of new or unknown materials, it has to be able to separate non-magnetic
metals from magnetically ordered ones. This would require the solutions of the modified
BTK models to be unique and non-degenerate, or alternatively a separate method for
determining which of them should be applied to the situation in question.

In order to separate non-magnetic materials from magnetically ordered ones, addi-
tional information is needed. One possibility would be to attempt to fix some of the fit
parameters in order to use both the lifetime parameter I" and the polarization P in the fit
without degeneracy. It also seems that in many cases one would need to implement both
spin polarization and lifetime effects into the model simultaneously to properly describe
the spectra but to do this one would need a way to avoid the possible degeneracy from
fitting with multiple added parameters. Bugoslavsky et al. [58] have suggested that this
could be done by minimizing the variance between the measured and the calculated
spectrum.

The most noticeable difference in the behaviour of the fit parameters of the two
modified BTK models is the behaviour of the Z parameter. As can be seen in Figures[5.3|
and [5.3] in the polarization model the values of the Z parameter are distributed rather
evenly between zero and 0.8 while in the lifetime model they are concentrated close to
0.5. There should be physical reasons behind this behaviour.

Previously Woods et al. [42] have suggested that in the case of superconductor - half
metal Pb-CrO» contacts the magnitude of the Z parameter could be used as an indication
of the diffusive nature of the contacts. They suggested that Z ~ 0.5 could be used as
a dividing point between ballistic and diffusive samples so that if all measured spectra
have Z > 0.5 that would indicate diffusivity and contacts with Z < 0.5 indicate ballistic
transport in the contact region [42]]. Similar numerical values for the Z parameter have
previously been used to describe diffusive spectra with a ballistic model [34, [35]]. The
analysis of our data with the polarization model produces mainly points with Z < 0.5
and would place the contacts in the ballistic regime but when the contacts were analysed
with the lifetime model the magnitude Z would seem to open a possibility of diffusive

transport.
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liquid He at 4.2 K. Black lines are the measured spectra, blue dotted lines the fit with

the polarization model and red dashed line with the lifetime model. [P2]
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Figure 5.5: The spin polarization P (top) and the lifetime parameter I' (bottom) as
function of the Z parameter for the ferromagnets Co, Fe and Ni and non-magnetic Ag,
Cu and Pt in contact with superconducting Nb. The measurements were carried out at
4.2 K. [P2]
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6. The effect of the Z parameter

In the BTK model the Z parameter describes the strength of the ¢ function barrier that
is used to model the interface potential. It is usually taken to be a phenomenologi-
cal parameter that either measures the amount of elastic scattering [62] or absorbs the
imperfections of the experimental conditions [42]].

In the one dimensional BTK model [34], the Z parameter is related to the transmis-

sion coefficient 7 of the interface

1

e — 1
Ty 22 ©.D

Our data indicates that we have highly transmissive interfaces. In the polarization model
the Z parameter ranges from zero to approximately 0.5 (with some data points up to
Z = 1) which corresponds to transmission coefficients from 1.0 to 0.8 (or down to 0.5
for the few points at higher 7). In the lifetime model the data points are concentrated
around Z = 0.5 corresponding to a transmission coefficient 7 ~ 0.8.

Earlier studies on the superconducting proximity effect on thin film systems have in-
vestigated the transmission coefficients of small interfaces. There it has been found that
the transmission coefficient was close to 7 =~ 0.3 for non- magnetic metals in contact
with Nb [73]. Current perpendicular to plane magneto-resistance measurements pro-
duce similar magnitudes for the transmission coefficients even though the experimental
set up should prevent any oxide barriers to be present at the interfaces [[73H735]].

Early on, it was noted that there are also other sources for reflection than the tun-
neling barrier at the interface. One of these mechanisms is called Fermi velocity (or
surface) mismatch. In an Andreev reflection experiment, the properties of the Fermi
surface are in most cases different for the electrodes that form the contact and this dif-
ference should lead to normal reflection even in the absence of a dielectric barrier at the
interface. This effect shifts the value of the Z parameter higher according to

r)?

1—
T:%+L—f

i (6.2)
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Figure 6.1: Differential resistance spectra (black solid line) of superconducting Al in
contact with normal metals Ag, Cu and Pt at 0.1 K in vacuum. The lifetime model fit to

the data is shown with the red dashed line. [P3]

where Zj represents the contribution from the tunneling barrier and r the ratio of the
Fermi velocities of the electrodes [62].

We focussed on non-magnetic normal metals when investigating the Z parameter
to rule out any interference with the spin polarization. Therefore the spectra were also
only fitted with the lifetime model. We performed many measurements below 4.2 K to
reduce thermal smearing to a minimum. Many of the low temperature measurements
were performed with Al (T, = 1.2 K) as the superconductor instead of or in addition to
Nb.

6.1 Normal reflection at superconductor - normal metal in-

terfaces due to Fermi surface mismatch [P3]

Typical spectra of contacts between superconducting Al and normal metals Ag, Cu and
Pt measured in vacuum at 0.1 K are shown in Figure [6.1] with corresponding lifetime
fits. We found that the values of the Z parameter are concentrated close to 0.5. All of
the analysed spectra had roughly the same Z value with both Nb and Al even though
the metals have different Fermi surfaces. [P3]

To study this accumulation further, we collected the distribution of the Z parameter.
All of the Z distributions of Ag, Cu and Pt in contact with both Nb and Al in Figure[6.2]
had clear onsets, finite widths and in some cases a weak tail at large Z values. These
histograms highlight how similarly the investigated interfaces behave. [P3]

We also plotted Z values as function of the contact resistance in normal state Ry
to investigate if the size of the contact affects the Z values. This is shown in Figure[6.3|

for our spectra with the non-magnets. In this case Z varies only very weakly from 1 to
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Figure 6.2: The lifetime parameter I" as function of the strength of the interface barrier Z
and the number of contacts at each Z interval for Nb - normal metal contacts measured
at 4.2 K and Al - normal metal contacts measured at 0.1 K. [P3]

100 Q. [P3]

The magnitude of the lifetime parameter I' is different for the two investigated su-
perconductors but seems independent of the normal metal. Based on these two su-
perconductors, I" scales with the critical temperature T, or the energy gap 2A of the

superconductor. [P3]

6.2 Electron and hole transmission through superconductor

- normal metal interfaces [P4]

We measured some spectra at different temperatures from well below the critical tem-
perature of the superconductor to above it, as shown in Figure[6.4]for an Al - Au contact.
As shown in the insets of this Figure, the superconducting energy gap 2A(7") follows
the BCS temperature dependence, while I" and Z are less affected by the temperature.
Because the fit parameters did not depend strongly on the temperature, most of the con-
tacts used in the following analysis were measured only at 7" = 0.1 K well below the

critical temperature of Al. [P4]
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Figure 6.3: The Z parameter as function of the normal state contact resistance 2 for
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Figure 6.4: Differential resistance spectra of an Al - Au contact. The lowest measuring
temperature was 0.1 K and the temperature steps 0.1 K up to 0.9 K and 0.05 K above
that. The inset a) shows the temperature dependence of the BTK fit parameters and the
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Figure[6.5]shows for Al - Au contacts that while the energy gap 24 and the lifetime
parameter I rise with increasing resistance, the Z parameter stays constant. The super-
conducting energy gap stays almost constant close to the literature value of 365 eV
from below 1 € up to around 100 2. At higher resistances the gap value approximately
doubles. In thin films (2D) or wires (1D) the critical temperature 7, has been observed
to rise when the size decreases [[76,[77]. We have speculated that this could also happen
in point contacts (0D) even though it is unlikely that the true material dependent gap
would grow as a function of the resistance R. The lifetime parameter I' seems to have
a stronger resistance dependence. For contacts with resistances below 10 €2, it is close
to 10 peV and of the same order as the thermal smearing. It increases almost linearly
between 10 €2 and 100 €2, and saturates at higher resistances close to 200 peV. [P4]

The Z parameter stays constant at approximately 0.5 for resistances ranging from
below 1 €2 to several thousand ohms. In the kiloohm range Z increases when approach-
ing the transition to vacuum tunneling. Similar behaviour is observed also for point
contacts between superconducting Al and the normal metals Ag, Cu, Pd, and Pt, as
shown for the Z parameter in Figure[6.6] The Z parameter drops slightly close to 100
) and increases again at higher contact resistances. This behaviour coincides with the

increase of 2/ and the saturation of the lifetime parameter I". [P4]

6.3 Discussion

According to the free-electron approximation, these metal combinations should have Z
values close to zero. Proximity-effect [/8, [/9] and perpendicular current studies [[75,
80, 81] on the other hand yielded Z values closer to one. Our point-contact results
do not fit either of the two cases. One could assume that the constant Z could be
caused by a tunneling barrier at the interface, but that should lead to stronger variation
because the transmission coefficient depends exponentially on the barrier width and
height [82]. [P3]

The onset of the Z histograms marks the smallest value of the Z parameter which
has been reached in our contacts. These points could correspond to contacts with a
negligibly small tunnel barrier so that most of the Z arises from the Fermi surface mis-
match. If this interpretation of the Z parameter holds, point-contact Andreev reflection
spectroscopy might open a way to measure the Fermi surface mismatch between met-

als. [P3]

The same argument used to exclude tunneling as a cause for the uniform Z param-
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Figure 6.5: The fit parameters of Al-Au contacts from the lifetime model as function
of contact resistance Ry at 7' = 0.1 K: a) the superconducting energy gap 2Aq (the
solid line at 365 peV is the bulk energy gap of Al), b) the lifetime parameter I" with
the thermal energy kp7T as reference and c) the Z parameter and a line drawn at 0.5
as a guide for the eye. Different measurement series are marked with open and closed
symbols. [P4]

eter can also be applied to Fermi surface mismatch because it should not cause such an
uniform distribution of Z values. Our samples are polycrystalline and therefore crystal
directions at the contact interface should vary. This should produce Z parameters of
slightly different magnitudes for contacts at different positions on the interfaces. This is
not observed in our measurements which implies that the Z is probably not caused by
the Fermi surface mismatch. [P4]

The reflection from a tunnel barrier should be a probabilistic process and both the in-
cident electrons and retro-reflected holes are equally affected. Fermi surface mismatch
on the other hand is selective with respect to the wave number and angle of incidence

which means that the retro-reflected holes should not be affected. This is because the
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Figure 6.6: The Z parameter as function of the normal resistance Ry of Al in contact
with the non-magnetic metals Ag, Cu, Pt and Pd at the temperature of 7" = 0.1 K. The
solid lines are drawn at Z = 0.5 as guide to the eyes. The different symbols mark

measurement series. [P4]

Andreev reflection process ensures that they have the same - or almost the same - prop-
erties as the incident electrons that have already crossed the interface. If this is correct,
Andreev reflection should not be affected by the Fermi surface mismatch and it can not

be resolved with Andreev-reflection spectroscopy. [P4]
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7. Polarization measurements at

lower temperatures

7.1 Spin polarization and suppression of superconductivity at

nanoscale ferromagnet - superconductor interfaces [P5]

To minimize broadening caused by the temperature, and to investigate how the BTK
parameters behave at lower temperatures, we measured a number of spectra of contacts
between ferromagnetic Fe and superconductors Nb (7. = 9.2 K), Ta (T, = 4.3 K),
Sn (T, = 3.7 K), Al (I. = 1.2 K) and Zn (1. = 0.88 K) at temperatures down to
0.1 K and below. We measured the differential resistance dV/dI as function of voltage
V' at different temperatures 7" ranging from well below the critical temperature of the
superconductor to above it. After that the contact was cooled back to the lowest tem-
peratures and the resistance at zero bias R(I") was recorded as function of temperature.

The spectra were analysed with Strijkers’ model [18]]. [P5]

At the lowest measuring temperatures, most of the spectra had the typical double
minimum structure of Andreev reflection (Figures [7.1}{7.4). Despite this, the critical
temperatures were greatly reduced, especially for contacts with Sn (up to 10 %) and
Al (up to 40 %). These features are often more clearly visible in the temperature de-
pendence of the zero-bias resistance R(7"). Most contacts with Nb and Ta, the super-
conductors with the highest critical temperatures, had a 7, close to the expected bulk
value and the R(T") varied smoothly below that. The R(7T") for contacts with Sn and
Al (Figure showed a transition from superconducting to normal state well below
the bulk critical temperature of the elements. Some of the spectra with Al, Sn and Ta
had two critical temperatures (Figure [7.3). The second transition would arise from a
layer with a lower critical temperature in the contact region caused by the local field of

the ferromagnet. The resistance drop and temperature at these transitions varied from
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Figure 7.1: Differential resistance dV/dI versus bias voltage V' of a Ta - Fe contact.
The lowest two temperatures were 0.73 K and 1.0 K. Above that the temperature was
increased in steps of 0.5 K up to 5.0 K. The Inset a) The temperature dependence of the
contact resistance R at zero bias measured during cool down, and the side panels show
the BTK fit parameters b) the polarization P, c) the Z parameter and d) the supercon-
ducting gap 2A. The BCS curve has been drawn with 7, = 4.0 K. [P5]

contact to contact. For example, the observed critical temperature of Al contacts var-
ied from 0.75 K to 1.2 K. For the superconductor with the lowest critical temperature,
Zn, we measured spectra that were so strongly reduced in magnitude that they had to
be scaled to be fitted with the BTK model while others could be fitted without scaling
(Figure[7.4). The scaling parameter x varied typically from 0.5 to 0.8. [P5]

The typical three-parameter BTK fit with P, Z and 2A as parameters describes most
of the spectra rather well. As the side panels in Figures show, the superconduct-
ing energy gap follows the BCS curve and the Z parameter and spin polarization P do
not depend on temperature (within error bars). At the lowest temperatures the error bars
were smaller than the symbol size. At higher temperatures the error bars grow because
the spectral features become more washed out, and this variation from one temperature
to another is larger than the uncertainty at the lowest temperatures. This scattering could
be related to the changing magnetic field, tiny changes in the contact or slight instabil-
ity of the temperature. The Z dependence of polarization (Figure [7.5)), as well as the
extrapolated polarization P(Z = 0), agree both with literature data [18]] and our earlier
measurements with Nb at 4.2 K [P2]. [P5]

The scaling needed to fit the strongly reduced Zn spectra was modelled as a partly
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Figure 7.2: Differential resistance dV/dI versus bias voltage V' of an Al - Fe contact
from 0.075 K to 1.4 K. The lowest two temperatures are 0.075 K and 0.10 K. Above
that the temperature increases in steps of 0.1 K. Inset a) The temperature dependence
of the contact resistance R at zero bias. The side panels show the temperature depen-
dence of the BTK fit parameters b) the polarization P, c) the Z parameter and d) the
superconducting gap 2A. The BCS curve is drawn with a critical temperature of 1.2
K. [P5]
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Figure 7.4: Differential resistance dV//dI versus bias voltage V' of a Zn - Fe contact
from 0.1 K to 1.0 K in steps of 0.1 K. The inset a) shows the temperature dependence of
the contact resistance R at zero bias with the bulk 7 indicated and the side panels show
b) the polarization, c) the normal reflection coefficient Z, and d) the superconducting

energy gap 2A. [P5]
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model with P, Z and 2A as fit parameters (blue), the scaling model with lifetime broad-
ening without polarization (red), and an optimum fit with the scaling model and ther-
mal broadening (grey) for the Al-Fe contact of Figure at a) the lowest measuring
temperature of 0.075 K and b) 0.30 K. The x is the scaling parameter of the scaling
model. [P5].

normal contact interface, which adds another fitting parameter, the normal fraction of
the contact area x, into the BTK model. In addition to the scaling factor x the model
contained either thermal or lifetime broadening. The thermal broadening is included by
replacing the measuring temperature 7" by an effective temperature 7'+ w/k where w is
called the thermal broadening parameter. The same scaling can also be used to analyse
the other spectra for which the fitting could be performed without scaling. When the
fitting quality was monitored with the standard deviation Y, the model with thermal
broadening in addition to the scaling factor produced smallest deviations with respect
to the measured spectra. Both broadening mechanisms lead to a reduced polarization
and an increased Z parameter. With lifetime broadening the spectra can in the extreme

case be fitted completely without polarization, as Figure[7.6]shows for the Al-Fe contact
of Figure [P5]

7.2 Discussion

We speculate that the variation of the spectral features could be related to the inhomo-
geneous magnetic field created by the Fe wire. The spectra of contacts with the super-

conductors with the highest critical fields are affected the least, and the ones with the
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superconductors with the lowest critical temperatures are affected the most. To cause
the observed spectra with reduced magnitude and critical temperatures, the maximum
value of the magnetic field of the Fe wire should be close to Br. ~ 10 mT. Even though
this field is larger than the critical field of Zn, the magnetic field is so localized that it
only affects a small volume near the contact interface so that further away from the con-
tact interface the superconductor remains superconducting and contributes to Andreev
reflection. [P5]

When the spectra are fitted with a finite scaling factor x, the extracted polarization
drops and the Z parameter increases closer to the values observed when contacts with
non-magnetic metals are analysed with the lifetime model. This essentially follows the
P(Z) dependence of the three-parameter model. With lifetime broadening, the spin
polarization is strongly reduced, even down to zero. Fitting with thermal broadening
on the other hand results in a smaller standard deviation and a smaller drop of spin
polarization than with the lifetime broadening. The broadening parameters w and I of
both models ~ 10ueV are of the same order of magnitude with the thermal energy at the
lowest measuring temperature and at least an order of magnitude lower than the kinetic

energy of electrons at the gap edge. [P5]
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8. Conclusions

We have measured point-contact Andreev reflection spectra between a number of su-
perconductors and both non-magnetic and ferromagnetic metals. With superconducting
Nb at 4.2 K the spectra of both non-magnets and ferromagnets can be interpreted in
two completely different ways, either with spin polarization or with the finite lifetime
of Cooper pairs. The analysis with the polarization model reproduced the P(Z) de-
pendence and the magnitude of the extracted spin polarization in agreement with the
literature data. With the lifetime model on the other hand, the Z parameter is nearly
constant at Z ~ 0.5 while the polarization is set to zero.

At lower temperatures the dualism seems to be partly resolvable because of the
reduced amount of thermal broadening. Measurements at lower temperatures with non-
magnetic metals found a nearly constant Z parameter for all investigated metal combi-
nations. With the of ferromagnetic metals the polarization at low temperatures matches
that measured at 4.2 K. However, the temperature dependence of the spectra revealed
more anomalies than could have been found at a fixed temperature, including reduced
critical temperatures or two superconducting transitions. We have speculated that this
could be attributed to the inhomogeneous magnetic field of the ferromagnetic wire that
would suppress the superconductivity in the contact region. We have modelled the
reduced superconducting signal by introducing a scaling factor. In turn, this new fit pa-
rameter can also lead to an ambiguous interpretation similar to the polarization-lifetime
ambiguity found for the Nb contacts measured at 4.2 K.

A method for distinguishing the right interpretation is needed. We have attempted
to use the normal reflection as a separating criterion but because the origin of the con-
stant Z of the lifetime model is still unclear it is difficult to obtain enough physical

information needed for such a selection.
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