Growth of Spinel Oxide Thin Films for High

Efficiency Room Temperature Spin Filtering

Salvatore Mesoraca

Hughes Hall, University of Cambridge

A dissertation submitted for the degree of Doctor of Philosophy

at the University of Cambridge

December 2017






Declaration

| hereby declare that this dissertation, submitted for the Degree of Doctor of Philosophy at the
University of Cambridge, is a result of my own work carried out in the Device Materials Group,
Department of materials science and metallurgy, University of Cambridge, under the supervision of
Prof. Mark Blamire since September 2013. The dissertation includes nothing which is the outcome

of work done in collaboration except as specified and referenced in the text.

It is not substantially the same as any that | have submitted, or, is being concurrently submitted for
a degree or diploma or other qualification at the University of Cambridge or any other University or
similar institution. | further state that no part of my dissertation has already been submitted, or, is
being concurrently submitted for any such degree, diploma or other qualification at the University

of Cambridge or any other University of similar institution.

The length of the dissertation is within the limit of 60,000 words, which does not exceed the

prescribed word limit for the relevant Degree Committee.

Salvatore Mesoraca

December 2017
Cambridge, UK






To those who inspired it

and will not read it.






Abstract

In this thesis, the potential of all-spinel oxide tunnel junctions in the field of spintronics has been
investigated. In particular, the suitability of the metallic and superconducting LiTi,O4 as non-magnetic
electrode in an almost defect-free CoFe,O4-based spin-filter tunnel junction has been explored. For this
purpose, high quality spinel LiTi;O4 and CoFe;04 thin films have been deposited by pulsed laser
deposition on MgAl,O, substrates. Both films were extensively characterised in terms of structural,
surface, magnetic and transport properties. The LiTi;O4 showed metallic and superconducting properties,
and the CoFe,0,4 had insulating and ferromagnetic properties. A careful tuning of the different growth
conditions of these oxides followed in order to grow CoFe,0./LiTi,O4 bilayers in which LiTi;O4 maintains
its metallic and superconducting properties and CoFe,0; its insulating ferromagnetic characteristics.
Transport measurements at low temperature have been carried out to explore details of the
tunnelling in symmetric tunnel junctions of the form LiTi,O4/CoFe;04/LiTi;0s. The measured current—
voltage characteristics of these junctions revealed clear Josephson junction behaviour due to
superconductivity of the LiTi,O4 electrodes. This conclusive evidence of the tunnel nature of these

junctions proves that LiTi,O4 can be used as bottom electrode in all-spinel oxide tunnel junctions.

Some of the work reported in this dissertation has been published or submitted for publication and
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(green). 94
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Figure 64 - Measured Li 1s and Ti 3s XPS spectra taken at different collection angles for a 200 nm-
thick LiTi>O4 film grown at 800 °C. The arrows indicate the direction of increasing 6. The dots
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Figure 65 - Measured Li/Ti (a) and Ti*/Ti** ratios (b) for LiTi,O4 films grown at 600 "C(black dots) and
the ratios resulting from the best matched model (line). The inset of Figure 65a shows the Li/Ti
ratio (magenta dots) for films grown at different temperatures measured at 6 = 0° and the
theoretical ratio value of 0.5 (black). The dotted line is a guide to the eye. A schematic model of
the surface composition used to fit (solid lines) the experimental data is shown in the inset of

Figure 65b. 97
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Figure 68 - (a) XRR oscillation (black) for a 34 nm-thick CoFe,O. film grown on MgAlL,O, (111)
substrate and the simulated fit (red). (b) Fit of the periodicity of the XRR reflectivity oscillations.
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Figure 69 - (a) XRD diffraction pattern of a 75 nm-thick CoFe,O, film grown on MgO (100) substrate.
(b), (c) The peaks intensity of the film are modulated by finite thickness Laue fringes................ 99

Figure 70 — Experimental (blue) temperature dependence of the in-plane resistivity of a 50 nm-thick

CoFe,0, film and the corresponding Emin-Holstein model fit (red) 100
Figure 71 - Normalised in-plane magnetic hysteresis loop at room temperature of a 60 nm-thick
CoFe,0;4 film grown on MgAlLO4 (111). The paramagnetic contribution of the substrate has
been subtracted from the measured signal and the hysteresis loop is normalised to the in-

plane Ms value at 1 T. 101

Figure 72 -  Resistivity  versus  temperature  measurement of  as-deposited
CoFe,04(5 nm)/LiTi,04(200 nm) bilayer on MgAl,O, substrate. The growth conditions of the two
layers are those presented in the previous sections of this chapter for high quality metallic-
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Figure 73 - Main properties of bilayer grown at Po, < 10 Torr. (a) XRD pattern of a single CoFe,0,
film grown in reduced conditions showing multiphases peaks (red), compared to an XRD
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junction measured at 50 K. The size of the junction is 3x3 umZ The inset shows the schematic
cross section of the side view of the micro-tunnel junction with bottom and top electrode. The
solid red-line is the Simmons fitting. The inset shows the parabolic shape (solid red-line) of the

dI/dV curve (blue dots) indicating a tunnelling behaviour of the junction. 110
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14
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Figure 89 - Differential conductance dI/dV versus bias voltage at 1.5K from 0 Tto 8 T with 1 T
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the same 2-wire configuration 116
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Chapter 1. Introduction

The exponential growth in the amount of electronic devices in recent years has revolutionised
modern information technology. Nowadays, conventional semiconductor devices rely on the
manipulation of charge currents, ignoring the spin of the electrons. The research field aimed at
developing electronic devices that exploits the additional degree of freedom provided by the
electron spins is called spintronics. This spin-based electronics offers the potential for creating
circuits in which more complex logic operations controlled by spin currents can be performed faster
and with greater efficiency [1].

The discovery of giant magnetoresistance (GMR) in Fe/Cr multilayer structures in 1988 by
A.Fert and P. Griinberg [2,3] launched the field of spintronics. These magnetic superlattices had two
distinct, parallel and antiparallel, magnetic states when an external magnetic field was applied.
Experimentally this resulted in two distinct resistance states with high and low values of the
resistance measured by transport measurements, as shown in Figure 1. These two distinct states
were then straightaway used as the (0,1) logic states in data storage and, within 10 years, IBM
introduced GMR technology into the market for read heads in hard disks. Since then, GMR became
so pivotal in the advancement of data storage that Fert and Griinberg were awarded the

2007 Nobel Prize in Physics.

R/Ru-0

Antiparallel
1.0

(Fe3nm/Cr 1.8 nm)

(Fe3nm/Cr 1.2 nm)

(Fe 3nm /Cr 0.9 nm)

Parallel 051 Parallel
1 1 1 1 1 1
-4 -2 0 2 4

Magnetic Field (T)

Figure 1 — GMR curves of Fe/Cr superlattices measured at 4.2 K showing two distinct resistance states for parallel and
antiparallel configurations. Adapted from [2].

Even before the discovery of GMR, there had been many reports on spin-polarised electron
tunnelling, another spin-dependent transport phenomena, which was demonstrated
experimentally by Tedrow and Meservey [4,5] in the early 1970s. From this pioneering work, Julliére
theoretically predicted a second magnetoresistive phenomenon, called tunnel magnetoresistance
(TMR), which involved tunnelling between two ferromagnetic electrodes separated by a non-
magnetic insulating barrier [6]. In these magnetic tunnel junctions (MTJs) the high and low

resistance states are related to the relative magnetic configuration of the electrodes. According to
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Julliére’s analytical model, the magnitude of TMR in a MTJ is directly related to the spin-polarisation
of the two ferromagnetic electrodes. The first observation of room temperature TMR was
demonstrated by Moodera [7] in Al,O-based MTJs with polycrystalline transition metal electrodes
(NiFe, CoFe, Co). The magnetoresistance values obtained were higher with respect to GMR and
evidenced the importance of TMR in spintronics. Indeed, since this discovery, there have been an
enormous number of experimental and theoretical investigations in this field and nowadays
reported TMR values are as high as 470% at room temperature and 800% at 5K [8]. These large TMR
effects observed at room temperature enabled MTJs to be implemented in spintronics devices such
as hard disk drives read-heads, non-volatile magnetic memories and magnetic field sensors. Future
spintronics applications aim at integrating spins into other semiconductor technologies such as
ultra sensitive spin detectors, spin field-effect transistors (spin-FET) and spin light emitting diodes
(spin-LED) [1,9]. The successful implementation of these applications requires the maximization of
spin-polarisation in order to obtain higher efficiency.

Recently, a new phenomenon of spin-polarised electron tunnelling based on
ferromagnetic insulators (FI) has been investigated due to its capability of generating nearly 100%
spin-polarised currents. This occurs due to the selective filtering of the electrons according to their
spins while tunnelling across the ultrathin Fl barrier [10], in contrast to the classic MTJs, in which the
tunnel barrier is a non-magnetic insulator. Moreover, spin-filtering opens up to the integration of
semiconductor electrodes for efficient spin injection [11] as the electrodes in such tunnel junctions
are non-magnetic. The majority of Fls have Curie temperatures well below room temperature and
so, although high efficiency (~100%) spin-filtering has already been reported in a wide range of
materials [12], potential applications are limited by the low temperatures required. In the last few
years, interest has focused on spinel ferrites Fl oxides (e.g. NiFe;04, CoFe,0., MnFe,0.) due to their
excellent magnetic properties and Curie temperatures well above room temperature [13-15].
However, the integration of these complex oxides into multilayer structures for tunnel junctions has
been rather challenging. Lattice mismatch, structural differences and different optimum growth
conditions between the oxide layers are known issues that hamper the epitaxial growth of
heterostructures. As a consequence, spin-polarisation at room temperature has been reported in
spinel ferrite CoFe,0s-based tunnel junctions [16,17] only with a very low efficiency ~4-8%. The
likely reason for these low values of spin-filtering efficiency at room temperature is the formation of
antiphase boundaries (APBs) in the spinel thin film barrier [18,19], which are detrimental to spin-
filter efficiency as they dramatically affect the electronic and magnetic properties of the spinel
ferrite [20,21]. Such defects are formed due to spinels having a lattice parameter
(@=0.83-0.85 nm) [12], almost double that of the metallic layers (Au, Pt, LaNiOs, La;35r1,3sMn0s) and
substrates conventionally used in spin-filter devices. Achieving high spin-filter efficiencies at room
temperature may therefore be dependent on overcoming structural and chemical defects in ultra-
thin (<5 nm) epitaxial spinel ferrites films to be used in complex oxide heterostructures.

The objective of this thesis is to explore the use of a spinel substrate (MgAl,O,) and a spinel

electrode (LiTi,O4) in fully isostructural all-spinel spin-filter tunnel junctions as a way to reduce APBs.
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LiTiO4 is one of the few conducting spinels that also has superconducting properties (critical

temperature T, ~ 13 K) and, more importantly, its lattice parameter is closely-lattice matched to

those of the spinel ferrites.

The study of LiTi;O4 as potential non-magnetic electrode in all-spinel oxide tunnel junctions will

be presented in this thesis as follows:

1.

An introduction to spintronics and the important role it plays in modern information
technology.

A second chapter reviewing the fundamentals of ferromagnetism, superconductivity,
electron tunnelling process both in normal and superconducting tunnel junctions and
spin-polarised tunnelling.

A third chapter describing the background of spin-filter effect, the related wide range of
materials and the issues hampering high efficiency spin-filtering at room temperature.
LiTi>O4 will be introduced as potential candidate for high efficiency room temperature spin-
filtering in CoFe,0s-based tunnel junctions.

A fourth chapter briefly describing the complex spinel crystal structure and the physical
properties of LiTi,O, and CoFe;0..

A fifth chapter describing the wide range of experimental techniques used throughout the
research carried out for this thesis. Oxide thin films growth, structural analysis, surface
chemical composition, magnetic measurements and transport measurements are among
the techniques described.

A sixth chapter describing the two methods adapted to microfabricate tunnel junctions
and the related experimental techniques.

A seventh chapter reporting an extensive study of the properties of the as-deposited high
quality metallic-superconducting LiTi>O4 and ferromagnetic insulator CoFe,04 thin films
grown on MgAl,O4 substrates. Moreover, the crucially important optimisation growth of
these two spinel oxides in the form of CoFe,0./LiTi,O4 bilayers is described in this chapter.
An eighth chapter presenting the results for LaNiOs/CoFe;04/LiTi,O4 tunnel junctions. More
importantly, transport measurements of the fully isostructural all-spinel oxides
LiTi;04/CoFe,04/LiTi,04 Josephson junction are discussed in detail.

A ninth chapter that includes the conclusions of the thesis and suggestions for future

research.
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Chapter 2. Theory and Fundamentals

The following chapter reviews the phenomenological and microscopic theories of ferromagnetism
and outlines the fundamental theory of superconductivity. Furthermore, the theoretical basics of
spin-polarised electron tunnelling are presented by initially introducing the tunnelling models for a
metal/insulator/metal hetero-structure and for a superconducting tunnel junction. Next, the
phenomena of spin-polarisation and the Julliere’s model for magnetic tunnel junctions are

presented.

2.1 Ferromagnetism

A ferromagnet (F) has a spontaneous magnetisation arising from the alignment in some favourable
direction of the magnetic moments located on the lattice. This ferromagnetic order appears only at
temperatures below a critical temperature, called Curie temperature Tc,ie, and is due to the spin of
the electrons aligning together and becoming correlated over a macroscopically large area: the size
of a magnetic domain. Above T¢ ., the moments are randomly oriented (paramagnet), resulting in
a zero net magnetisation M. The regions separating magnetic domains are called domain walls,
where the magnetisation rotates coherently from the direction in one domain to that in the next
domain. The magnetisation of a ferromagnetic sample tends to lie along certain easy directions, or
easy axes, determined by crystal structure, atomic-scale texture or sample shape. Transition metals

like Fe, Co and Ni are well-known examples of ferromagnets.

2.1.1 Curie-Weiss Law

The susceptibility of a material y is a dimensionless proportionality constant that indicates the

degree of magnetisation of a material in response to an externally applied magnetic field H,:

M= yH,.
(1M
Therefore, there should be a change in the ferromagnetic susceptibility at temperatures above
Tcuie» @S the material becomes paramagnetic. This behaviour of the susceptibility in the

paramagnetic region is given by the Curie-Weiss Law [22]:

c

X =0
T — Teurie (2)

where C is a material-specific Curie constant. This law, which predicts a singularity in the

susceptibility at T¢ye, is derived from the assumption that in addition to any H,, there is an internal
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molecular field H,, responsible for the spontaneous alignment of the electron spins. In a

ferromagnet such a field is proportional to its magnetisation M:

with w being the Weiss constant.
By defining yp as the paramagnetic susceptibility and by considering that H,, is in addition to the

externally magnetic field H,, the induced magnetisation is given by:

M= XP(Hm + Ha) = XP(WM + Ha) . (4)

The magnitude of the magnetisation can be obtained from the previous self-consistent equation,

resulting in:

_ XpHg
1—ypw'

Recalling the Curie law yp, = C/T, the susceptibility of the ferromagnetic material reads:

M _c  C
Hy T—Cw T—Teyie

X:

which is the Curie-Weiss law. The singularity at T¢, appears because, below this temperature,
there can exist a finite M for zero applied field. The Curie-Weiss law describes fairly well the
observed susceptibility variation in the paramagnetic region above the Curie point. Only in the
vicinity of T¢,ie Notable deviations are observed. This due to the fact that strong fluctuations of the
magnetic moments close to the phase transition temperature cannot be described by the Weiss

mean field theory.

2.1.2 Microscopic description of ferromagnetism

The molecular field that Weiss used in his calculation does not really exist, but it is a useful way of
approximating the effect of the quantum mechanical interatomic Coulomb interaction and the
Pauli exclusion principle. In other words, if one considers two electrons, there are two possible
arrangements for the spins of the electrons: either parallel or antiparallel. If they are parallel, the
exclusion principle requires the electrons to remain far apart. If they are antiparallel, the electrons
may come closer together and their wave functions overlap considerably. The exchange interaction
is short range and therefore, only nearest neighbour atoms are responsible for producing the

molecular field. Moreover, according to the Weiss-Curie model the magnitude of the molecular
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(exchange) field must be enormously large (~10° T) to induce a significant spontaneous
magnetisation at room temperature. The origin of these huge fields has been unravelled in 1928
when Heisenberg [23] postulated the quantum relation between the molecular field and the
exchange interaction. The Hamiltonian describing the exchange interaction for two localized spins

s; and s; on adjacent atoms is
Hex = —2]exSi g'j ’ (7)

where J,, is the exchange integral and §; and §; are the two spin operators.

For positive values of J.,, the exchange energy is minimal when there is a parallel alignment
between the two spins, i.e. ferromagnetic alignment. For negative values of J,,, instead, the most
energetic-favourable orientation is for antiparallel spins, i.e. antiferromagnetic (AF) alignment [24].
Also, at temperatures approaching T¢,i the thermal energy kgT (kg is the Boltzmann constant)
overcomes the exchange energy, eventually destroying the magnetic order for higher temperatures

(T > Teyie) [251.

2.1.3 Stoner model

First principles calculation using Equation (7) is not possible for more complex materials.
Ferromagnetism can only be explained by a complex balance of energies, which are strongly
dependent on the band-structure of a given material. Stoner applied Weiss's molecular field idea to
the free-electron gas to give a phenomenological justification for the appearance of

ferromagnetism. In the three-dimensional free-electron model, the density of states (DoS) n(E) is

3
2

where m, is the free electron mass, E the kinetic energy, # is the reduced Planck constant.
In an unpolarised electron gas with N electrons, the number of up (T) and down (1) spins are equal:

2N; = 2N, = N.Thus, the polarisation

Ny — N,

is null. Instead, in a polarised electron gas, N; and N, are not the same and P # 0.
A spontaneous magnetisation necessarily generates a difference between the total kinetic energy

of the up spins and down spins [26], which is:
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(Ny —N))? _ N?p?

A=y T &

where E is the Fermi energy level.
This is balanced by a gain in potential energy A¢ when a spin is flipped due to the exchange

interaction [26]:

NZ
A¢=_%(NT—NL)2=— ZJSPZ, (1

where J; is the potential energy gain caused by reversing a spin, which is the phenomenological
equivalent of the exchange integral /., in Equation (7). Finally, spontaneous ferromagnetism is only
possible when the sum AE + A¢ is negative (i.e. negative total change in energy), which gives a
criterion for spontaneous ferromagnetism linking the Coulomb exchange interaction (J,) and the

DoS at the Fermi level n(Eg):

Jsn(Ep) > 1. (12)

This criterion, called Stoner’s criterion [24,27,28], involving microscopic aspects of exchange,
through the term J,, and the number of participating electrons, through the term n(Eg), is fairly
universal and its dependence on the model under consideration is little. In a ferromagnet the
exchange parameter has to be comparable to the width of the band to observe spontaneous band
splitting. This is why transition metal ferromagnets like Fe, Co and Ni have narrow bands and a peak
inn near Er (Figure 2). Lastly, it can be shown [29] that exchange energy AE,, is related to the

exchange field H,, and the bulk saturation magnetisation M; by the relation:

AE,, = MJH,, . (13)

Figure 2 - lllustration of the energy splitting of the electron spin bands in a ferromagnet due to a Weiss molecular
field.
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2.1.4 Ferromagnetic hysteresis loop
The response of the magnetisation to an external applied magnetic field gives the characteristic of
any ferromagnetic material and has the shape of a hysteresis loop, shown in Figure 3. The applied

field must be comparable in magnitude to the magnetisation in order to trace a hysteresis loop.
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Figure 3 — The M (H) hysteresis loop and the schematic illustration of the evolution of the domain structures of a
ferromagnet. The saturation moment M, the remanent moment M,. and the coercive field H.., are marked on the
loop.

When magnetised from a zero field value, a ferromagnetic material follows a non-linear
magnetisation curve. In an unmagnetised sample, the orientation of the domains cancels out and
there is zero net magnetisation. Conversely, in the presence of an applied field, domains with
magnetisation antiparallel to the applied field tend to switch orientation by moving domains walls,
instead of flipping spontaneously in the direction of the field, as this process is energetically
cheaper. The result is a sharp increase in M until the whole sample is aligned along an easy axis as a
single magnetic domain. For higher applied fields, the moment is pulled away from the easy axis
and aligned with the external field and the magnetisation reaches saturation (M,). The evolution of
the domain structures is illustrated schematically in Figure 3.

If the applied field to a saturated ferromagnet is reduced, the moment relaxes back to the easy
crystallographic axis and the domain remains stable as the field is reduced further, resulting in a
residual magnetisation, or remanent magnetisation M,., at zero applied field. To drive the
magnetisation to zero again, the magnetic field needs to be reversed and increased to a value

known as the coercive field H,,.

2.2 Superconductivity

The superconductivity phenomenon was discovered by Onnes [30] in 1911 by measuring a drop in

electrical resistance of mercury when cooled down below 4.1 K. Later on, this superconductivity
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property of showing zero resistivity below a certain critical temperature T, as shown in Figure 4,

was observed in other materials.

Superconductor

Resistivity

Normal Metal

Temperature

Figure 4 - Temperature dependence of a superconductor compared to a normal metal.

Later on, Meissner [31] found also that superconductors exhibit perfect diamagnetism,
ejecting magnetic field lines from the interior as they approach the superconducting state. In such
regard, two types of superconductors exist. In type | superconductors, the superconducting state
and the Meissner screening only occur at magnetic fields below a critical field H. (Figure 5a). Type Il
superconductors, instead, show perfect diamagnetism only for applied fields lower than a critical
field H.,. For higher fields, vortices arise when the magnetic field starts to penetrate the materials in
the form of quantized flux. This mixed state, along with the superconductivity state, is eventually

suppressed until another higher critical field H, is reached (Figure 5b).
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Figure 5 - Phase diagrams for type | and type Il superconductors. (a) Below its T, and for fields lower than the critcal
field Hz, a type | superconductor completely expels magnetic lines of force from its interior. (b) Type Il
superconductors show two critical magnetic field values, one at the onset of a mixed superconducting and normal
state (H1), and one where superconductivity ceases (H).

2.2.1 Two-fluid model and London theory

The two-fluid theory [32,33] considers the free electrons in a superconductor as two separate fluids.
In this phenomenological model, one fluid is formed by normal electrons, with a DoS#,, and
behave exactly as the electrons in a normal metal: they are affected by impurities and defects

scattering leading to a constant normal density of current J,, in a constant electric field &:
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where

. . . —eT,
v, is the electron mean velocity, i.e. v,, = — £E,
e

7, is the mean time between scattering events,

e is the electron charge.
The other fluid of the two-fluid model consists of superconducting electrons with a DoS 7, which is
non-zero only below T,. These electrons are not scattered while travelling through the ion lattice
and their current density is J;=-n,ev,. Recalling that dv/dt = —e&/m and defining m* as the
electron effective mass, then one obtains the following equation for the superconducting current
density:

2
9]s _mse . (15)
ot m*

At temperatures below T, a superconductor has zero resistivity p thus the electric field must be
zero, according to Ohm’s Law, € = pJ. Hence, the normal current density must be zero and the
superconducting electrons with constant current density J; carry the dissipation-less current.

In order to also describe phenomenogically the Meissner effect in a superconductor, Fritz
and Heinz London, attempted to describe the electrodynamics of a superconductor by adding

restrictions on Maxwell’s equations, obtaining the so called London equations [34]

oH
VXE = ——, (16)
at
o], 1
—=-£, (17)
at A
1
Vx]s=—XH, (18)
and by introducing A = nme*z, the London phenomenological parameter. Recalling the simplified

Maxwell-Ampere’s Law
VXH = pof , (19)
where p, is the vacuum magnetic permeability, Equation (18) can be rewritten as

VX (VxH) = —%H, (20)
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which simplifies to:

The previous differential equation introduces the London penetration depth A, and states that the
only uniform magnetic field (V2H = 0) in a superconductor is the field identically zero (H = 0
everywhere) otherwise H would depend on position. In other words, the Meissner effect is due to
the suppression of the applied external field by an equal but opposite magnetic field generated by
the supercurrent density at the superconductor surface. Moreover, the solution of Equation (21), for

a simple one-dimensional case, is
H(x) = H,e %/, (22)

therefore the London equations imply that an applied magnetic field H,,; decays exponentially

within the superconductor, as shown in Figure 6, over a length scale given by 4,.

I

Figure 6 — The penetration of a magnetic field into a superconducting material.

In a similar manner, London equations lead to a solution for the supercurrent density that has the
same solution as the field, see Equation (21). Thus the supercurrent, which screens the interior of
the superconductor from an external field, runs within a thin layer in a direction perpendicular to

the magnetic field.

2.2.2 Ginzburg-Landau theory

While the London phenomenological theory explains rather well a few aspects of the physics of a
superconductor, it does not provide an explanation for the superconductivity phenomenon or an
explanation for the conduction process at the microscopic level. In 1950 Ginzburg and Landau [35]
considered superconductivity as a phase transition and introduced an order parameter y;, to
describe the phenomenon. Such a parameter was set to be zero for temperatures above the critical

temperature and non-null in the superconducting state:
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~ {0 T>T,
V6L = Vo, (r,T) T<T,"

Moreover, according to this theory, i, should also be related to the density of superconducting

electrons in the London equations:

ns = |lpGL|2 ' (24)

Next, building on the general theory of second order transitions introduced by Landau [36], GL

assumed the free energy density of the superconductor F; to be an expansion in powers of Y, :

B

TS=Tn+a|¢GL|2+E|wGL|4; (25)

where F,, is the free energy density of the normal state. By adding a few constraints such as a slowly
varying |y, | near T, i.e. not taking into account any not-physically possible rapid changes of the
order parameter, and adding also a magnetic vector potential 4 (such that B = VxA) with a proper

gauge, the free energy reads:

B

TS = TTL +a|¢GL|2 +E

[Weol* + =—(—ihV — 2eA)Pg, |2 + -+, 26)

2m*

where a is proportional to (T — T,) and S a finite and positive constant.

Minimising the free energy, Equation (26), with respect to 1;;, the GL equation is obtained:

apey + Ble*Pe, + o (—ihV — 2eA)*;, = 0. (27)

The previous equation resembles a Schrodinger-like equation, with 1, as quantum wavefunction,

from which the GL penetration depth A, and coherence length &, can be estimated:

m*f
_ } 28
/’{GL 4”0@2|a| ) ( )
h2
= |—. (29)
EGL 2m*|a|

The first parameter sets the exponential law to which an external magnetic field decays inside the

superconductor and resembles the penetration depth previously introduced by the London

28



brothers; the latter sets the exponential law according to which small perturbations of

superconducting electrons recover their equilibrium value ¥, .

2.2.3 Bardeen Cooper Schrieffer theory of superconductivity

The first microscopic theory of superconductivity originated from the discovery of the change of the
critical temperature with isotope [37,38], pointing to the fact that there should be an interaction
between the electrons and the lattice of the superconducting materials. Later on, in 1956, Cooper
showed that, in the presence of an attractive interaction, the Fermi sea becomes unstable and that
two electrons of opposite momentum near the Fermi surface tend to pair in a bound state of lower
energy [32,41]. These so-called Cooper pairs act like bosons, which can condense into the same
energy level.

Building on these findings, Bardeen Cooper Schrieffer (BCS) [39,40] postulated, in 1957,
that the basic interaction responsible for superconductivity is an attractive interaction between
electrons generated by an exchange of virtual phonons that can overcome the Coulomb repulsion.
While moving in a superconductor, an electron with, for example, momentum and spin (k,T)
generates a deformation of the nearby positive charges in the lattice. For weak interactions, the
lattice relaxes in a time much slower than the electron moves away, allowing another electron, with
momentum [ and opposite spin |, to be attracted by the potential well, which effectively creates a
coupling between the electrons, as shown in Figure 7a. In the normal state of a metal, electrons
move independently, whereas in the condensed state they are bound into Cooper pairs by the
attractive interaction. In this BCS state, the breaking of one pair changes the energy of the whole
condensate. Thus, the energy needed to break any single pair is related to the energy to break all of
the pairs of the collective state, meaning that there should be an energy gap for single-particle

excitation.
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Figure 7 —(a) Electron-electron interaction mediated by a phonon q which scatters two electrons with (k,, s;) and
(k,,s,) into (ky + q,s;) and (k, — q,s,) in the momentum-spin space. (b) As the receiving states must be free (due
to the Pauli exclusion principle) and as the electron energies must differ by no more than the phonon energy (due to
the BCS assumption), the electron-electron interaction is only possible in a vicinity of hwp, of the Fermi surface.
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The formalism of BCS theory is based on the reduced potential for the attractive interaction

of the electrons. The related interaction Hamiltonian

(b, =L Hipel by, —ky) = Vi, (30)

describes a transition of a Cooper pair with momentum k;, —k, to a state l;, —[;, and is considered
isotropic and constant for energies of the electrons that differ from the Fermi surface by no more

than the highest-energy phonon (hwp) [42] (Figure 7b), while it vanishes elsewhere:

_V |Ek—Ep| Sh(l)D
0 otherwise

Vie = {
here w, is the Debye frequency of the superconducting material and V is positive in order to have
an attractive potential. Applying a variational ansatz for the wavefunction, BCS theory is able to
provide an approximation for the quantum-mechanical many-body state for such a system of
attractively interacting electrons. Further details about the BCS formalism can be found

elsewhere [42].

kN
3

kS

Superconductor Normal Metal

Figure 8 - (a) Normalised energy eigenvalues €, in the normal and superconducting states as function of Ey.. (b) The
density of states near the E in a superconductor, showing the energy gap 24, and in a normal metal at T = 0.

The first major result of BCS theory is that it derived the important theoretical prediction of
the existence of an energy gap and described how the DoS changes on entering the
superconducting state. In particular, it linked the energy E;, of an electron in a state k, measured

from Ep, to the superconducting excitation energy g, according to the following relation:

& = (Ekz + Akz) . (32)
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From this it can be observed that the gap energy A, is the order parameter of the superconducting
phase: the energy is still greater than zero with no kinetic energy, unlike in the normal state
(Figure 8a). At T = 0 all electrons occupy states below the energy gap and a minimum energy of 2A
has to be supplied to produce an excitation across the gap, as shown in Figure 8b.

Using the BCS formalism, the gap A, can be determined by self-consistently solving the following

equation [42,44]:

AV,
A, = — Vi _ -
U (EC+02)

In the weak-coupling limit of BCS theory, A, is momentum independent (s-wave symmetry)
meaning that A, = A. Moreover, from statistical averaging [44] of the BCS equations, it can also be

shown that the temperature dependence of A(T) near T, for a weakly coupled superconductor is

A(T) ’ T
) ~ __ 34
20) 1.74 |1 T (34)

Many experiments have been designed to test this temperature dependence of the energy gap

given by:

(Figure 8) and it has been found that the so-called universal BCS relation Ay /kgT, =~ 1.764 is valid
for most superconducting materials [45]. Other materials, such as Al, deviate from the predictions of

BCS, and therefore may not be considered conventional superconductors.

1.76

1.5¢
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Figure 9 - Temperature dependence of the energy gap A(T) according to the BCS theory.

The coherence length, first introduced in the GL theory, can now be understood in BCS
theory as the distance between the two electrons of a Cooper pair [43] and, at T = 0, is related to

the energy gap according to:
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hvg

$o T (35)

where v is the Fermi velocity and &, is the intrinsic coherence length, which is temperature-
independent and valid in the clean limit only, i.e. when the electron mean free path A;,zp is larger
than &,. Conversely, Gor'’kov showed that in the dirty limit (A;yzp < &), the superconductor

coherence length becomes [46]:

£, = 0.85y%, Aarp - (36)

In conclusion, BCS allows describing microscopically what occurs in the lattice and Fermi
system and has been verified by tunnelling experiments (see section 2.4). The theory has anyhow

drawbacks as it best approximates only conventional weakly coupled superconductors.

2.3 Electron tunnelling process

Electron tunnelling is a fundamental phenomenon in quantum mechanics describing an electron
particle with finite kinetic energy E overcoming a potential barrier ¢ > E. While for classic physics
theory this process would not be possible, at the quantum scale the electron has a finite probability

to tunnel through the potential barrier due to its wavelike nature.

VA AN s~
VUV

«—t —|
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E> ]E<¢\ ]E>¢\

Figure 10 — Quantum tunnelling through a barrier with finite thickness t.

In detail, the evanescent states of an electron wave incident with energy E on a step potential with
height ¢ have a finite probability of emerging on the other side of the barrier, as shown in Figure
10. Such transmission probability T is related to the barrier thickness t and to the difference

between the electron’s energy and that of the potential barrier as follows [47]:
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T(E) « exp [—%JZme(d) - E)] . (37)

Thus, for higher barrier thickness and barrier height, the transmission probability decreases
exponentially.

Applying a bias voltage V to a normal metal/insulator/normal metal (NIN) trilayer structure,
also called tunnel junction, is a representative implementation of the tunnelling process. Due to the
difference in resistance between the metal electrodes and the insulating barrier, the Fermi energy
Er of one electrode is raised by eV compared to the other. Thus, electrons near E. of the high
energy-electrode tunnel elastically across the barrier into lower energy electrode, as shown in

Figure 11.

t

N

Insulator
>

0 X

Figure 11 - Band diagram for a normal metal-insulator-normal metal junction with applied bias eV. Shaded blue
areas represent filled states, open areas are empty states, and the yellow area represents the forbidden gap in the
insulator.

The tunnelling process can be considered as a perturbation, as suggested by Bardeen [48], and thus

the Hamiltonian H of a tunnel junction can be decomposed in three independent Hamiltonians

H=H, +H e+ Hp, (38)

being  ; and H g the Hamiltonians of the independent left and right electrodes, and H; being
the tunnelling perturbation. Second quantization of the tunnelling Hamiltonian provides the
probability for an electron particle to transfer from a state to the left |L) electrode to a state to the
right |R) electrode by a tunnel process and corresponds to the matrix element
M = (R|#;|L) [49,50]. According to Fermi’'s Golden Rule [51], the tunnelling rate per unit of time

of electrons I, ,; with a certain energy E transmitted from the right to left electrode is:
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T g = N (EDnR(ER)IMIZF(ED[1 — f(ER], (39)

where
n.(EL) is the DoS at a certain energy E; of the right electrode,

nr(ER) is the DoS at a certain energy Ej, of the right electrode,

-1

f(E) is the Fermi-Dirac function f(E) = [1 + exp (E - EF/kBT)]

Equation (39) includes the probability that the states in the left electrode are occupied, f(E), and
that the states in the right electrode are empty, 1 — f(E), in order to impose that electrons on one
side of the barrier must have empty states to tunnel into on the other side of the barrier.

Under the application of a voltage V between the two electrodes, the tunnelling current flowing
across a tunnel junction from left to right I,z, according to the energy reference shown in

Figure 11, is:

g = J-T)L(E)nR(E — eV)IMI?f(E)[1 - f(E — eV)] dE . (40)

Similarly, the tunnelling current from the right electrode to the left electrode I_,; can be written as:

e = [ 108 = eV BYMIF (8 = e[t — ()] E @1)

The net tunnelling current I between the electrodes is the difference between left- and right-going

currents is:

I=1_pg— Iz, = J-UL(E)UR(E - eV)|M|2[f(E) — f(E —eV)]dE. (42)

Equation (42) can be simplified by employing several more or less sophisticated models. In
particular, for low bias voltages (eV « Ep) the transmission matrix and the densities of states can
be considered to be constants along the range of energy in the integration [48]. In addition, in the

limit of zero temperature, the factor [f(E) — f(E + eV)] can be replaced by a Dirac delta function

[F(E)— f(E +eV)] = —eV GJ;(EE') = —eV§(Er), (43)

thus, Equation (42) for the net current reduces to:
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(V) < IM2n, (Ep)ng(ER)V . (44)

This relation implies that the tunnelling current is dominated only by electrons near E and that, in
the limit of low bias voltage [47], the conductance dI/dV is proportional to the product of the

densities of states at E in two metal electrodes:

dl
W X |M|277L(EF)77R(EF) . (45)

A bias-dependent tunnel current density / (V) analytical solution for a NIN tunnel junction can be
obtained using the Wentzel-Kramers-Brillouin (WKB) approximation [52]. An average barrier height
¢ approximates the rectangular barrier making the calculation of the transmission probability

easier. The solution reads:

Lo+ eV _ eV _ eV _ eV
](V)_t_z (¢—7)exp —At ¢—7 —(¢+7)exp —At ¢+7 , (46)

8me
h2z °

where the two constants J, and A are, respectively, ﬁ and

ForeV < ¢, i.e.in the tunnelling regime, the tunnelling current density can be expanded in a power

series as [471:
JWV)~ aV + pV3+ -, (47)

and hence, the shape of a conductance curve G(V) = dI/dV for NIN tunnel junction in low bias
voltage regime is parabolic. This model, proposed by Simmons [53], is generally applicable to
symmetric junctions where the conductance curve is symmetric around V = 0, whereas usually the
barrier are mostly asymmetric due to the different growth conditions at the metal/insulator and
insulator/metal interfaces. Brinkman, Dynes and Rowell (BDR) [54] modified the previous model by
introducing an additional parameter, the barrier asymmetry A¢p = ¢ — ¢p,, accounting for the

asymmetry in the barrier, and thus modifying the tunnel current density as follows:

~ AyAd 942
J(V) =G, [V - < 165 ) (eV)* + <T8¢_)) (€V)3] , (48)

where G, = 3.16x10° \/¢pexp (—1.025./¢ )/t and 4, = 4v2mt/3h.
0
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Though these two models ignore important effects on the tunnelling current of pinholes and
defects in the barrier, which are often present in tunnel junctions, effective barrier height and

thickness can be estimated with reasonable accuracy by a fitting of the experimental data.

2.4 Superconducting tunnel junctions

The first experimental observations of electron tunnelling in junctions were carried between two
semiconductors by Esaki in 1957 [55] and between two metals by Giaever in 1960 [56]. Later on,
tunnelling measurements were carried out between a normal metal and a superconductor. The
current-voltage (V) characteristics of Al,0s-based tunnel junction with Al and Pb electrodes
showed a change from a linear to a non-linear behaviour when the Pb layer was brought into its
superconducting state [56,57]. The tunnelling current was remarkably reduced at low voltage bias.
Moreover, the conductance curves displayed a clear resemblance with the BCS theory for the

quasiparticle DoS in a superconductor (Figure 12).
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Figure 12 - First tunnelling experiment in a Al/Al;O3/Pb tunnel junction measured by Giaever [57]. Zero applied field
(Ho=0) d1/dV curve at 1.6 K clearly shows the presence of the BCS energy gap at low voltage bias. Inset, I(V) curves
for Ha=0to 0.27 T, showing the SC transition in the Pb layer.

This experiment was the first direct observation of the energy gap in the superconductor and
provided strong confirmation of the BCS theory. This pioneering work also confirmed the
importance of the electrode/barrier couple, i.e. not to the individual bulk properties, and that the
tunnelling properties of any tunnel junction are dominated by the local DOS at the
electrode/barrier interface [58], where the electrode may be a normal metal or a superconductor, as

anticipated in the previous section of this chapter.

2.4.1 Superconductor-insulator-normal metal junctions

According to the BCS theory, see section 2.2.3, the DoS of quasiparticles in the superconducting

statengatT = 0is

36



E
_ E| > A
Bs = E2 — A2 for|El= , (49)

™o for |E] < A

therefore, no tunnelling current can occur across a thin insulating barrier from a normal metal
electrode to a superconductor electrode if the applied bias voltage is less than the energy gap. This
is because there are no available states in the superconductor, as shown in Figure 13a, for the
electrons to tunnel into and therefore the tunnelling probability is zero. In this
superconductor/insulator/normal metal SIN junction, a current can only tunnel across the barrier
when the applied bias reaches the value of £A. Thus, the absence of current at small values of
applied bias is an experimental proof of the existence of a gap in the DoS of a superconductor
(Figure 13b). At higher temperatures, but still lower than T, a tunnelling current can be measured at
small voltages due to electrons thermal excitations. The gap completely vanishes at temperature

above T, and the I — V curve resembles the one of a NIN junction.

a T=0 b | A
0<T<T,

-Ale T=0
E +40/e

1
Y

Figure 13 — (a) Energy band diagram atT = 0 of a superconductor/insulator/normal metal tunnel junction with
applied voltage V. (b) Tunnelling I(V) characteristics in a superconductor/insulator/normal metal tunnel junction at
different temperatures.

The tunnelling rate in such a junction will be, as shown in Equation (39) for a NIN junction, the
convolution of the DoSs of the normal metal and of the superconductor. In good approximation, n,,
is constant around E on an interval relevant for superconductivity, thus the experimental dI/dV

behaviour, shown in Figure 14, will resemble the DoS of the superconductor according to:

dl Of (E +eV
W‘x J-ns(E) [_%] dE E775(EF)- (50)
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Figure 14 - Normalised differential  tunnelling conductance dI/dV curve for a generic
superconductor/insulator/normal metal tunnel junction resembling the DoS of the superconductor with an energy

gap A.

In Giaever first SIN measurement and in many other experiments, the coherence peaks at
+A/e do not appear perfectly sharp as shown in Figure 14 but instead are broadened and are of
finite width. The origin of this deviation from the perfect case can be manifold, such as a finite
lifetime of the Cooper pairs due to scattering at surfaces or spin-orbit effects in heavy
superconductors. Often, a phenomenological smearing parameter I can be used to smooth the
gap-related structures in the ng. This parameter accounts for the lifetime broadening of the

quasiparticles [59] and modifies 7 as follows:

E—ir

f /(E — )2 — A2

here the Dynes parameter I" is defined as " = h/Te, where where 7, is the lifetime of the

ns(E,I') = Re dk]|, (51)

quasiparticle. Figure 15 displays the modified differential tunnelling conductance dI/dV for
different values of I'. It can be clearly seen that I' not only broadens the quasiparticle excitation

peaks but also reduces their amplitude.
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Figure 15 - Calculated differential tunnelling conductance dI/dV normalised to the superconducting gap as a
function of the lifetime parameter I' using Equation (51) for a superconductor/insulator/normal metal junction.
For I'=0 the ideal sharp BCS DOS without any states in the superconducting gap is obtained. Non-zero I" values
smear the DOS around the gap edges and produces finite amount of states in the superconducting gap.

2.4.2 Superconductor-insulator-superconductor metal junctions

In the previous section, the current-voltage characteristic of a tunnel junction with a
superconducting electrode was investigated in terms of the band model for the quasi-particles in
the two electrodes. In the following, the same approach is applied to tunnel junctions with two

superconducting electrodes (SIS) junction.
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Figure 16 - (a) Energy band diagram atT = 0 of a SIS tunnel junction with applied voltage V. (b) Tunnelling I(V)
characteristics in a SIS junction at different temperatures. (c) Calculated differential tunnelling conductance dI/dV
normalised to the superconducting gap for a superconductor/insulator/superconductor metal junction (with
no Cooper pair tunnelling).

Figure 16a shows the corresponding band model at T = 0 when a positive voltage is
applied. Also in this case, tunnelling can take place at any energy, but only if the electrons in one
electrode have allowed and free states at their energy to tunnel to in the other electrode. Therefore,
in a SIS junction electrons can tunnel from one side to the other only for applied voltages higher
than V > 2A/e and, due to the high density of states at the band edge, the current starts suddenly,
as shown in the I — V depicted in Figure 16b, with the abrupt increase in current at energy gap

voltage 2A/e. For voltages applied below this threshold, the current is strictly zero. At finite
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temperatures, there is some current that flows in this subgap region due to the thermal
quasiparticles.

The current flowing in a SIS junction may be calculated using yet again Equation (42) and by
integrating the DoS in the two electrodes and by taking into account the occupied and unoccupied

states in each electrodes according to the Fermi distribution:

1 [ 1B = Vo (BIA(E — o) — (BN
(52)

- [ 2 - en - flE
JE—en)?— a2 JE2—nZ " ? '

In the case of two different superconducting electrodes (SIS’), there exist two distinct features in the
I —V curve when the bias voltage is equal to the sum and difference of the two gaps. For an
applied voltage eV = A; — A,, as the singularities in DoS in the two superconductors align, there is
a peak in the subgap, and foreV = A; + A, the tunnel current increases sharply. When the bias
voltage is much greater than the sum of the two gaps (eV > A; + A,) the superconducting DoS
approaches its value in the normal state, and the differential resistance becomes ohmic.

The I — V characteristic described thus far in a SIS junction is related to the quasiparticles
tunnelling across the junction. In 1962, Josephson theoretically predicted that in a superconducting
junction with a thin enough insulating barrier, a dissipationless tunnel current can flow across the
device. The current is entirely carried by Cooper pairs and is described by the Josephson [60]

equations:

I = I.sin(¢p) (53)
Op _2¢V (54)
ot n’

where [, is the critical current and ¢ the phase difference ¢ = 6, — 6, between the macroscopic
BCS wave functions describing the superconducting electrodes, as introduced in section 2.2.3.
Equation (54) suggests that if a finite direct current (DC) voltage V were applied, the phase
difference would not remain constant and, as a consequence, an alternating current (AC) with
frequency w; = 2eV /h would flow. The appearance of the Josephson critical current is not only
restricted to superconducting tunnel junction, but it occurs in a variety of cases whenever two
superconductors are separated by a weak-link, which can be an insulating region, a normal metal or
a short, narrow constriction. I, is therefore an important phenomenological parameter of the device
and can be affected by temperature as well as by an applied magnetic field. Its maximum value is

related to A(T) and to R,,, the normal state resistance of the tunnel junction [61], by:
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I.(T) = gﬂtanh <A(T)) ,

eR, 2kgT
which for low temperatures (T < T,), as the gap becomes independent on temperature, reduces to:

mA
I, = .
2eR,

An external magnetic field H,, penetrating the tunnel junction parallel to the barrier plane and
perpendicular to the direction of I, generates a spatial modulation of the phase difference and
consequently influences the maximum I.. The phase difference along the tunnel junction axis

(x-axis) as a function of the magnetic field is found to be:

2et’
(p’=THax+<p, (57)

wheret’ =t + 24, , t the thickness of the barrier plus the London penetration depth on both sides

of the barrier. Thus, the current density reads:

r

2et
J =]J:sin <T H,x + (p) . (58)

The magnetic field dependence of the total maximum critical current flowing across the tunnel

junction is obtained by an integration with respect to x:

sin (7T %)

, (59)
n %)

I(¢) = 1.(0)

where ® =t'LH, the magnetic flux in the tunnel junction of lateral size L, and
®,=h/2e =~ 2.07x10"° Wb the elementary quantum of magnetic flux. In Figure 17, the critical
current I.(¢) is represented as a function of the magnetic flux and shows close resemblance to the
Fraunhofer pattern for a single-slit diffraction of waves. The roots of I.(¢) are located at each
integral multiple of ¢,. With a sufficiently strong magnetic field the Josephson current and hence

the Josephson effect as a whole can be suppressed.
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Figure 17 — Fraunhofer pattern for the critical current dependence on the magnetic flux.

2.5 Spin-polarisation

Derived by Paul Dirac in 1928 [62], the intrinsic angular momentum, spin, carried by elementary
particles is another essential aspect arising from the relativistic quantum mechanics.

As anticipated in section 1 of this chapter, in normal metals (paramagnetic materials) the DoS of
spin-up and spin-down are equal because of Pauli's exclusion principle (Figure 18a). Instead, in a
ferromagnetic material the DoS at the Fermi level is different for the up-spin and down-spin sub-
bands, n,(Er) # 1n1(Eg), due to the intrinsic exchange splitting 24A,, (Figure 18b) generated by the

spontaneous magnetisation of the magnetic material.
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Figure 18 - A free electron density of states diagram characteristic of a nonmagnetic metal N and of a ferromagnet F.

The electrical current ] in a ferromagnet, according to the “two current model” deduced by
Mott in 1936 [63], is the sum of spin-up and spin-down partial currents, J; and J,. Therefore, an

electrical current flowing in a ferromagnetic material has a net spin-polarisation

=1
P=—=%#0. 60
]T+]l¢ (60)
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Generally, the degree of spin-polarisation is limited to about 50% in conventional ferromagnetic
elements and alloy materials. It can reach higher values in a special set of materials called half-
metallic ferromagnets, which by definition have only one spin sub-band that crosses the Fermi
level. These materials can thus lead to nearly 100% spin-polarisation [64].

As it will be discussed later on, Tedrow and Meservey [65] defined P also as the degree of DoS

asymmetry between the two spins subbands:

_ m(Eg) —n,(Er)
m(Ep) +m(Ep)

It can be easily understood from Figure 18a that P = 0 for a normal metal, essentially due to the
equal occupancy of its spin-up and spin-down states, while the net magnetisation in a ferromagnet
ensures that 0 < P < 1 as depicted in Figure 18b. This had a profound implication in the
integration of ferromagnetic materials in tunnel junctions and has lead to a new research field of

spin-polarised tunnelling.

2.6 Magnetic tunnel junctions

The integration of ferromagnetic materials, whether as magnetic conducting electrodes or as
magnetic insulating barrier in tunnel junctions, opens up an entire new way of seeing the
tunnelling process. The conduction of the electrons will now be dependent on the magnetic
configuration of the magnetic layers and thus the current may be polarised. For example, the
tunnelling current in MTJs is dependent on the relative orientation of the magnetisations of the F
layers and gives rise to the TMR phenomenon.

In 1975 Julliére first proposed a simple analytical model for tunnelling between ferromagnets [6]
and defined TMR as the difference in conductance (resistance) between parallel G, (Rp) and
antiparallel G,p (R,p) magnetisation states of the electrode, normalised by the antiparallel

conductance:

TMR = 24P _ . (62)

In this model, Julliére assumed spin conservation during the tunnelling process and tunnelling only
occurring between bands of the same spin orientation. In other words, tunnelling happens to an
empty up (down) spin band in one electrode from a filled-up (down) spin in the other. A schematic

representation is shown in Figure 19 for both parallel and antiparallel configurations.
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Figure 19 — Schematic representation of the Julliére’s model for spin-polarised tunnelling in the (a) parallel and (b)
antiparallel state.

With these assumptions, the total current flowing across the junction for parallel and antiparallel

configurations can be assumed to be the sum of two spin channels currents:

I = I} +1} (63)

Iyp = I/{P + I/{P . (64)

Recalling Equation (45), which links the tunnel conductivity to the product of the DoS, the

conductivity of the parallel state G is:

dI
(W) = Gp < N (Ep)np(Ep) + L (Epng(Er) (65)
P

while for the antiparallel state, G4p is:

dl

(W) = Gap < N (EpNg (Ep) + i (Epnk (Ep) . (66)
AP

Using Equation (66) to define the tunnelling spin-polarisation in the left P, and right Py

ferromagnetic electrode, the conductances can be rewritten as follows:

Gpx (1+P)A+P)+(1—=P)A—P) x (14 P,Pg), (67)

Gup x (1+P )1 —-P)+(1—-P)A+Pg)x(1—P,Pg). (68)
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Then, according to Equation (62), the TMR ratio of a magnetic tunnel junction is

Julliére’s model therefore implied that using F electrodes with the highest possible P at room
temperature would maximise TMR. The first experimental confirmation of Julliére’s model came
almost 20 years later. Al,O-based MTJs with two polycrystalline transition metal electrodes (Co,
CoFe, NiFe) showed the first room temperature TMR (~10%) [7]. Since this discovery, there have
been an enormous number of experimental and theoretical investigations on TMR, mostly to
achieve defect-free interfaces between the barrier and the electrodes, to reduce pinholes in the
barrier and to develop proper patterning method to reduce the junction dimensions down to the
sub-micron scale. In addition, to achieve independent switching (i.e. two distinct P and AP magnetic
states) the F electrodes must be carefully chosen according to their magnetic properties. Usually
this is done by using two F electrodes with appropriately different coercive fields, or by pinning one
of the electrodes with an AF pinning layer via exchange coupling [66]. Nowadays, thanks to the
improvements in all these fields, reported TMR values are as high as 470% at room temperature and
800% at 5K[8]. These are obtained thanks to fully epitaxially MgO-based MTJs grown on CoFeB
electrodes and also due to the fact that the band symmetry of Fe/MgO, theoretically predicted by

Butler [67], contributes to the production of very highly spin-polarised tunnelling currents.
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Chapter 3. Spin-filter effect

The next chapter provides an overview of the spin-filter effect. Firstly, the theoretical fundamentals
are presented. The central part of the chapter focuses on the various methods used to demonstrate
this effect and gives an overview on the wide range of Fl materials used for spin-filtering, from the
first experiments on Eu-chalcogenides to the latest on spinel ferrites oxide. Regarding the latter, a
description of the antiphase boundaries formation during their growth and their role in limiting
high efficiency at room temperature is presented. In conclusion, it is introduced the potential of
LiTi>O4 as electrode in all-spinel CoFe;04-based tunnel junction for the generation of highly spin-

polarised currents at room temperature.

3.1 Spin-filter theory

Although the advancements in TMR have been outstanding and its leading role in data storage
technology is more and more consolidated, it was clear since its discovery that P in MTJs would be
limited by the maximum degree of spin-polarisation of 50% in conventional F transition metals and
alloys. A solution is to adopt half-metallic ferromagnetic materials but they are by design quite
difficult to achieve. In fact, to date high TMR ratios have been achieved in half-metallic
ferromagnetic electrodes, such as CrO,, Lao;SresMnOs and FesO., but they vanish quickly with
increasing temperature [68,69].

An entirely different and very promising way to polarise a charge tunnel current is to take
advantage of the spin-selective tunnelling through a FlI barrier. In this device the barrier is
responsible for the polarisation of the charge current from the normal electrodes. On the contrary,
in conventional MTJs the thin nonmagnetic insulating barrier acts only as a decoupler of the
magnetic moments of the ferromagnetic electrodes and the TMR response arises from the related

imbalance of the DoS for spin-up and spin-down electrons.
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Figure 20 - (a) Schematic illustration and (b) band diagram of a spin-filter tunnel junction below T¢,;c showing the
spin splitting of the conduction band of the Fl barrier.
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At temperatures below the ferromagnetic transition temperature of a Fl, the conduction band is
spin split due to the exchange energy 2A,,, as shown in Figure 20a. Thus, two different barrier

heights exist for spin-down and spin-up electrons:

¢T,l = ¢0 t ZAex ’ (70)

where ¢, is the average paramagnetic barrier height at temperature above T¢ic-
Recalling from chapter 2 that the tunnelling probability depends exponentially on barrier height,

the two spin currents for a given barrier of thickness t are:

Iy « exp(=t\[éy,) . (71)

Due to this exponential barrier height-dependence of the tunnelling current a very high spin-
polarised current can be achieved in a metal/FI/metal tunnel junction where the electrodes are
nonmagnetic, shown in Figure 20b. This phenomenon of generating polarised currents is called
spin-filter effect. In contrast to MTJs, the polarisation occurring in a spin-filter device is not
determined by the DoSs at the Fermi energy of the ferromagnetic electrodes but only on the
magnetic properties and thickness of the Fl barrier. Moreover, even a modest exchange splitting of

the spin-up and spin-down barrier heights can yield a high polarisation:

L—-1
_1T+Il

~100% . (72)

3.2 Spin-filter tunnel junctions

The first indirect evidence of the spin-filter effect emerged from the transport measurements on
EuS and EuSe films by Esaki [70]. For direct measurements of the current polarisation resulting from
the spin-filter effect, one of the non-magnetic electrodes of the junction needs to be replaced by
one that provides spin analysing capabilities. The first direct measurement of the degree of spin-
polarisation from spin-filtering was performed at low temperature by exploiting the pioneering
spin-polarised electron tunnelling experiments of Tedrow and Meservey (TM), based on the use of
superconducting Al as spin-analyser electrode [4,5], as shown in Figure 21a. In the following years,
quasi-magnetic tunnel junctions were used to determine the effectiveness of a spin-filter material
by measuring the TMR arising from the different magnetisation orientations between the Fl barrier
and a FM electrode that replaced the top non-magnetic electrode of a spin-filter device (Figure
21b). This method allowed to overcome the low temperature restriction of the TM method, and to
determine whether spin-polarisation could occur at higher temperatures in a whole different range

of Fl materials with higher Tce.
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Figure 21 — To directly measure the spin-polarisation arising from the spin-filter effect the non-magnetic top
electrode of a spin-filter tunnel junction is replaced (a) by a superconducting electrode or (b) by a ferromagnetic
electrode magnetically decoupled from the Fl barrier.

3.2.1 Tedrow-Meservey method

Following the ground breaking work of Giaever on SIN tunnel junctions, described earlier in chapter
2, TM demonstrated that the tunnelling current from a ferromagnetic metal electrode through an
insulating AlOy barrier is spin-polarised [4,5]. This was possible by exploiting the Zeeman-split DoSs
of an Al superconductor, which acted as spin detector for the tunnel current from the ferromagnetic

electrode.

Conductance (arb. units)

V (eV/4)

Figure 22 — Conductance d1/dV curves versus bias voltage for F/I/S tunnel junctions as measured by the TM
technique. (a) The blue and red dotted lines indicate the deconvoluted spin-up and spin-down DoS respectively. The
black curve corresponds to the total conductance and is symmetric, indicating that P = 0. (b) d1/dV in an applied
field when a FM metal is used as the current source. Here, the spin-up DoS is visibly greater than the spin-down DoS
resulting in an asymmetric curve and P # 0. Adapted from [5].

When a magnetic field is applied parallel to the plane of the films, the quasiparticle energies of the
superconductor are shifted by +2pzH,. The quasiparticle states with magnetic moments parallel to

the magnetic field are lowered in energy by —pgH,, and those that are antiparallel are raised by
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+ugH, (Figure 22a). Thus, if this Zeeman splitting is achieved, the DoS in a superconductor is spin-
dependent, allowing it to act as spin detector. The conductance of the Ni/Al,Os/Al tunnel junctions
analysed by TM were visibly asymmetric as consequence of the different spin-up and spin-down
DoSs at the Fermi surface of the Ni electrode modifying the height of the coherence peaks in the
dI/dV curve (shown in Figure 22b). The value of the effective carrier P in the ferromagnet at E may
therefore be reasonably estimated using the following relationship between the heights of the

inner peaks (as shown in Figure 22b) o, and a5 [5]:

n(Er) — 0, (Ep) 02703

P(E:) = ~ )
F m(Ep) +n,(Ep) 03 + 03

The TM method for detecting the polarisation of the current with a superconductor has a
few requirements. Firstly, the thickness of the superconducting film should be sufficiently thin to
avoid any orbital screening currents suppressing the polarisation/electron spin interaction with the
magnetic field, i.e. the Zeeman splitting of the quasiparticle states in the superconductor. Moreover,
the H, of the superconductor should be large enough so that the high fields needed to observe the
splitting do not affect the superconducting state at temperature below T,. Another requirement is
that element with low spin-orbit scattering (i.e. low atomic number) should be used to avoid spin
scattering events in the superconductor. These are the reasons why Al has been a perfect candidate
for this purpose: a light element with a H, of ~5 T for thickness of 4-5 nm.

Although Equation (73) provides only an estimation of P, as an accurate determination would
require taking into account also spin-orbit scattering in the superconductor, other TM
measurements with different F electrodes (Fe, Co and Gd) produced similar results, thus proving the

effectiveness of the method [5].

3.2.2 Quasi-magnetic tunnel junctions

Though the TM technique described in the previous section is a useful technique for spintronics
systems, it is restricted to temperatures below the T, of the superconductor, i.e. well below room
temperature. Thus, to overcome such a limitation, one could take advantage of the exchange-split
DoSs of a ferromagnetic electrode, rather than the Zeeman-split DoSs in a superconductor, to
perform spin analysing measurements in a spin-filter tunnel junction. The tunnelling current in this
quasi-magnetic tunnel junction (QMTJ) will be dependent on the relative magnetisation of the Fl
insulating barrier and of the F electrode, giving rise to the TMR effect, see Figure 23. In a QMTJ the
parallel state leads to a high tunnel conductance (low resistance) as the number of electrons with
non-filtered spin orientation have a large number of available spin-states in the receiving F
electrode. Conversely, in the antiparallel state, the tunnelling of such electrons is limited due to the

lower availability of spin states in the receiving F electrode (high resistance). By recalling
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Equation (69) from Julliére’s model for TMR, the degree of spin-polarisation arising from a spin-filter

Pgp can be estimated according to

Rap —Rp  2PpPsp

TMR = = )
RP l_PFPSF

where Py is the known polarisation of the ferromagnetic electrode used in a QMTJ.

As for conventional MTJs, TMR can be observed to quantify Ps; only if the switching is independent
and with well-separated coercivities. Indeed, adding a non-magnetic insulating layer to act as a
decoupler prevents magnetic coupling between the spin-filter barrier and the F electrode.
Oppositely, QMTJ has a different bias dependence than a conventional MTJ, in which the TMR
increases with bias up to a certain value and then decreases for higher bias applied, due to the spin-

split conduction band of the Fl barrier [71].
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Figure 23 — Band diagram of a quasi-magnetic tunnel junction in the (a) parallel state and (b) antiparallel state.

3.2.3 Temperature dependent transport measurement

An indirect but reliable way of estimating the spin-polarisation arising from a spin-filter device is
based on the clear decrease of the junction resistance R; usually observed when cooled below
Tcuries due to the lowering of the barrier height. In particular, R; of a spin-filter tunnel junction, at
temperatures above the T¢ . of the Fl, shows the typical behaviour of a semiconducting barrier,
that is an exponential increase with decreasing temperature. However, when the temperatures falls
below T¢ e, Rj decreases due to the exchange splitting of the conduction band that leads to the
temperature-dependent reduction of the barrier height for one spin direction [72]. A typical R;

curve for a spin-filter tunnel junction is depicted in Figure 24.
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Figure 24 — The red curve show the typical behaviour of the junction resistance versus temperature for a spin-filter
tunnel junction (schematically shown in the inset). The blue-dotted curve is the fitted temperature dependence in the
high temperature range.

Recalling that G o« exp(,/¢) in the framework of the WKB approximation (see chapter 2),
the spin-dependent barrier lowering leads different contributions of spin-up G; and spin-down G,
to the total conductance G [65,72]. The Psz of a spin-filter device can be estimated, after

simplifications, by:

G — G
Psp =
G + Gy

G
| ~ tanh [cosh‘1 (%)], (75)

where Ggp is the measured experimental value below T, and G is the conductance in the
absence of exchange splitting. The latter can be extrapolated from the temperature dependence of

R; in the high temperature (T > T¢) regime, as shown in Figure 24.

3.3 Spin-filter materials

3.3.1 Europium chalcogenides
Following Esaki’s indirect evidence of spin-filtering in transport measurements on EuS and
EuSe [70], the spin-polarisation arising from spin-filtering in Eu chalcogenide tunnel barriers was
directly measured via TM technique. The general structure of these junctions were Al/EuX/M, where
M= Al, Au, Ag or Y, and X= Se, S or O. The barriers were usually 1-4nm thick and the
superconducting Al electrode usually 4.2 nm thick.

The first demonstration was carried in EuS-based junctions by Moodera et al. in 1988 [73].
The Tcyrie Of EUS is 17 K, while the band gap and the exchange splitting are 1.65 eV and 0.36 eV,
respectively. The conductance curves measured at 0.4 K, below the critical temperature of the
superconducting Al electrode (~2.7 K), showed a SC gap-like behaviour with the four peaks arising
from the Zeeman splitting of the quasiparticle DoS (Figure 25). The effect was observed even at zero
applied field and, because the electrodes are not F, and thus are not spins sources, the large

measured polarisation (P=80%) is clearly arising from the spin-filtering of the Fl barrier.
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Figure 25 — Dynamic conductance of an Au/EuS/Al tunnel junction at 0.4 K measured at different applied magnetic
fields. The amount of Zeeman splitting and the spin orientation of the Zeeman split DoS (coloured arrows) are
indicated for the 0.07 T curve. The polarisation estimated P was 80%+5%. Adapted from [73].

The high polarisation achieved prompted LeClair et al. to integrate EuS in QMTlJs. The experiments
demonstrated a TMR ratio of nearly ~100% at 2K [74]. The F electrode used to analyse the spin-
polarisation was Gd, while the non-magnetic electrode was Al. Figure 26 shows the two distinct
switching observed: the one at low fields, due to the magnetisation reversal of the EuS; and the one
at higher fields, which corresponds to the change in magnetisation orientation of Gd. Note also that
above the T of EuS (16 K), TMR was absent. The Py obtained of nearly 90% was in line with the
results obtained by TM technique. Later on, Nagahama et al. [75] added a decoupling layer (AlO,)
between the FI and the F electrode in order to avoid any exchange coupling between the two
magnetic materials. Their Al/EuS/AIO,/Co tunnel junctions were effectively decoupled and provided

more robust and reproducible TMR measurements.
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Figure 26 - (a) TMR as a function of magnetic field at 2K and (b) at 7 K and at 30K for an Al/EuS/Gd QMTJ. For
temperatures below the Tc,e of the Fl, two distinct switching can be seen. Adapted from [74].

Another Eu-based material used as spin-filter material is EuSe. It has the peculiar property

of having a transition from an antiferromagnetic state, at zero field, into a ferromagnetic state, at
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high field [76]. Thus, when integrated in a TM-like tunnel junction, at zero field no Zeeman splitting
is observed and the conductance curve is symmetric about zero bias. For higher fields, the splitting
is clearly visible and increasing with field due to the fact that EuSe enters in the ferromagnetic state
and its exchange splitting increases. Consequently, also the polarisation increases. This behaviour
was observed by Moodera et al. in Ag/EuSe/Al tunnel junctions [77], see Figure 27. The estimated
polarisation value was as high as (97+3)%, which is in agreement with the presence of only the spin-
up peaks in the dI/dV curves as there is nearly zero conductance in the spin-down DoS.

In all the Eu-chalcogenides-based spin-filter tunnel junctions described thus far, the clear decrease
of the junction resistance, due to the lowering of the barrier height at temperatures below T, of

the Fl, was observed (Figure 27b).
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Figure 27 - (a) Dynamic conductance of a Ag/EuSe/Al tunnel junction at 0.4 K measured at different applied
magpnetic fields showing Zeeman splitting at fields higher than zero. (b) Polarisation and junction resistance as a
function of applied field for the same junction. Adapted from [78].

Although both EuS and EuSe proved to be very efficient spin-filter materials, their magnetic
ordering temperature of 16.6 K and 4.6 K, respectively, limited the filtering of the spins at
temperatures in the liquid helium range. In 2004, Santos and Moodera [78] fabricated EuO-based
spin-filter tunnel junction in an effort to obtain spin-filtering at higher temperatures, due to the
higher magnetic ordering temperature (69 K), which can also be increased by rare earth metal
doping, and greater 2AE,, (0.54eV) of this Eu-oxide. Nevertheless, their AI/EuO/Y/Al junctions
showed a polarisation of only 29% at 0.45 K via TM-technique. This was due to the challenging
deposition of high-quality, stoichiometric thin EuO which is affected by the more readily formation
of Eu,0s, a more stable, non-magnetic and non-spin-filtering phase. This work pointed out for the
first time at the importance of the Fl/electrode interfaces in terms of quality and stoichiometry as
detrimental effects on the spin-polarisation efficiency arise from low quality, non-stoichiometric

interfaces.
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3.3.2 Nitrides

Other materials which are potential candidates for spin-filtering due to their magnetic and
semiconducting behaviour, are the rare-earth nitrides [79]. Up to date, GdN has been investigated
for this purpose. It has a very large magnetic moment (7 pg), the highest Tc,;e~70 K[80-82] K and
very large spin-filtering efficiency (~90%) has been observed in NbN/GdAN/NbN spin-filter tunnel
junctions at 5 K[83] K. GdN-based devices offer the possibility of tuning the spin-polarisation of the
current due do the large magnetoelectric coupling of this rare-earth nitride. The oxidation readiness
with air of the earth nitrides and the consequent need to passivate these materials with capping

layers [79] is currently hampering the use of these materials as Fl in spin-filters.

3.3.3 Perovskite oxides

The issue that arose from the low spin-filter efficiency in EuO, due to the low quality of the film,
shifted the interest towards complex oxide spin-filters (perovskites or ferrites), as they can be
epitaxially grown on either elemental metals or oxide electrodes. Moreover, their Tcyie
temperatures are higher than those of the Eu-based Fls.

Among the perovskites, BiMnO; (T¢yi = 105 K), and its La-doped phase, have been
successfully demonstrated to produce spin-filtering in QMTJs experiments. The isostructural fully
polarised half-metallic ferromagnetic La,;3Sr1,sMn0Os [84] is used as a spin analyser to probe the filter
efficiency. TMR measurements on La,3SrisMnO5/SrTiOs/BiMnOs/Au  epitaxial tunnel junctions
showed a TMR ratio of 50% and a Psp of 22% at 3 K[85]1K . Though the FI BiMnOs; was grown
epitaxially on SrTiOs, which acted as decoupler and ferromagnetic electrode, Ps, decreased rapidly
with increasing temperature, completely disappearing above 40K, still below the bulk T¢. of
BiMnOs. This was probably due to the lower T, and lower exchange splitting than the bulk of the
Fl when grown as thin enough film to act as tunnel barrier. Consequently, this limited efficient spin-
filtering to temperatures much less than T¢ ;. and reduced the spin-filter efficiency.

Another perovskite material used as Fl in spin-filters has been PrssCaisMn1,Co,Os, due its
Tcwie ©of 75K, by Harada et al.[86]. Epitaxial tunnel junction of the form
LaNiOs/PrssCa1/sMn1.,CoyO3/SrTiOs/LazsSrsMn0O; showed a TMR response as high as 120% at 4 K.
Using the extended Julliére’s model and assuming a Py for the LaysSri;sMnOs, decoupled with
SrTiOs, of 90%, the estimated Pgr was 42%. Also in this case, the drop in junction resistance below
the ferromagnetic transition temperature of Pr4sCa1sMn;.,Co,05; was observed.

Recently, spin-filtering has been observed also in Sm3,Sri,sMnO;-based tunnel junctions.
This perovskite Fl oxide has a T¢e of ~100 K and showed spin-polarisation of as high as 75% at 5
K [87,88].
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3.3.4 Spinel ferrites oxides

Spin-filtering has been observed in all of the spin-filter materials described thus far in the previous
sections, though all at temperatures well below room temperature due to the low T of the Fls. In
recent years, in the quest of achieving spin-polarisation by spin-filtering at room temperature,
spinel ferrites have been considered as the best candidates as their magnetic and electronic
properties are most appropriate for high temperature applications. The spinel ferrites are mixed
oxides with the general formula XFe204, where X is a divalent transition metal cation such as Fe*,
Mn?*, Ni%*, or Co*. All are insulating and ferromagnetic, with the exception of FesO., with T e
above 500 K. While the conductive Fe;04 has been most widely studied as a half-metallic electrode
in traditional MTJs [55], the others have been considered as exciting candidates for room
temperature spin-filter tunnel barriers. A detailed description of the spinel structure and their

properties is presented in chapter 4.
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Figure 28 — (a) Typical resistance versus magnetic field dependence of Laz;sSrisMnQs/NiFe:O./Au junction. (b)
Temperature  dependence of the TMR for a LaxsSrisMnOs/SrTiOs/NiFe;O./Au  (circles) and a
Lazs3SrisMnOs/NiFe;O4/Au spin-filter (squares). The inset shows the resistance normalized to the resistance in the
parallel state versus field, at several temperatures for the Laz;sSrisMnOs/NiFe;O./Au junction. The curves are offset
for clarity. Adapted from [89].

Spin-filtering in a ferrite tunnel barrier was demonstrated for the first time with NiFe,O4 in
Lay;3SrisMnOs/NiFe,04/Au QMTJs [891. In Figure 28 are shown the results of the TMR measurements
at 4 K, which proved that the spinel NiFe,0,4 acted as a filter for the two spin currents. Considering a
Py for the LaysSr13Mn0Os electrode of 90%, the estimated P of the Fl barrier from Julliére’s model
was 19%. The latter increased to 22% by decoupling the two ferromagnetic layers with a thin SrTiOs
layer. The positive sign of Pg is not in agreement with the electronic band structure calculations for
NiFe,O., which instead propose a negative sign. The causes of this discrepancy can be the different
effective masses for spin-up and spin-down electrons [89] and the alternative tunnelling pathways,
other than direct tunnelling across the electronic band gap, provided by defects in the barrier.
Moreover, the TMR signal of these NiFe,04-based tunnel junctions rapidly decreases with increasing

temperature, as shown in Figure 28b. In fact, above 140 K, well below the expected T¢;e= 850 K of
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the Fl, TMR is no longer observed. This is in net contrast with the predicted capability of ferrite-
based spin-filters to produce spin-polarisation up to room temperature. A possible decrease of the
Fl coercive field at higher temperatures, or a drop in the T¢,;. of the ferromagnetic electrode caused
by non-stoichiometry at interface with the barrier could be the reasons for the vanishing behaviour
of TMR for higher temperatures. Additionally, any minor non-stoichiometry in either of the oxide
films leading to defect states in the barrier and at the interfaces cause spin scattering events or
direct tunnelling without spin-filtering, which become more prominent at higher temperatures and
bias voltages. Defect states may also play a role in the observed bias decreasing dependence of
TMR, which is not in agreement with the theoretical expected behaviour for a spin-filter [71].
Following these promising but inefficient results on NiFe,04, Ramos et al. [16] focused on
another material from the spinel ferrite family: CoFe;O4. Tunnelling spectroscopy study of
CoFe,0./MgAl;,0.4/Fe;04 double barrier tunnel junctions had already revealed good results for the
spin-filter efficiency of CoFe,04. However, in this work neither the Pgz and TMR values were
obtained directly but only from from a complex model developed to fit experimental current-
voltage curves rather than from direct TM or TMR measurements. A year later, Ramos et al. reported
for the first time a direct measurement to unequivocally demonstrate the spin-filter capabilities of
CoFe,0.. The fully epitaxial growth of Pt/CoFe,04/y-Al,03/Co tunnel junctions, by oxygen-plasma
assisted molecular beam epitaxy onto sapphire substrates, demonstrated successful spin transport

measurements at high temperatures.
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Figure 29 - TMR as a function of applied magnetic field for a Pt(20 nm)/CoFe204(3 nm/y-Al:0s (1.5 nm)/Co(10 nm)
tunnel junction at 2 K (a) and at room temperature (b). Adapted from [16].

The TMR signal was -3% at room temperature and increased to -18% at 2 K, as shown in Figure 29.
Julliere’s model calculation with a 40% spin-polarisation of the Co electrodes, which is decoupled
from the CoFe,;04 by the thin y-AlLO; layer, estimated a Pg; at room temperature and at 2 K to be -
4% and -25%, respectively. In this case, the negative sign of Py is in agreement with band structure
calculations. Also, the bias-dependence of the TMR showed the expected behaviour for a spin-filter

with an increase to a certain value followed by a decrease for increasing bias voltage.
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It may be noted that, although some degree of spin-filtering was achieved, the spin-polarisation
remained quite low in comparison with what could be expected from a spinel ferrite spin-filter. This
is, once again, due the possible defects at the barrier, arising from oxygen vacancies or antiphase
boundaries, influencing the magnetic order of the ferrite. The same group demonstrated in
CoFe,0s-based tunnel junctions via TM method the predominant effect of oxygen vacancies on the
spin-filtering capabilities of CoFe;04; by increasing the oxygen pressure during the growth of the
ferrite barrier, Pgp increased from 6% to 26%. This systematic increase in P revealed that in the
presence of oxygen vacancies, defect states in the Fl band gap lower the effective tunnel barrier
height, create spin-scattering centres, and are less exchange split, resulting in a reduction in the
spin-filter efficiency.

TM technique was later on used to study the spin-filtering capabilities of MnFe,O4
magnetic tunnel barriers [15]. MnFe,04 is another promising candidate as a room temperature spin-
filter. Its predicted 2A,, of 3.85eV [90] is higher than the one for NiFe;O, (1.21 eV) and CoFe,04
(1.28 eV), thus MnFe,;0, could lead to better spin-filtering efficiencies. The measured Zeeman split
dl/dV curves of the Pt/MnFe,0./y-AlOs/Al junctions were clearly asymmetric, proving that the
tunnelling current was spin-polarised. A spin-polarisation of up to 9% was extracted from the
relative conductance peaks’ heights. The positive sign of Py is in contradiction with the expected
negative polarisation for MnFe,O4 from band structures calculations and the amplitude was once
again lower than expected, most likely due to defect states in the barrier, creating parallel spin-
independent conduction channels [91-93]. An analysis of the properties of these junctions, with
different oxygen pressures during the growth of the ferrite barrier, suggested that the spin-
polarisation could be further limited by the presence of defects, other than oxygen vacancies in the
ferrite barriers, such as cationic disorder and antiphase boundaries.

In 2012, Matzen et al. in 2012 [17] demonstrated that the spin-polarisation in ferrite spin-
filters can be increased by limiting the contribution of defects in CoFe,04-based nanojunctions,
Using the nanoindentation technique [94], the Pt/CoFe,04/Al,03/Co junctions were nanofabricated
with a lower lateral size of around 5 nm. The following TMR measurements provided a higher TMR
ratio with the respect to the results on CoFe,O4-based micro-junctions by Ramos et al. [16]. The
room temperature value of TMR was -6%, corresponding to a Pg; of -8%, two times higher than the
previously reported -4%. To date this is the highest room temperature Py reported. This work
proved that spin-filtering at the nanoscale is more efficient due to fact that the magneto-transport
measurements in nanojunctions allow the probing of a single magnetic domain in the spin-filter
barrier. Parallel and antiparallel magnetic states are thus very well defined in comparison with
micro-junctions, explaining the highest spin-polarisation values. More importantly, the size
reduction decreases the number of structural and chemical defects probed in the tunnel barrier,
which have hampered the magnitudes of spin-polarisation at room temperature in all the ferrite
spin-filters thus far reviewed.

In Table 1 are summarised the main properties of the different FI materials used to

demonstrate spin-filtering along with the results obtained via different methods.
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TCurie m C rys ta I Eg ZA Eex PSF Tmeasurement Re f.

Method

Material (K) (up) Structure  (oy) (V) (%) (K)
Eus 16.6 7 FcC 1.65  0.36 8 ™ 0.4 [73]
EusSe 4.6 7 FcC 1.80 - 97 ™ 0.4 [77]
Eu0 69.3 7 FCC .12 0.54 29 ™ 0.4 [78]
BiMnO, 105 36 Perovskite 1.10 05-1.6 22 QMT . [85]
PCMCO 75 2 Perovskite - - 42 QMmTJ 4 [86]
SsmMo 100 - Perovskite 0.50  0.60 75 R, 4 [87]
NiFe,0, 850 2 Spinel 098 120 22 QMTJ 4 [89]
MnFe,0, 573 5 Spinel - 3.85 9 ™ 0.4 [15]
CoFe,0, 858 3 Spinel 080  1.28 8 QMTJ 300K [17]

Table 1 — Review of the materials and methods used to achieve spin-filtering.

3.4 Antiphase boundaries

The potential application of ferrite spinel oxides in spintronics devices relies on the assumption that
the transport and magnetic properties in thin films are similar to those in the bulk material. As
presented earlier, spinel ferrite-based spin-filter device have not yet demonstrated high efficiency at
room temperature due the formation of defects at the interfaces of the ultrathin barrier, which are
detrimental for electronic and magnetic properties. Among these defects, APBs are one of the most
common defects known to affect the epitaxial growth of ferrite thin films. Transmission microscopy
experiments have revealed their existence in spinel Fe;O4 thin films and various studies have shown
that APBs have relevant effect on the magnetic[21,95], transport and magneto-transport
properties [96-99].

APBs are stacking faults of the atomic planes in the spinel lattice corresponding to half
lattice translation of the cationic sublattice. These result from the coalescence of islands with
different cationic systems during the epitaxial growth. Studies on FesO, have shown that the
density of APBs depends directly on the deposition time during film growth: prolonged deposition
times result in larger antiphase domains [100]. The presence of APBs creates altered super-
exchange interactions via non-bulk bonds and non-bulk bonding angles and distances due to the
changed local cationic arrangement and due to the broken periodicity in the cations
sublattice [95,101]. As the bond lengths and bond angle between the cation across oxygen sites
determine the super-exchange interactions (see chapter 4), a large fraction of the stacking faults
generates an additional strong AF coupling at the defect boundary, which opposes to the
ferromagnetic coupling. Because of the presence of these AF-APBs, both the magnetic and the
transport properties of the films are different from those of the bulk material [102]. Since the
formation of APBs is intrinsically related to the growth process of thin films, the anomalous
magnetic properties with respect to bulk properties should be intrinsic to these films and

independent of preparation technique.
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The reduced magnetisation in thin films due to APBs formation is the main drawback in
ferrite-based spin-filters as it decreases the conduction band exchange splitting and limit the spin-
filter efficiency. In addition, as the works on CoFe,O, have shown, APBs also act as preferential
conduction channels without any spin-filtering effect, reducing the spin-polarisation of the current
tunnelling through the spinel barrier [91]. Transport measurements through a CoFe,04 nanometric
thin film by conductive AFM have confirmed that the existence of a non-tunnelling non-spin-
conserving transport channel across the barrier can explain the low efficiency of CoFe,O4-based

spin-filter [92,93].

3.5 LiTi,0, as electrode in spin-filter devices

The ensemble of results obtained from NiFe;O4, MnFe,O,, CoFe,0, based tunnel junction for room
temperature spin-filtering confirmed the critical importance of mastering the structural and
chemical quality of the spinel spin-filters in order to obtain results at higher temperature, and in
particular above room temperature. The promising results obtained by Matzen et al. in spin-filter
nano-junctions and explained by the decrease in the APBs density [17], are encouraging for spin-
filtering applications at room temperature. In this context, the control of the growth of ferrite
ultrathin films without APBs appears particularly crucial in order to get higher spin-polarisation. As
APBs are natural growth defects, resulting from the fact that the lattice constant of the ferrites is,
due their complex cation arrangement, almost double (a=0.83-0.85 nm) [12] that of the metallic
layers (Au, Pt, LaNiOs, Lay3Sr1,3sMn0s) and substrates conventionally used in spin-filter devices, the
search of more suitable substrates and electrodes offers promising perspective in the quest of
obtaining higher spin-polarisation, by promoting the growth of ultrathin ferrite films with reduced
APBs. In particular, achieving high spin-filter efficiencies at room temperature may therefore be
dependent on overcoming structural and chemical defects in ultra-thin (<5 nm) epitaxial spinel
ferrites films to be used in complex oxide heterostructures.

The objective of this thesis is to explore the use of a spinel substrate (MgAl,O.) and a spinel
electrode (LiTi,O4) in fully isostructural all-spinel spin-filter tunnel junctions as a way to reduce APBs.
LiTi,O4 is one of the few conducting spinels that also has superconducting properties (critical
temperature T, ~ 13 K) and, more importantly, it has a lattice parameter (a=0.8405 nm) closely-
lattice matched to those of the spinel CoFe,;O, ferrite and of the spinel MgAl,O, (a=0.8080 nm)
substrate. The lattice mismatch to the latter is -3.8% while to CoFe,0. (a=0.8392 nm) [12] is only
+0.2%. This makes LiTi,O4 a very good candidate as oxide electrode in an isostructural spinel tunnel

junction.
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Chapter 4. Spinel oxides

The following chapter reviews the spinel crystal structure and the magnetic and electronic
properties of CoFe,04, the spinel ferrite used in this research project as Fl barrier. Moreover, as the
main aim is to prove the suitability of LiTi,O4 as electrode in a spin-filter, an overview of its magnetic

and electronics properties is given in the last part of this chapter.

4.1 The spinel crystal structure

A unit cell of the face-centered-cubic (fcc) spinel structure has general formula unit AB,O4,
where A is divalent metal cation (such as Li**Fe?*) and B is trivalent metal cation (such as
Fe3*,Co* ,Mn**, Ti*"). The space group of the system is Fd3m. A cubic-close-packed array of 32
oxygen atoms and a distribution of 64 tetrahedral and 32 octahedral available interstitial sites
compose the unit cell. The A%* and B3* cations reside at the centre of 1/2 of the tetrahedral 1/8 of the
octahedral, respectively (Figure 30). This unit cell contains eight formula units of AB,O4. The perfect
normal spinel structure and the inverse spinel structure are two variants of spinels and are usually
described by B,A1,[B,.,A,]04 where y is the inversion parameter and brackets indicate those cations
occupying the octahedral positions. When the B** cations occupy all the tetrahedral sites, and an
equal proportion of the remaining A** and B*" cations occupies the octahedral sites, the spinel is
perfectly inverted (y = 1). Between these two ideal structures, a cationic disordered mixed spinel

structure quantified by y can be observed.

Octahedral site Oxygen

Tetrahedral Site

Figure 30 — The spinel crystal structure. Each tetrahedral site is occupied by one metal with four nearest-neighbour
oxygen atoms. Each octahedral site is occupied by one metal with six nearest-neighbour oxygen atoms.

4.2 CoFe,0, — Crystal structure and physical properties

There exists a wide range of properties across a broad range of temperatures for spinel

oxides with 3d transition metals on the octahedral sites, such as ferromagnetism,

60



antiferromagnetism, charge ordering and other types of electronic and magnetic ordering. In
particular, room temperature magnetism occurs with high iron-content in spinel oxides, which are
termed ferrites. These mixed spinel oxides are of interest for spintronics applications and have a
general formula XFe,04, where X is a divalent transition metal cation, such as Fe*, Mn?* or Co?* and
show ferromagnetic-like behaviour and high T¢ .. Fe;04, CoFe>O,4 and NiFe,O, ideally crystallise in
the inverse spinel structure while MnFe,O,4 exhibits the normal spinel structure [103]. The lattice
parameters of the different ferrites are close to each other and typical values of the cubic cell

parameter are shown in Table 2 together with the Tcje-

Curie a

(K) (nm)
Fe,O, 858 0.8397
CoFe,O, 793 0.8392
NiFe,0, 850 0.8339
MnFe,0, 573 0.8511

Table 2 - T¢yi0 and lattice parameters for the spinel ferrites. Values adapted from [12].

The capability of CoFe,0, as a candidate for room temperature spintronics applications has
already been discussed in chapter 3 where the first spin-filtering effect at room temperature was
described. It is a good candidate thanks to its ferromagnetic behaviour, high T¢ . (793 K) and good
insulating properties. As CoFe,0, ideally has an inverse spinel structure, the Fe** cations occupy 1/8
of the available tetrahedral sites, while 1/2 of the available octahedral sites are filled in equal
proportion by the remaining Fe3* and Co?*. Its lattice parameter is a = 0.8392 nm.

The magnetic properties of CoFe,O4 are formed from several exchange couplings between the
different cations. In particular, such interactions are related to the magnetic species on the site as
well to the bond angle between the cation and bonding oxygen. Superexchange is a strong
(usually) antiferromagnetic coupling between two nearest neighbours cations through a non-
magnetic anion (oxygen). Because of the Pauli Exclusion principle both spins on d and p hybridised
orbitals have to be oriented antiparallel. This results in antiparallel coupling with the neighbouring
metal cations, as electrons on p-orbital of oxygen are also antiparallel oriented. Among the
couplings between the spinel ferrites cations, superexchange interactions are the most
predominant and involve the 3d orbitals of Fe** and Co?" by means of an overlap with the
2p orbitals of an intermediate oxygen anion. When the overlap angle is greater than 90° the
interaction is strongly antiferromagnetic, whereas when the angle is 90° the interaction is weaker
and ferromagnetic (Figure 31). There exits another ferromagnetic interaction contributing to the
magnetic properties of CoFe,0, and it involves the direct transfer of the 3d” electron in Co** towards
the empty 3d° in Fe3*. This interaction is named double-exchange and it is rather weak compared to

the super-exchange interaction [103].
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Figure 31 — Schematic representation of the magnetic superexchange interaction in (a) antiferromagnetic and (b)
ferromagnetic configuration.

The magnetic moment arising from the Fe®* cations in the octahedral and tetrahedral sites
effectively cancels out in the antiferromagnetic coupling. Thus, the net magnetic moment m of an
inverse spinel CoFe,0, is determined by the moment of the Co?" ions, which is 3 u3.

First principles calculations [103] have demonstrated that in the case of an inverse spinel, CoFe;04
has a theoretical band gap E, of 0.8 eVand an exchange splitting of the conduction band of
1.28 eV, confirming its important role to achieve very efficient spin-filtering at room temperature.
Additionally, spin-down electrons have a lower tunnel barrier height due to the lowest energy level
of the conduction band corresponding to spin-down states, pointing at the fact that a negatively

polarised spin-filtering should be observed.

4.3 LiTi,0,4 — Crystal structure and physical properties

Among the spinel oxides, there is only one known metallic spinel oxide to date, LiTi,O.. It
also shows a superconducting transition temperature of 13 K. Superconductivity in such a ternary
system was first reported by Johnston et al. in 1973 [104] and since then a lot of studies on LiTi>O4
have been reported. Johnston et al. [105] found also that in a solid solution of Liy.«Ti»«O4 the other
end member (x = 1/3) is a band insulator, thus it exhibits completely different electronics properties
than the metallic superconducting LiTi;O4 (x = 0).

Various powder and single crystal X-ray diffraction and neutron diffraction analyses have shown
that LiTi,O. belongs to the family of the normal spinel structure [105-107]. The titanium ions have a
stronger preference for the octahedral sites relative to the lithium ions, due to their higher charge.
In fact, in the Lii.xTi>xO4 ternary system, the tetrahedral sites are occupied entirely by lithium ions,
while the octahedral sites are occupied by (2 — x) titanium ions and x lithium ions per formula unit.

Thus, in LiTi>O4, Li ions and Ti ions occupy the tetrahedral sites and the octahedral sites, respectively.
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For LiTi,O4 the unit cell constant is a = 0.8420 nm, closely-lattice matched to those of the spinel
CoFe,0, ferrite and of the spinel MgAl,0, (a=0.8080 nm) substrate.

Local density approximation and calculations [108,109] suggest that in the LiTi,O, electron band
structure the separation between the Ti 3d orbitals and the O 2p band is about 2.4 eV. The t.g sub-
band of Ti is highly degenerated, remaining in a narrow d-band metal with significant electron-
electron interaction [110,111]. The Ti sublattice, in mixed valences of Ti 3p and Ti 4p, is instead
frustrated and favours short-range spin ordering [112]. In addition, in the stoichiometric compound
LiTi,O4 the Fermi level is located at the bottom of the toq quarter-filled sub-band. LisTisO;, instead
has an empty t,q conduction band and thus shows the properties of a band insulator, rather than a
conductive metal, as there are no electrons left in the conduction band. This difference between
LiTi,O4 and LisTisO42, suggests that a metal-to-insulator transition must occur at intermediate x
composition. Figure 32 depicts the phase diagram of Lii«Ti»«O4 evaluated from the experimental
data available since the preliminary studies on the ternary system[105,113,114]. The critical
composition x~0.15 marks the disappearance of the superconducting properties and is thought to

be due to grain boundary effects [115-117].

T_(K) A
113
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L—>p
0 ~0.15 033 «x

Figure 32 — Phase diagram for the Li;xTi>xOa System.

BCS superconductivity with s-wave pairing symmetry with medium electron-phonon coupling
(Ae1—pn= 0.65) has been proposed to fit LiTi;O4. Nevertheless, an enhanced DoS has been unveiled
by magnetic susceptibility [105] and specific heat measurements[118], indicating that
d-d electronics correlations cannot be ignored in this system. Although superconducting properties
of bulk LiTi;O, have been investigated extensively, the lack of sample reproducibility and the
availability of single crystal and high quality thin films [119,120] have hampered the development
of research experiments in order to better understand this spinel oxide. Recently, high quality
epitaxial LiTi,O4 thin films have been successfully grown by pulsed laser deposition [121-123]. This
allowed to perform transport measurements on high quality epitaxial [001]-oriented LiTi,O4
films [124]. The data indicated a twofold in-plane angular dependent positive magnetoresistance

and a quadratic dependence of the energy gap on the applied magnetic field (A ~ — H,?), which
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are possibly related to a spin and orbital fluctuation effect. Moreover, investigations of the
superconductivity on LiTi>O4 thin film surfaces have been explored by means of an in-situ scanning
tunnelling microscope (STM) analysis and revealed a modified superconductivity on the surface,
originating from the formation of a pseudogap in the DoS [125]. The main physical parameters of

LiTi,O4 are summarised in Table 3.

TC A fS EGL AGL Hd Hc2

(k) (meV) (nm) (nm) (nm) (mT) (T)
11.5-13 1.93 149 447 160 26 16

Table 3 — Main physical parameters of LiTi;O4. Adapted from [118,124].
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Chapter 5. Experimental methods

In the following chapter, the technique of pulsed laser deposition is described in terms of
fabrication of epitaxial complex oxide thin films. Structural properties, phase and surface
morphology of the deposited film were investigated by X-ray diffraction, atomic force microscopy.
Surface chemical composition was analysed by angle-resolved photoelectron spectroscopy. In
addition, the magnetic properties of the samples were measured by vibrating sample
magnetometry, and the transport measurements were performed in cryogen-free measurement
system. A brief description of these characterisation techniques is presented in the last part of this

chapter.

5.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapour deposition (PVD) technique extensively used for
the thin film growth of a wide variety of oxide materials [126,127]. It is based on the interaction
between intense laser nanosecond-pulses and solid matter, which allows the stoichiometric
composition transfer from a target to the sample. For laser pulse energy per unit area (fluence) of
the order of ~ 1 J/cm?, the illuminated area of the target is superheated, allowing a change in phase
from solid to weakly ionized plasma and the formation of a highly directional plume of material
escaping the surface of the target [128]. The result is the deposition of a partial monolayer of the
material on the substrate upon which it condenses and the thin film grows [129,130]. This process
can occur in ultra high vacuum (UHV) or in the presence of a background gas (e.g. O,, N>O, mixture
of Ar/O,, etc.). The background gas is an important parameter for the oxidation process. Fluence can
be controlled by varying the size of the laser-illuminated area on the target and the energy of the
laser pulse [131,132]. The substrate is heated to elevated temperatures to improve surface diffusion
and facilitate the growth of a crystalline film of the target material. Conversely, growth
temperatures should also be controlled in order to prevent equilibrium re-evaporation of the
material from the as-deposited thin film.

The plasma expands three dimensionally towards the substrate, with the greatest pressure gradient
normal to the surface. This means that the elements of the plume with higher velocities are those
near the normal of the surface of the target. As a consequence, thin films grown on substrates
placed at the centre of the plume show an increased surface roughness than those placed at the
edge of the plume [131]. Another drawback of on-axis deposition is the formation of droplets of
molten target material on the surface of the film [133]. Crystallisation of the deposited film depends
also on the pulse repetition rate, as the time between two pulses should be higher or equal than the
time required for the crystallisation of the ablated material to occur [131]. Films can be grown of the
desired thickness by controlling the number of pulses, once the growth rate of the material is

determined. Further details about the physical principles of PLD can be found elsewhere [128,134].
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A schematic of the basic geometry of the PLD deposition chamber used for the deposition
of complex oxide thin films is shown in Figure 33. A pulsed KrF excimer laser (Coherent Inc.,
A =248 nm) is focused on one of the six targets placed inside an UHV chamber via a window and by
means of an optical path consisting of four mirrors with 90% reflectivity and a convex focusing lens.
Substrates are placed on a (Neocera Inc.) conductive heater and silver paste is used to ensure
thermal contact between the two. A temperature controller (Eurotherm 2408 PID) sets the desired

ramping rate and stabilises the desired temperature during growth.

Motor

Chamber
Window

Lens

Figure 33 — Schematic of a basic Pulsed Laser Deposition System.

Before deposition the system was pumped down and baked overnight. The base pressure was
better than 7x107 Torr. The surface of the target material was always pre-ablated before thin film
deposition, in order to obtain a steady-state and avoid target surface enrichment of the less volatile
component if there is one element that is more volatile than others [129]. During deposition the
target carousel was continuously rotated at constant speed in order to obtain ablation from a more
homogeneous target area rather than a single spot. The 10x10x1 mm and 10x5x1T mm
MgAl,O4 (111)-oriented substrates (CrysTec GmbH) were cleaned by bathing and ultrasonication in
acetone followed by isopropanol (IPA). Prior to loading into the PLD chamber, substrates were

sprayed with a nitrogen airbrush with acetone and, finally, IPA.

5.2 Thin film and device characterisation

5.2.1 X-Ray diffraction

X-ray diffraction (XRD) analysis was performed on the PLD grown thin films to determine phase,
crystallographic orientation and epitaxial quality. X-rays have a wavelength 1 between 0.1 and
10 nm which is comparable to the distance a between planes in crystals and thus can be used to

produce diffraction patterns, according to Bragg'’s Law [135] on constructive interference:
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IA = 2asin(6), (76)

where [ is an integer number and 6 is the angle between the incident beam and the
crystallographic plane. Bragg’'s Law states that the path length difference between X-rays hitting
parallel atomic planes must be a multiple of their wavelength to add constructively; otherwise the

transmitted beams cancel one another out (Figure 34).

Constructive
Interference

'_

— e o o o o o & o &

Figure 34 — Illustration of the constructive interference according to Bragg’s Law.

The XRD patterns of the films were collected with a PANalytical high-resolution X-ray
diffractometer with Cu-Ka; radiation (A = 0.154 nm), a hybrid monochromator, a four-axis rotation
system (26, w, y, ¢) and z height motor controller. A schematic of the setup is shown in Figure 35:
the incident beam is generated in an X-rays tube (described in section 4.2.4), restricted in size by a
divergence slit and focused on the sample; the transmitted beam at different angles is detected

after being monochromated.

Detector

X-ray Tube Generator

Divergence Slit Receiving Slit

Monochromator

Figure 35 - Schematic illustration of an X-ray diffractometer.
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Out-of-plane and in-plane lattice parameters were respectively calculated from 26 /w scans and
reciprocal space mapping (RSM). The latter gave also information on the in-plane lattice parameter

matching between substrate and film.

5.2.2 X-Ray reflectivity

X-ray reflectometry (XRR) was used to determine thin films thicknesses. XRR is based on the
principle of total reflection and the interference of X-rays reflected from two interfaces. The
refractive index of air n,;,- equals unity, whereas the refractive indices of thin films are lower than
but very close to unity, in the case of X-ray radiation. In particular, the refractive index ns;;, is given

by:

Neym =1 =6 —if, (77)

with § being the scattering dispersion coefficient and 5 the absorption of the film material.

6<0, b >0

Substrate Substrate

Figure 36 — X-ray total reflection and refraction at the surface of a thin film deposited on a substrate: (a) for incident
angles lower than the reflection critical angle, all the incident X-rays are reflected. (b) Incident X-rays are transmitted
into the film for angles higher than the reflection critical angle.

The Snell-Descartes law, relating the angles of incidence 8, and refraction 68, between two different

media (n; and n,), is

n,cosf; = n,cosh,, (78)

and, in case of an incident X-ray beam with angle 6 from air into a thin film (as shown in Figure 36),

can be rewritten as:
c0s0 = ngj,cos6’, (79)

with 8’ the diffracted angle. In the limit of an absorption free material (8 = 0) and in the limit of

total reflection (8’ = 0), the previous equation reduces to:

2

1—6=cos€cz1—€, (80)
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where 6, is the critical angle of incidence below which the total internal reflection occurs.

Snell’s law, Equation (77), can be thus rewritten as:

92 92 9/2
1—7=<1—%)<1—7), (81)

implying that the relationship between the incident angle 8 and the diffracted angle ', via the

critical angle 6, for low incident angles, is:

6'? = /92 - 6.2, (82)

Finally, the modified Bragg’s Law (see Equation (76)), requiring that the path difference between the

reflected waves should be an integer of the incident wavelength, reads:

2t+/sin?0,—sin%6, = I . (83)

In XRR scans, the incident X-rays are reflected from all the interfaces between materials with
different refractive index (i.e. different electron densities) [136-138] and give rise to interference
fringes, called Kiessig fringes [139], at angles determined by Equation (83). The difference between

two consecutive maxima

21+ 1)A?

sin?6,,, — sin?6, = 2

gives the following relation:

(21 + 1)2? = 4t?(sin?0,,, — sin?@,) . (85)

According the to Equation (85), the (square) thickness t? of the film can be evaluated by calculating

the gradient of the linear fit between (sin26,,, — sin?8,) and (21 + 1)A2, as shown in Figure 37.
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\2(21 4 1)/4 (arb. units)

Sin?(0;+1)—Sin?(6;) (arb. units)

Figure 37 —The slope of the linear dependence between the positions of the intensity maxima versus the Kiessig
fringe order L is used to estimate the thickness t of the thin film.

X-ray reflectometry (XRR) was performed on a Bruker D8 diffractometer with 8 /26 scans.
The sample was rotated in the range from the critical angle to 5°-6° while the detector was rotated
at double angular velocity. The obtained fringes-pattern was then analysed and fitted with the
previous model and also with a simulation software (Leptos, Bruker Ltd) to determine film thickness
and roughness. The latter was then compared with the value estimated from topographical images

obtained by atomic force microscopy, as described in the following section.

5.2.3 Atomic force microscopy

The surface topography of the as-deposited thin films was examined by a (Bruker Ltd) Multimode

atomic force microscopy (AFM) with a Nanoscope V controller and used in tapping mode.

Laser
Feedback
Control
r—~
Cantilever

Four-sectional
Photodiode Tip

Sample

Figure 38 — Schematic illustration of the basic components of an AFM.

The topographical image of the sample surface is obtained by scanning the specimen with a silicon
tip (with a radius smaller than 10 nm) attached to a cantilever. As shown in Figure 38, a laser beam is
reflected towards a detector system (four-sectional photodiode) from off the back of the
aluminium-coated cantilever, allowing to monitor its deflection, i.e. the tip height, while being

raster-scanned across the sample surface [130,140]. The tip is oscillated at a frequency close to its
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resonance frequency (f, = 300 kHz) by a piezoelectric element. When brought close to the sample
surface, the oscillation amplitude of the tip is modified due to the interaction between the atoms at
the end of the tip and those at the surface of the sample. A feedback circuit keeps the amplitudes of
these oscillations always constant (tapping mode) by changing accordingly the height of the
sample. The AFM topography image is thus constructed from the changes in height collected across
the scanned area.

All collected data was analysed with WSxM software [141] to evaluate the root mean square (RMS)

roughness of the samples [142].

5.2.4 Angle resolved-X-ray photoelectron spectroscopy

Surface chemical cation composition analysis of the films was performed by X-ray photoelectron
spectroscopy (XPS), a technique that can measure elemental composition, empirical formula,
chemical state and electronic state of the elements within the surface of a material. In XPS the
sample is irradiated with a monochromatic beam of photons with energy hv. Due to the
photoemission effect discovered by Albert Einstein in 1921 [143] the core electrons with binding
energy (BE) less than the energy of the photon are ejected. A hemispherical analyser measures the
energy distribution of the emitted electrons depending on their kinetic energies by changing their
direction with an electric field. Photoelectron spectroscopy is usually done in a UHV environment,
since the electrons would be scattered by gas molecules if they were present. The kinetic energy
measured by means of XPS is directly related to the binding energy of the photoemitted electron

from its core according to Einstein’s Law on photoemission:

BE = hv — (E, — W,), (86)

where E}, is the kinetic energy of the photoemitted electron (referenced to Ey); BE is the energy
needed to promote a core electron to the Eg; W, is the difference between the vacuum energy level
E, .. and E and is called workfunction (Figure 39a). BE differs for every element, atomic orbital and
chemical environment of the atom. Thus, the energy and intensities of the photoelectron peaks that
appear in the analyser output (Figure 39b), corresponding to the many photoemitted electrons,
enable identification and quantification of the surface elements of the sample. In detail, the sharp
lines in the XPS spectrum arise from electrons that escape the film without suffering inelastic
collisions with the atoms. When collisions happens, a background on the high BE side of the peaks

appears.
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Figure 39 — (a) The photoelectron emission effect and (b) the way it relates to the XPS spectrum. (c) lllustration of the
basic components of an AR-XPS and (d) of a tube X-ray source. (e) Greater surface sensitivity is achieved by collecting
electrons at more grazing emission angles.

Illustrated in Figure 39c are the basic components required to carry out spectroscopic
analysis. A source of monochromatic photons, a UHV chamber where the sample is located, an
electron energy analyser, a detector and a data analysis system. The X-ray source is usually a
standard X-ray tube in which a filament is heated and by thermionic emission the electrons are
accelerated by a potential difference of 15-20 keV toward a water-cooled anode head (Figure 39d).
The X-rays are then emitted from the anode due to the relaxation of occupied higher energy levels
into the unoccupied/holes lower energy levels created by the accelerated electrons. Weaker X-rays
and background continuous Bremsstrahlung radiation can be reduced to obtain sharper Ka lines
by reflecting the beam on bent quartz crystal that acts as a monochromator, at the expense of
intensity [144].

In XPS, for an electron emitted at a depth z below the surface, the intensity for collections

normal to the surface I is attenuated according the to Beer-Lambert law [145,146]:

zZ
I(z) = ]Ioe_AIMFP , (87)

where 4;rp is the inelastic mean free path of an electron in a solid and I, is the intensity from an
infinitely thick sample. Such an exponentially decreasing relation indicates that about 95% of the
signal will emanate from a depth of less than 3. The A;,,zp depends on the kinetic energy of the
electrons and the material being analysed. The ‘Universal curve’ for the electron mean free path in

solids [147] (Figure 40) shows that photoelectrons with E, in the 10-10° eV have A;zp from 1 to
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3.5 nm (highlighted area). Therefore the XPS sampling depth 34,,,zp is typically 3-10 nm. In most

materials, for the Al-Ka radiation (1486.6 eV), A;4,p for electrons emitted is about 3 nm.
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Figure 40 — Universal curve for the electron mean free path in solids as a function of electron kinetic energy. Each
data point represents a different element or transition. Adapted from [147].

If electrons are collected at angles other than 0° with respect to the surface normal, the depth of

emission is decreased by factor of cos6, as shown in Figure 39e. Thus, Equation (87) becomes:

da
I= ]:[Oe_l[MFp'COSQ , (88)

which implies that the analysis depth d can be varied if the XPS signal is collected over a range of
angles from normal emission to near grazing emission. By tilting the substrate, angle-resolved XPS
(ARXPS) is a technique that collects spectra for various angles at which the electrons are collected.
This enables electron detection from different depths and provides non-destructive information
about the thickness and composition of ultra-thin films [148].

For multi-element surface layers XPS can also provide semi-quantitative measurements that are as
accurate as +10%. The photoelectron intensity for an element j in a homogeneous material can be
described by

]I] = .7(1\]]0']/1”\/”:'13] ) (89)

where N;is the average atomic concentration of element j in the analysed surface, gjis the
photoelectron cross-section of element j, K accounts for all other factors related to quantitative
detection of a signal (e.g. transmission function of the analyser, instrument constant, etc.) and is
often assumed constant. Thus, the atomic fraction of an elementj in a multi component material

can be estimated using the ratio between the integral intensity of the XPS peaks (i.e. peak areas):
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where F is the relative sensitivity factor Fj=aj/1,MFPj. The Scofield Cross-section Factors (o) have

been calculated for each element from scattering theory, specifically for Al-Ka and Mg-Ka
radiation [149], allowing the determination of N; from the previous equation.

In our setup the source was a SPECS XR 50 high intensity twin anode, made of Al and Ag
coating on silver. The X-ray source is carefully designed so when one anode is in use there is
minimal radiation produced by the other anode, minimising cross contamination. The results
shown in this thesis were collected using the Al-Ka source (1486.6eV). The monochromator and the
analyser used were a SPECS Focus 500 ellipsoidal quartz mirror and a SPECS Phoibos 100 analyser,
respectively. The UHV chamber operational pressure was always better than 10° Torr. Data analysis

was carried out using CasaXPS 2.3.15 software.

5.2.5 Electronic transport measurements

Electronic transport analysis of unpatterned thin films was carried out by using a custom-built
dipstick probe in a liquid helium dewar. Current-voltage measurements were performed in a
current-biased four-point configuration [150] between room temperature (~290K) and liquid
helium temperature (~4.2 K). The sample was attached to a custom-made sample holder with
varnish glue and electrically connected to the pads by Al ultrasonic wedge wire bonds (~25 um in
diameter). The same pads were then used to contact the current and voltage leads. The
temperature of the sample was controlled by slowly varying the depth of the probe inside the
dewar and was measured by a LakeShore 332 temperature controller by means of a Cernox
thermocouple, placed in close proximity with the sample and within the probe itself. All

measurement equipment was controlled via a LabView program.

N/
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Figure 41 - Schematic of a four-probe resistivity measurement setup for electronic transport measurements of a thin
film.

In this setup a constant current (typically lower than 0.1 mA), supplied by a current source, passes

through the outer contacts while the potential difference is measured across the inner ones by a



voltmeter. This allows the indirect measurement of the resistance of the sample as a function of
temperature R(T). The arrangement of probes is shown in Figure 41 where g; are the spacing
between the probes. The use of this four-point configuration cancels out the effects of contact
resistance between sample and leads allowing more accurate resistance measurements[151].
Moreover, if the thickness of the film is smaller than the spacing of the leads (t « q) and provided

none of the probe is too close to an edge of the sample, the sheet resistance of the film is given by

p= 1 1 1|’

V 2n
T, 1 _
1 93 911t92 g2t Q3

which for equally distant probes, reduces to:

%4
p=7 2mq . (92)

If a temperature lower than 4.2 K was required or electronic transport measurements in an applied
magnetic field had to be performed, a cryogen-free measurement system by Cryogenics Ltd with a
base temperature of ~1.5 Kand an applied magnetic field of up to 9 Tesla was used. A description of

the cooling circuit and main components of this system is presented in section 4.2.7.

5.2.6 Magnetic measurements at room temperature

Vibrating sample magnetometer (VSM) was used to analyse the thin films room temperature
magnetic properties. In-plane and out-of-plane measurements were usually done on 5x5 mm?
samples with a Princeton Micromag™ 2900 VSM. A schematic of the setup is shown in Figure 42.
The sample was fixed to a sample rod with vacuum grease and centred between the two poles of an
electromagnet generating a maximum homogenous magnetic field of 1 T. An oscillator provided a
sinusoidal vertical vibration to the rod with amplitude and frequency usually 1 mm and 60-80 Hz,
respectively. In a VSM the magnetic hysteresis loop measurement is based on Faraday’'s Law
according to which an electromagnetic force is generated in a coil when a change in flux occurs.
Thus, two pick up coils are placed in close proximity of the moving sample in order to detect such
electromotive force produced by the oscillating magnetic sample. The magnetic moment m of the
sample, at a certain applied external field, is extracted from the scaling of the detected signal by a

calibration signal collected on a reference sample.
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Figure 42 - Schematic of a vibrating sample magnetometer.

The magnetic moment amplitude was always normalized to the volume in order to give the bulk
magnetisation, and allow the comparison between the magnetic properties of samples with
different thicknesses. In addition, the paramagnetic contribution of the substrate was subtracted
from the measured signal. The surface area of the samples was determined by measuring the lateral

dimensions to an accuracy of £0.1 mm using vernier calipers.

5.2.7 Magnetoelectric measurements at low temperature

Low-temperature (down to ~1.5K) electronic transport measurements of tunnel junctions were
performed in a cryogenic-free system (CFS) designed by Cryogenic Ltd. In the CFS the probe is
attached at the end of a sample rod and placed inside a Variable Temperature Insert (VTI). A high-
field (£9 T) superconducting magnet and the VTI are located in a vacuum-insulated cryostat and
cooled down by a closed cycle of helium. A drawing of the system and a schematic of its working
principle are shown in Figure 43a-b. He gas, at room temperature, flows from a dump vessel into the
system and it is cooled down below its boiling point and condenses into the He pot. Liquid helium
is then expanded into an annular tube around the sample space via a needle valve to further cool
down to 1.5 K, before being pumped into the dump vessel by a scroll pump.

Though the VTl and the sample space are isolated, the thermal contact between the VTI circuit and
the sample space due to the static He exchange gas, cools the sample down. A Lakeshore 340
temperature controller sets the temperature of the sample in the range 1.6-325 K by controlling a

heat exchanger and a Cernox thermometer.
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Figure 43 - (a) Drawing of the cryogen-free measurement system and (b) schematic illustration of its main
components and cooling circuit. (c) The resistivity probe and (d) the six-contacts sample holder. All pictures adapted

from the user manual provided by Cryogenic Ltd.

For transport measurements the sample was glued with varnish glue onto a demountable
sample holder (Figure 43d) and then fitted onto one of the two sockets of the probe: one
positioned parallel and one perpendicular to the magnetic field (Figure 43c). Al ultrasonic wedge
wire bonds provided electrical contact between the holder six-pins and the electrodes of the tunnel

junction. Four-points resistance measurements were then performed, at different temperatures and

fields, with a Keithley 2400 source meter and a Keithely 2182A nanovoltmeter.

The CFS is also equipped with a VSM and the pick-up coils are located inside the VTI allowing low-

temperature magnetic measurements.
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Chapter 6. Device fabrication

The as-deposited trilayers were micro-fabricated into micro-pillars with two different techniques.
The first one, carried out at the Materials Science Department, Cambridge, involved a single step of
optical lithography followed by Ar ion milling to produce micron-scale tracks and millimetre-scale
contact pads for wire bonding to chip carriers. The tracks were then patterned with a Ga* focused
ion beam microscope to achieve vertical transport in pillars with device area of ~0.5x0.5 um?. The
other fabrication process was carried out by the author of this thesis at INESC-MN, Lisbon. It
involved a conventional 3-step optical lithography process with subsequent milling and lift-off
steps. The lithography steps patterned, respectively, the bottom electrodes, the pillar and the top
electrodes. A detailed description of both microfabrication processes is described in
sections 5 and 6 of this chapter, while a brief introduction on lithography, focused ion beam and ion
milling is given in sections 1-4. Also, as the deposition of metallic and insulating metal-oxides thin
films was required during the fabrication of the tunnel devices, a short introduction to two methods

(sputter deposition and ion beam deposition) used to deposit these thin films are presented.

6.1 Photolithography

The two micro-fabrication processes used to micro-fabricate tunnel junctions require at least one
step of photolithography. The latter is a process used to transfer a geometric pattern from a mask to
the photoresist (PR) on the substrate, as shown in Figure 44. PR is a light-sensitive chemical and it is
usually spin coated on the sample, resulting in a uniform thin layer. Chemical changes in the PR
occur when exposed to a source of ultra-violet (UV) (A = 365 nm) light shined through the mask of

the required pattern.
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. UV Light Unexposed Areas ‘
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Development After ion milling
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Figure 44 — Schematic of a photolithography process: (a) the PR is spin coated on the sample, (b,c) the required
pattern is exposed with UV-light from a mask into the PR, (d) after developing, (e) after ion milling and PR removal
for a negative and a positive PR, the pattern is transferred into the pre-grown layers.
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When illuminated, a positive photoresist becomes soluble in the developing solution, called
developer; in a negative photoresist, unexposed regions are soluble in the developer. Usually, after
lithography, ion milling is performed in order to engrave the exposure pattern into the pre-grown
films underneath the PR, or a material is deposited in the desired pattern upon the pre-grown films

underneath the PR (lift-off). In this work positive PRs were used.

6.2 Direct current and radio frequency sputtering deposition

DC sputtering is a thin film PVD method that involves the bombarding of the target material to be
deposited by ionised gas atoms from a plasma. The vaporised target atoms then condense on the
substrate forming a thin film [152,153].

The basic setup for a DC sputtering system, shown schematically in Figure 45, consists of
the target material placed in a UHV chamber facing the substrate. A negative DC current is applied
to target material (cathode), while a positive charge is applied to the substrate (anode). The high
purity inert process gas, usually Ar, injected in the chamber after pumping it down to a base
pressure, is ionised into Ar* by the collisions with the excited electrons flowing from the cathode in
to the plasma. The positively charged gas atoms are then attracted to the negative charge of the
target material at very high velocities and due to high momentum collision, the sputtering of the
target material occurs. The target material fragments cross the vacuum deposition chamber and are

deposited as a thin film on the surface of the substrate.

O Electron

Emitted Target Atom

Target

N | B Bar Magnets

Figure 45 — Schematic illustration of a sputtering system with a DC magnetron source.

To enhance the efficiency of the Ar ionization process and to allow the generation of the plasma at
lower pressures, a magnetic field is often used to trap the electrons, and thus also the Ar* ions,
along an etch-track. As shown in Figure 45, a dc magnetron gun has a series of bar magnets
beneath the target that generates the trapping field lines [154].

DC sputtering is limited to the deposition from metal targets that are electrical conductors.
This is due to the fact that dielectric target materials, because of their insulating properties, will

accumulate on their surface a positive charge, and therefore terminate the process. The charge
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build up issue of dielectric materials can be overcome with the use of radio frequency (RF)
sputtering where the sign of the anode-cathode bias is varied at high rate (13.56 MHz) to allow the

surface of the target material to be discharged at each cycle.

6.3 lon beam milling and deposition

In this work ion milling was used during microfabrication to etch the undesired portions of the
samples and reproduce the mask pattern on the sample. lon milling is a non-selective anisotropic
physical etching technique based on the acceleration of Ar ions from a source onto the surface of
the substrate. The impact of the ions transfers momentum to the substrate atoms and then
physically dislodges them from the sample, providing the capability to produce patterns with high
yields on micron level and minimal pattern variations. This occurs due to the photoresist having a
very low milling rate and thus acting as a protection layer for the films underneath against the
bombarding ions, as shown previously in section 5.1.

In a miller, schematically shown in Figure 46, the ions are generated from Ar gas by
energetic electron bombardment in a discharge chamber, forming a plasma. Electrons are emitted
from a tungsten filament (cathode) by thermionic emission and collected by a positively biased
(discharge voltage) electrode (anode). Once formed, the Ar* ions are accelerated towards a
negatively biased grid (grid voltage), towards the sample stage. After the grid, electrons can be
introduced in the chamber by a neutralizer filament to compensate the positive charge of the ion
beam. The ion beam continuous bombardment of the sample converts the kinetic energy of the
ions to heat energy, thus the substrate needs to be cooled, by a water-cooling circuit embedded
into the stage, to prevent any damage. The stage usually has azimuthal substrate rotation for

milling uniformity optimisation and tilting to adjust the incident angle and the consequent milling
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Figure 46 — Schematic illustration of an ion miller system.
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The working principle of ion beams described thus far can also be used for deposition of
thin films. In an lon Beam Deposition (IBD) a highly energetic, broad ion beam is focused on a
grounded metallic or dielectric target. The sputtered material then coats the substrate tilted toward
the target with the sputtered material. The main advantage of an IBD with respect to sputter
deposition is that in the latter the ions are generated in the same chamber as the targets and the
substrates, whereas in an IBD system the ions are formed in a separate chamber. This ensures
depositions at pressures that are one order of magnitude lower than the ones in the sputtering
systems. As a consequence the ion density is smaller and therefore so is the deposition rate. Low
deposition rates are valuable for the precise deposition of very thin layers.
Itis very common to have an IBD system equipped with two ion guns: one directed towards a target
carousel for deposition and one (assisted gun) directed toward the sample for milling purposes. The
assist gun can also be used to act directly on the substrate to deliver energetic noble or reactive

ions in the depositing material, improving the quality of the deposited films.

6.4 Focused ion beam

In principle, a focused ion beam (FIB) system is almost identical to a scanning electron microscope
(SEM). However, while the latter uses a beam of electrons to image the sample in the UHV chamber,
in a FIB a focused beam of ions is used instead. While a FIB is operated at low beam current for
imaging purpose, at high beam currents a nanometric precise milling can be achieved by focusing
of the ion beam on the sample surface. Thus, a careful control of the energy and intensity of the ion
beam allows precise nano-machining removal of unwanted site-specific material without requiring

masking with resists, wet or dry etching or resist removal, as in photolithography.
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Figure 47 —(a) Schematic illustration of a FIB ion column and (b) of its working principle.
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The ion source is usually a liquid Ga source, due to its low melting point (30 °C), low volatility and
low vapour pressure. A tungsten needle heats the gallium to the liquid state and a high extracting
electric field evaporates the ions from the sharp tip of a Taylor cone (~2 nm). As schematically
depicted in Figure 47a, Ga* ions are subsequently accelerated to energies of 1-50 keV and then, by
means of a series of apertures and electrostatic lenses, focused onto the sample.

As the diagram in Figure 47b shows, the Ga* ion beam sputters the sample surface due to the
transfer of kinetic energy during collisions. Secondary electrons are also emitted from the surface
when the beam rasters on the sample surface. The signal from these electrons is generally used to

image the sample with high resolution and with a spot size on the order of a few nanometres.

6.5 Fabrication by focused ion beam

6.5.1 Gold deposition

The as-deposited trilayers grown on 10x5xT mm MgAl,O4substrates were covered with a 200 nm
thick layer of polycrystalline Au deposited by standard DC magnetron sputtering. This conducting
layer reduced the charging of the oxide layers during the FIB milling and served as top contact
layer. The system used was a custom made sputtering chamber equipped also with an ion-miller.
The chamber was pumped down overnight to obtain a vacuum better than 2x10° Torr. The Au layer
was deposited in Ar gas at a pressure of 15 mTorr. The DC power was set to 50 W and the deposition
was carried out for 120s. Prior Au deposition, the sample surface was cleaned by milling the
samples in the same chamber and without breaking the vacuum, in Ar gas with 2% O, for 30 s at a

pressure of 0.2 mTorr. The discharge voltage was set to 42 V and the beam current used was 10 mA.

6.5.2 Photolithography patterning

Au-coated samples were cleaned with an acetone spray followed by an IPA spray and then loaded
into a spinner. PR (AZ 4533) droplets were pipetted onto the sample. The spin coating required 25 s
of spin at 4.5 krpm to achieve a thickness of ~4 um at the centre of the sample. At the perimeter of
the samples a thicker PR edge formed. Prebaking on a hotplate at 110 °C for 60 s followed.

Exposure of the sample was performed in a Karl Suss MJB3 UV300 mask aligner. Firstly, an exposure
in contact mode for 90 s of a rectangular mask of dimensions slightly smaller than the size of the
substrate in order to remove the edge-bead with the subsequent development in NaOH:H,O (1:3)
solution. The developing time was controlled by several successive optical inspections and it usually
was around 30 s. Further, a fine exposure in soft contact mode for 7 s of the CAM 44 mask (the
drawing of the mask is shown in Figure 48). Careful optical inspections were performed during

development in a 4:1 developer:solvant to make sure that small features were not over-developed
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while the unexposed PR was removed. This process patterns a series of 4 um-wide tracks which are

connected to millimetre-scale contact pads for wire bonding to chip carriers.

‘ o

‘—II—
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Figure 48 — Drawing of the CAM 44 mask design for 10x5 mm substrate, (a) the large millimetric areas are the

contact pads for wire bonding the device. (b) An enlarged view of the centre of the mask showing the 4 um width
tracks.

6.5.3 lon milling

Ar ion milling followed the lithography steps in order to pattern the tracks onto the deposited
trilayers. The inert gas used in the ion miller for the microfabrication of the tunnel junctions by FIB
was Ar with 2% oxygen. The small amount of oxygen reacts with the milled PR to form volatile CO
and CO; to reduce the re-deposition of PR. The system used was equipped with a turbo-pump and a
load-lock, thus ensuring reduced pumping times to reach the base pressure of 2x10° Torr. The
operating pressure was 0.15 mTorr with a gas flow of 1.4 sccm. The discharge voltage and grid
voltage were 42 V and 500 V, respectively. The beam current was set to 15 mA. Sample stage was
water cooled and rotated continuously to ensure uniform milling. Milling rate of the different oxides
layers were determined by performing calibration milling runs on thick (>400 nm) single oxide
layers and measuring the step height of the features using a profilometer. After milling the PR strip

was dissolved in acetone in an ultrasonic bath.

6.5.4 Focused ion beam fabrication
The 4 um-wide central tracks patterned on the samples were then micro-machined by a FEI200
series FIB to fabricate several nano-pillar devices to achieve vertical transport. Such FIB is equipped
with a sample stage that can be nominally rotated between 0" and 45° with respect to the beam (8).
The use of a custom 45° wedge holder allowed for an effective extended rotation of the sample
from 0° to 90°. Moreover, the sample stage also rotates 180° about a normal axis (¢).

A detailed description of the FIB processing for the nanopillar devices fabrication can be

found elsewhere [155,156], while a brief description of the FIB process is presented here.
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Figure 49 — Schematic of the FIB procedure for device fabrication: (a) narrowing of track from 4 um to 500 nm with a
normal to the sample ion beam, (b) fabrication of the junction pillar with two tilted cuts.

Firstly, the 4 pm-width of the track was narrowed down to 500 nm by milling a box area around
both sides of the track with a normal (6nominal = 45°) beam current of 70 pA (Figure 49a). The milling
was calibrated by eye thanks to change in image contrast once the substrate is reached. To avoid
any shorting between the electrodes a further short milling was done. The actual junction pillar was
fabricated by performing two isolating side (fnominal = 33°) cuts with a beam current of 11 pA, see
Figure 49b, at a distance of 500 nm. The average lateral dimension of the final nano-pillar thus was
500x500 nm?,

After the first step, the sidewalls of the track were polished with a beam current of 11 pA using the
cleaning tool of the software to remove any possible shorts at the interface due to the Ga

implantation that may occur when high beam currents are used.

6.6 Device microfabrication by 3-step lithography

The microfabrication of the tunnel junctions by means of a conventional 3-step lithography process
requires first, the patterning of the bottom contact lead, then the definition of the micrometric
junction pillar followed by the deposition of the top contact lead, as schematically shown in Figure

50. These steps are described in the next sections.

Top contact lead
I .

Top Electrode
Pillar

Bottom Electrode

Bottom contact lead

Figure 50 - Exploded schematic of the final tunnel junction structure fabricated by a 3-step conventional lithography
process.



A vapour priming step was performed on all samples before lithography in order to
increase the uniformity and the substrate adhesion of the PR. This was done by heating the
substrates at 130° C in an oven and then exposing it to a hexamethyldisilazane (HMDS) vapour
solution. The HMDS ensures the substrate surface is hydrophobic and promotes good PR-to-

substrate adhesion.

6.6.1 Bottom contact lead

The coating and the development of the first lithography step which patterns the bottom contact
lead were done with an automatic Silicon Valley Group (SVG) coating system. Optical lithography
was done with a Heidelberg Direct Write Laser 2.0 (DWL) system equipped with a diode laser
(A=405nm) and grey filters to select the desired output energy. Both machines are made for
processing 6-inch silicon wafers, thus the 10x10 mm substrate onto which the oxide trilayers were
deposited were taped on a silicon wafer during processing. Moreover, to avoid the formation of
edge-bead which affected the small 10x10 samples and the consequent non-uniformity of the PR,
samples were placed in a custom-made 6inch rounded sample holder with a square hole in the
middle with the right size and height to accommodate the sample and facilitate the coating of the

PR to achieve better uniformity.
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Figure 51 - (a) Schematic of the bottom electrode patterning process before and after lithography, ion milling and
resist strip. (b) Autocad mask design to pattern the bottom electrode: the exposure is inverted, thus the PR remains
inside the shape after development.
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The coating step covered the samples with a 1.5 um-thick positive PR (PFR7790G27cP) by spinning
the sample at 2.5 krpm for 30 s in order to uniformly distribute the photoresist. Samples were then
soft baked at 85 °C for 60 s in order to evaporate the solvent and relive stresses accumulated in the
PR during the spinning stage. The subsequent exposure of the pattern was performed in the DWL
with 100 mW power and 70%-90% energy. The mask used was designed in AutoCad and patterned
up to 70 devices on each sample. The design of the mask of bottom electrode is shown in
Figure 51b. Development (60 s) in the SVG required an initial hard bake at 110°C for 60 s and was

done by washing and drying the samples at high rpm. The pattern was checked by an optical
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inspection with a microscope, to ensure that the photoresist was fully developed and had a sharp
profile. Samples were then loaded into a Nordiko 3600 IBD system (equipped with a deposition and
an assist gun) to perform the first ion-milling step to define the bottom electrodes of the junctions,
as shown in Figure 51a. The IBD system used had a 6-target carousel, two neutralisers and was able
to process 8 inch-diameter wafers. Calibration etching on high thickness single layers (~300 nm)
was performed in order to estimate the milling rate for each layer via multiple profilometer
measurements of trenches. The milling process was performed through the entire tunnel junction
heterostructures down to the substrate. The Ar gas flow was set to 10 sccm and the working
pressure was set to 1.4x10 Torr. The sample stage was rotated continuously at a speed of 30 rpm to
ensure uniform milling. RF power was set to 180 W. The angle between the beam and the wafer
used was 70°, in order to provide good etching control and vertical profiles.

After ion milling, the photoresist is removed chemically from the samples with acetone in an
ultrasonic bath. Subsequently, the samples were cleaned with acetone and IPA and blown dry with
compressed air.

Before the pattering process, to reduce specular reflections, the structure was covered with a

15 nm-thick Ta anti-reflection layer deposited in the same IBD system used for milling.

6.6.2 Junction pillar

The second lithography step is identical to that of the patterning of the bottom electrode,
described above, except for the mask used, which now patterns the micro-pillars (Figure 52b). In
addition, also the contact pads of the bottom electrode are patterned in order to provide protection

from the subsequent oxide deposition (see Figure 52a).
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Figure 52 - (a) Schematic of the junction patterning process before and after lithography, ion milling and resist strip.
(b) Autocad mask design to pattern the pillar: the exposure is inverted, thus the PR remains inside the shape after
development. The design provides also cover for the contact pads for the bottom electrodes during the oxide
deposition.

The ion milling which follows the second lithography step is the most critical part of the whole
fabrication process. Pillar patterning requires the etching to be stopped right below the barrier/top

electrode interface. To ensure a vertical propagation of the mask and preserve the shape and size of
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the pillars etching was performed at an angle of 70° down to the CoFe,O4 barrier. As sidewalls
re-deposition can be significant in this case, due to the large aspect ratio (feature depth/width), a
second, shorter milling step with a lowered beam of incidence (40°) was performed until it
penetrated the bottom LiTi,O4. This ensured a barrier with steep profile and well controlled nominal
size, together with the reduction of metallic bridges around the barrier, at the cost of the profile
walls in the bottom electrode [157]. Figure 53 shows schematically the shape of the pillar with a

vertical profile down to the barrier and increased aspect ratio of the bottom electrode.
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Figure 53 — (a) Optical microscope image of a tunnel junction device during microfabrication. (b) Re-deposition on
the sidewalls during milling at high beam incidence angles and increased aspect ratio for the bottom electrode at
lower beam incidence angles.

Passivation and later insulation of the pillars were achieved by deposition of a 100 nm-thick Al,Os
layer by RF sputtering in a homemade UHV system. The target was a 6 inch diameter amorphous
AlLO; wafer near a 4inch diameter magnetron. The vacuum chamber was pumped down to
6x10° Torr before depositing the film at an Ar partial pressure and flow of 2x10° Torr and 45 sccm,
respectively. The RF power was 200 W and the calibrated deposition rate by profilometer
measurements of thicker films was 1.1 nm/min.

Lift-off of the buried photoresist from the bottom pads and the top of the pillar was done in
acetone in heated (65 °C) ultrasonic bath. The samples were checked by multiple optical inspections

with a microscope, to ensure a successful lift-off from all the 70 devices in the sample.

6.6.3 Top contact lead

The aim of the last lithography step was to deposit a thick metallic layer in trenched patterns for the
top contact of the pillar and the vias to the bottom electrode (see Figure 54a). For this purpose the
mask is non-inverted (Figure 54b). Due to the high thickness of the metallic layers, to ensure a non-
time consuming lift-off, the PR is pre-developed for 20 s before exposure and after coating. Such a
procedure hardens the surface PR and results in a sharper and slightly undercut PR profile after

exposing it with higher energies (+10%).
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Figure 54 - (a) Schematic of the top electrode patterning process before and after lithography, Au deposition and lift
off. (b) Autocad mask design to pattern the bottom electrode: the exposure is non-inverted, thus the PR remains
outside the shape after development.

A 10 nm thick Cr layer was deposited on the samples to improve adhesion of the subsequent
100 nm-thick Au. Both layers were deposited in an Alcatel SCM450 multi-target DC magnetron
sputtering system without breaking the vacuum. The system can host three 4-inch diameter
magnetron targets and it is pumped down a base pressure of 1x107 Torr before deposition. A
DC power of 20 W was applied during deposition. The Ar pressure and flow were set to 3 mTorr and
to 20 sccm, respectively.

Lift-off follows the same procedures described earlier for the previous pattering steps and in this

case requires only a few minutes.
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Chapter 7. Thin film experimental results

In the following chapter the results of the magnetic and structural characterisation of the as-
deposited LiTi,O4 and CoFe,O, single thin films are presented. High quality surface layers are
needed to integrate LiTi,O4 in a full-oxide spin-filtering device, thus a detailed AR-XPS analysis is
reported. Lastly, the entire growth process used to optimise the magnetic and electronic properties
of CoFe,0.4/LiTi,04 bilayer samples is presented. These bilayers were deposited with the intention of
optimising their structural, chemical and magnetic properties for the insertion into fully epitaxial
LiTi;04/CoFe,04/LiTi,04 (SIS) and LaNiOs/CoFe;04/LiTi,O4 (SIN) tunnel junctions. Here the two top
electrodes, LiTi;O4 and LaNiO;, play the role of superconducting and paramagnetic electrode,

respectively.

7.1 Growth of LiTi,0, thin films

For the growth of LiTi,O4 thin films by PLD a LisTisO1, ceramic target was prepared from a mixture of
Li>COs (Alfa-Aesar) and TiO, (Alfa-Aesar) powders by a standard solid-state reaction method [158].
The higher Li/Ti ratio (0.8) of the target was designed to compensate for the high loss of Li during
ablation process. This is because volatile elements are scattered by the background gas molecules
or by other species in the plasma, or are sputtered from the growing film by more energetic species
arriving at the substrate [159]. The LiTi;O, thin films were grown in high vacuum (P,, < 5x10° Torr),
with a laser fluence of 0.7 J/cm? and a repetition rate of 5 Hz. The substrate temperature was kept at
800 °C during growth (unless stated otherwise) and cooled down to room temperature in vacuum

after deposition.
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Figure 55 — (a) XRD pattern for the LiTi,O. films around the symmetric (111) MgAl>O. reflection. (b) XRD RSM of the
(531) peak of MgAl>,O. along with the (531) peak of LiTi>Oa.
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To verify lattice mismatch and bulk phase purity of the LiTi,O4 films, out-of-plane XRD
patterns (see Figure 55a) were measured. Single-phase LiTi>O4 film growth on MgALO, was
confirmed since the spectra showed clear (111) and (222) Bragg's reflection peaks of the film and
substrate, with the absence of additional peaks. The average out-of-plane lattice parameter
obtained from LiTi,O, diffraction peaks position is almost identical to bulk value,
a=(0.8400+0.0002) nm. The high resolution XRD-RSM, shown in Figure 55b, of the substrate (531)
peak and the film (531) peak, reveals that LiTi,O4 is fully relaxed in-plane.

XRR measurements show Kiessig fringes pointing at smooth film surface and thus, a well-
controlled growth. A reflectivity scan of a 27 nm-thick LiTi,O, film is shown in Figure 56a together
with the simulated fit and with the fit of the oscillations periodicity (Figure 56b). From these fits, the
surface roughness of the film was estimated to be ~1 nm. AFM imaging of the sample surface
morphology (Figure 56¢) provided an estimation of the RMS roughness of 0.8 nm, confirming

surface smoothness.
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Figure 56- (a) XRR oscillation (black) for a 27 nm LiTi:O. film grown on SrTiOs (110) substrate and the simulated fit
(red). (b) Fit of the periodicity of the XRR reflectivity oscillations. (c) AFM image of the same as-grown LiTi;Os film.

As reported by Johnston et al. [105], electrical properties of the LiiTi1«O4 ternary system
depend strongly on the stoichiometry. Charge transport characterisation on our samples confirmed
high quality thin film growth of the superconducting phase (x~0) Li-Ti-O spinel oxide. Figure 57
shows the metallic behaviour at room temperature - dp/dT > 0forT, < T < 290K - and a sharp
normal to superconductor state transition (width < 0.3 K) with a T, of 13.8 K (inset). The Fermi liquid
behaviour of the samples resistivity is confirmed by the variation of resistivity as T2 at lower
temperatures (blue line). The residual resistivity p, and residual resistivity ratio RRR = p3oox/P1sx

of the films were 330 uQcm and 2.4, respectively, in accordance with the literature [121-124].
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Figure 57 — Temperature dependence of resistivity for LiTiO4 film (red-solid line). Blue-dotted line is the p = py +
AT? fit in the temperature range 40-120 K. The inset shows the transition from normal to superconducting state.

Growth of metallic-superconducting high quality LiTi>O, films was possible under certain
oxygen partial pressure values. Growth at elevated temperatures, at P,, higher than 1x10” Torr,
yielded insulating films with no superconducting transition. This is known to be due to change in
the oxidation state of the Ti cations of LiTi,O.. In fact the latter has an equal number of trivalent and
quadrivalent Ti cations and, for Py, higher than 1x10° Torr, Ti** ions readily oxides into Ti*" ions,
leading to the formation of the transparent insulator phase LisTisO1, [122]. This makes the growth of
high quality single crystal thin films by PLD highly sensitive to the oxygen partial pressure Py, in the
chamber [121,122,124,160].

7.1.2 AR-XPS — Lithium out-diffusion

Both XRD and transport measurements strongly indicate that bulk properties of the LiTi,O4
films are of very high quality. Film surface composition plays a critical role in tunnel devices, thus
XPS measurements were carried out in order to determine the surface composition of the deposited
LiTi>O4 thin films. Interestingly, the two different spinel phases, LiTi;O4 and LisTisO1,, not only have
an evident stoichiometric Li to Ti ratio difference, but also the valence state of Ti differs: the average
charge of the titanium ions increases from 3.5+ (an equally mixed valence Ti** and Ti*) for
superconducting LiTi,O4 to 4+ for insulating LisTisO1,. XPS is hence a very powerful probing method
to differentiate between the two oxides and to get a clear understanding of the chemical
composition of the film surface layers. Moreover, the probed depth is almost similar for Li 1s and Ti
3s as their binding energies are close to each other: 55 eV and 62 eV, respectively. In addition, any
spurious effect arising from the analyser transmission can be neglected so that the Li/Ti and Ti**/Ti**
intensity ratios can be considered proportional to the ratio between the concentrations.
Spectra were calibrated to the binding energy of C 1s at 284.8 eV and were fitted with Voigt

functions for Ti**, Ti** and Li peaks to reduce the standard residual between the fit and the
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experimental data, using CasaXPS 2.3.15 software. The same fitting parameters were used for all
spectra and a Shirley background was subtracted. For chemical quantification, we used the

sensitivity factors 0.0568 and 0.473 for Li 1s and Ti 3s [149], respectively.
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Figure 58 - Measured (dotted-blue) and total fitted (solid-red) Li 1s and Ti 3s XPS bulk-sensitive (6=0°) spectrum for a
200 nm-thick LiTi>O4 film grown at 800 °C. The areas show the decomposed peak areas for Ti**(cyan), Ti** (light cyan)
and Li 1s (green). The excess amount of Li present at the surface is clearly visible by comparing the measured Li 1s
peak area (green) with the calculated peak area of Li 1s in order to have Li/Ti=0.5 (hatched green).

Figure 58 shows experimental XPS data as well as the fits of Li 1s and Ti 3s peaks of the
LiTi,O4 film at a bulk sensitive emission angle (6 = 0°). The Ti 3s peak is clearly split in a Ti** (~60 eV)
and a Ti*" (~63 eV) component, indicating the presence of LiTi;Os. However, the spectral weight of
Ti** is much less than Ti** (Ti*/Ti**=2.3) suggesting that LisTisO:, is present at the surface. The
formation of LisTisOs, is also confirmed by an increased Li/Ti ratio of 0.8 compared to 0.5 for LiTi,O..
To enhance clarity of the excess surface concentration of Li (green peak area), the total spectral
weight of the Li peak in order the have the correct Li to Ti ratio (0.5), taking into account the total Ti
concentration, is depicted in Figure 58 by the green-hatched area peak.

To quantify the LiTi,O4 cation composition of the surface layers, AR-XPS measurements
were performed by varying the emission angle with respect to the surface normal and thus allowing
control of the probing depth. Ti 3s, Li 3s spectra and their corresponding total fits - normalized to
the Ti 3s area peaks - of LiTi,O4 film collected at various emission angles are shown in Figure 59. By
increasing 6 (i.e. more surface sensitivity) the intensity of the Li 1s peak increases with respect to Ti,

clearly indicating a segregation of Li at the LiTi,O4 surface.
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Figure 59 — Measured (dotted-blue) and total fitted (solid-red) Li 1s and Ti 3s XPS spectra collected at (a) 6 = 0°, (b)
6=60°, (c) 6=70°, (d) 6=75° for a 200 nm-thick LiTi>O, film grown at 800 °C. The areas show the decomposed peak
areas for Ti*"(cyan), TP*(light cyan) and Li 1s (green). The excess amount of Li present at the surface is clearly visible
by comparing the measured Li 1s peak area (green) with the calculated peak area of Li 1s in order to have Li/Ti = 0.5
(hatched green).

The increasing behaviour for higher angles can be seen with more clarity in Figure 60, which depicts
the overlapped spectra collected at different angles. Moreover, the Li 1s peak shape broadens
towards higher binding energy, indicating that Li* with a different chemical environment is present
at the surface. An increase of the Ti** component with respect to the Ti** component with

increasing 6 is present as well.
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Figure 60 - Measured Li 1s and Ti 3s XPS spectra taken at different collection angles for a 200 nm-thick LiTi;Ox film
grown at 800 °C. The arrows indicate the direction of increasing 6. The dots indicate the experimental data; the solid
lines are the data envelopes fittings.
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Figure 61 — Measured (a) Li/Ti and (b) Ti*/Ti** ratios (black dots) for LiTi>Os films. A schematic model of the surface
composition used to fit (solid lines) the experimental data is shown in the inset of Figure 61b.

The Li to Ti ratio was calculated for the different emission angles using the spectral weight
of the Ti 3s peak and the spectral weight of the Li 1s peak. The clear increase of Li for larger 0 is
shown in Figure 61a. Since the Li/Ti intensity ratio is larger than 0.5 and not constant with
increasing emission angle, it indicates that the top surface layers are disproportionately Li-rich. Ti*
to Ti** ratios were calculated from the respective components of the fitted Ti 3s envelopes for the
different emission angles (Figure 61b). A clear increase of the Ti*/Ti** ratio was found at higher

emission angles, indicating the presence of LisTisO1; at the top surface layers.
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Figure 62 - Measured (dotted-blue) and total fitted (solid-red) O 1s bulk-sensitive (6 = 0°) spectrum. The areas show
the decomposed peak areas for metal carbonate (blue) and metal oxides (green).

To resolve the composition of the surface layers, we modelled the observed Li/Ti and Ti**/Ti** ratios
versus 6. In our model, we took into account that the intensity of the photoelectrons, created at
depth z has a damping factor exp (—z/A.sf), where the electron mean free path (1) is
approximately 2 nm [161]. A surface chemical composition of a mixture of the two different Li-Ti-O
spinel compositions, LiTi,O4 and LisTisO1,, and of an additional Li phase that mimics the excess of Li

at the surface, was hypothesized. Here, the additional Li-phase, modelled by simply using Li*, may
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come from LiCOs;, LiOH or Li,O. Note that the presence of Li,O at the surface could be ruled out, as
this phase is accompanied with an O 1s peak at 528.6 eV, which was absent in our films (Figure 62).
With this simple model, we found that a good match (solid lines, Figure 61) to the experimental
data was found if the bulk of the film is LiTi;O4 and a thin Li-enriched layer, ~1.2 nm (1.5 u.c.), is
present at the surface. More precisely, a mixture of Li* and LisTisO1, would be present at the top
surface layer and a LiTi,O4LisTisOq, mixture towards the bulk. The surface composition is
schematically depicted in the inset of Figure 61b. The presence of a non-spinel Li'* phase at the top
surface layer would also clarify the peak broadening of the Li 1s at higher binding energy for
increased emission angles. The Li enrichment at the surface can be understood by considering the
increased mobility of Li ions at elevated temperatures as a result of their low activation
energy [162]. This leads to an out-diffusion of Li towards the surface that changes the chemical
cation compositions of the top LiTi,O4 layers. Similar Li out-diffusion has been observed in e.g.

LiNbO; crystals [163,164].
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Figure 63 — Measured (dotted-blue) and total fitted (solid-red) Li 1s and Ti 3s XPS bulk-sensitive (6 = 0°) for a
200 nm-thick LiTi>04 film grown at 600 °C. The areas show the decomposed peak areas for Ti**(cyan), Ti** (light cyan)
and Li 1s (green). The excess amount of Li present at the surface is clearly visible by comparing the measured Li 1s
peak area (green) with the calculated peak area of Li 1s in order to have Li/Ti = 0.5 (hatched green).

To increase the quality of the surface layers, we investigated whether the Li out-diffusion
may be reduced by lowering the growth temperature, even though previous studies have shown
that low-temperature growth is detrimental for the quality of LiTi,O4 films [123]. By studying the top

surface layers of a film grown at 600 °C (showing a T, of 10.7 K) we found that the Li-excess in the
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surface layers was significantly increased compared to the samples grown at 800 °C. Figure 63
shows the Ti 3s, Li 3s spectra and their corresponding total fits - normalized to the Ti 3s area peaks -
collected at various emission angles of a LiTi,O. film grown at 600 °C. The predominant Li 1s peak
with respect to the Ti 3s peak for different collection angles can be observed. This can be seen with
more clarity in Figure 64, which shows the overlapped spectra collected at different angles. In these
films the Li to Ti ratio at 8 = 0° was 4.2+£0.2 and increased dramatically to 26.5+2.7 for 6=75°.

By modelling the data (Figure 65) using the same procedure used for films grown at 800 °C,
we found that for low-temperature growth, the thickness of the Li-excess layer doubles to ~2.5 nm.
Moreover, Ti would be absent in the top ~0.5nm of the film. The surface composition is

schematically depicted in the inset of Figure 65b.
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Figure 64 - Measured Li 1s and Ti 3s XPS spectra taken at different collection angles for a 200 nm-thick LiTi;Ox film
grown at 600 °C. The arrows indicate the direction of increasing 6. The dots indicate the experimental data; the solid
lines are the data envelopes fittings.

The increase in Li content at the surface for films grown at lower temperatures is counterintuitive as
the out-diffusion may be expected to be reduced. However, previous studies have shown that Li
can evaporate from the surface, where the evaporation rate increases with temperature [165,166].
Optimal surface layers are thus obtained when the competing processes of surface segregation and
evaporation are balanced, i.e. the thickness of the Li-excess layer has to be kept minimal while
keeping the out-diffusion low. Therefore, we have grown LiTi,O, films in a temperature range of
400-800 °C. The found Li/Ti ratios are shown in inset of Figure 65a. These Li/Ti ratios show that up to
700 °C, the Li excess at the surface is extremely high, suggesting that the Li-evaporation is low.
Increasing the growth temperature further, a clear drop in the Li/Ti ratio is present, indicating that Li
evaporates from the surface. Taking also the bulk properties into account, our data suggest that a

growth temperature of 800 “C is optimal for both high quality LiTi,O, surfaces and bulk properties.
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Figure 65 - Measured Li/Ti (a) and Ti**/TP* ratios (b) for LiTi»0s films grown at 600 “C(black dots) and the ratios
resulting from the best-matched model (line). The inset of Figure 65a shows the Li/Ti ratio (magenta dots) for films
grown at different temperatures measured at 6 = 0° and the theoretical ratio value of 0.5 (black). The dotted line is a

guide to the eye. A schematic model of the surface composition used to fit (solid lines) the experimental data is
shown in the inset of Figure 65b.

With the presence of Li out-diffusion from bulk to the surface and subsequent Li evaporation, Li-
deficiency of the bulk LiTi,O4 can be expected. However, since our films grown at 800 °C show a very
high T, Li-deficiency in the bulk must be very low. Interestingly, a small Li deficiency could also
explain our significantly higher T, (13.8 K) compared to bulk LiTi,O4 (11.2 K), which is in agreement

with the observations of Capponi et al. [167].
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Figure 66 — Measured (dotted-blue) and total fitted (solid-red) Li 1s and Ti 3s XPS bulk-sensitive (6 = 0°) spectrum for
a LiTi»04 200 nm-thick film capped with a 2 nm-thick CoFe;Oq layer.

In order to rule out any possible aging effect [168] arising from surface exposure to air
contamination during the transfer from PLD to XPS, AR-XPS measurements were also performed on
a LiTi,O4 film covered by an ultra-thin (2 nm) capping layer of CoFe,0. deposited in-situ by PLD
directly after the growth of LiTi>O4 . The results, illustrated in Figure 66, show that the corresponding
Li 1s to Ti 3s intensity ratio is very similar to that shown in Figure 64, suggesting that Li segregation

is an intrinsic phenomenon occurring during growth.
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In conclusion, high quality LiTi,O4 thin films were grown on MgAl,O4 substrates by PLD. The
resistivity of the samples decreased with temperature, indicating a metallic behaviour. Moreover,
the films undergo a superconducting transition at temperatures below T, = 13.8 K. The growth of
films at elevated temperatures in P,, higher than 1x10° Torr yielded insulating films with non
superconducting transition. In addition, it was shown that the growth of metal oxide LiTi>O4 thin
films by PLD is affected by Li out-diffusion towards the surface. The thickness of the Li-rich layer was
found to vary with growth temperature and it is minimized for samples grown at 800 °C, as a result

of a balance between Li out-diffusion from bulk and Li evaporation from the surface.

7.2 Growth of CoFe,0, thin films

CoFe,0, films were grown by PLD of polycrystalline targets sintered from cobalt iron oxide
nanopowders (Sigma-Aldrich). The laser was operated at an energy density of 2.5 J/cm? and at a
repetition rate of 1 Hz. MgAl,O4(111) substrates were heated to a temperature of 800 °C and the Py,

during growth was 30 mTorr.
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Figure 67 — XRD pattern of a 60 nm-thick CoFeO. film around the symmetric (111) MgAl:O4 reflection.

The XRD pattern of a 60 nm-thick CoFe;O4 thin film is depicted in Figure 67. Only the
(1171) family of reflections emerge from the deposited film, confirming the unidirectional growth of
this ferromagnetic insulating Co-ferrite. Film thickness was determined from both fit of the
periodicity of the reflectivity oscillations and simulated fit of the XRR low angle scan, Figure 68a,b.
The latter provided also an estimation of the film surface roughness, which was better than
~0.5 nm. Such low roughness value was also confirmed by AFM surface analysis. Figure 68c shows
the surface morphology of a CoFe,;0, thin film with smooth terraces confirming a 2-dimensional
atomically flat growth of the film. The estimated RMS roughness value was 0.4 nm. This remarkably
low value lends itself very well to the growth of more complex epitaxial CoFe,O4-based

heterostructures, as is the intent of the research of this thesis.
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Figure 68 - (a) XRR oscillation (black) for a 34 nm-thick CoFe;O. film grown on MgAl:O4 (111) substrate and the
simulated fit (red). (b) Fit of the periodicity of the XRR reflectivity oscillations. (c) AFM image of the same CoFe;O. film
grown on MgAl;O, substrate.

The well controlled growth of single phase CoFe,04 with smooth surface and interface morphology
was also confirmed by the XRD pattern of thin films grown on (100)-oriented MgO substrates which
showed Laue oscillations, as shown in Figure 69. The latter can be related to the film thickness [169]

and appear in XRD pattern of films with very low surface roughness.
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Figure 69 - (a) XRD diffraction pattern of a 75 nm-thick CoFe;O. film grown on MgO (100) substrate. (b), (c) The
peaks intensity of the film is modulated by finite thickness Laue fringes.

As they act as Fl in spin-filter tunnel junctions, CoFe,O4 thin films were characterised for their in-
plane electronic properties using the method described earlier in chapter 5. The resistivity versus
temperature curve p(T) for a CoFe;04(50 nm) film grown on MgAl,Q, is shown in Figure 70. It
clearly demonstrates the typical insulating behaviour with increasing resistance as the temperature
is lowered. The room temperature resistivity for this sample was p(290 K) = 88 Qcm. Below

~110 K, the measured experimental resistance exceeded the measurement limit of the voltmeter.

99



Temperature™ (103 K)

10 9 8 7 6 5 4 3
8 . . : : : : 9
-~
—— Experimental Data
Ea - - Fit
! 18
6
E 17 &
c c
o4 —
) £
Z 16 £
c
aQ £
2t <
15
0 . . . - 4

100 120 140 160 180 200 220 240 260 280 300
Temperature (K)

Figure 70 — Experimental (blue) temperature dependence of the in-plane resistivity of a 50 nm-thick CoFezO. film and
the corresponding Emin-Holstein model fit (red).

The graph also shows the agreement of the data with the fit of the Emin-Holstein model [170] for

small polaron hopping in the adiabatic limit

Ea
p(T) =Ky - T+ eksT (93)

where Ky is a constant related to the polaron concentration and hopping length; E, is the
activation energy. Least square linear fitting of In(R/T) versus (1/T) gives an E, of 68 meV. For
ultra-thin CoFe,0, the resistivity-temperature curves are not shown, as at room temperature the

resistivity was already too high to provide a measurement within the experimental setup limits.
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Figure 71 - Normalised in-plane magnetic hysteresis loop at room temperature of a 60 nm-thick CoFe>0, film grown
on MgAl,O4 (111). The paramagnetic contribution of the substrate has been subtracted from the measured signal
and the hysteresis loop is normalised to the in-plane M value at 1 T.

The CoFe;0. needs to have magnetic properties to actually act as spin-filter of charge
currents, due to the lowering of the barrier below T¢.. Room temperature magnetic properties of

the CoFe,0, films were investigated by means of VSM and are shown in Figure 71. The films exhibit
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the characteristic magnetic hysteresis loop. The in-plane Mg at 1 T and the coercive field were
315 emu/cm?® (or a magnetic moment of 2.5 ug per formula unit) and 150 mT, respectively. This
magnetic value compares well with the maximum 3 g theoretically obtained for bulk CoFe,0, with
an inverse spinel structure [103] and for PLD grown CoFe,O, thin films [171,172].

In conclusion, high quality single-phase CoFe,0, thin films were grown by PLD on single
crystal substrates of MgAl,O4 cut along the (111) crystallographic orientation. The films show the
insulating and ferromagnetic properties necessary to be integrated as a barrier in a spin-filter tunnel

junction.

7.3 Growth of CoFe,0,/LiTi,0, bilayers

Once the LiTi,O4 and CoFe,04 single thin films growth was optimised, the research focused on the
growth of these two spinel oxides in the form of heterostructures, such as
LiTi;04/CoFe,04/LiTi;04 (SIS) and LaNiOs/CoFe,04/LiTi;O4 (SIN) tunnel junctions. Firstly though, an
optimisation of the growth of these two oxides in the form of CoFe,04/LiTi,O4 bilayers was carried
out. This growth optimisation process was required as the characterisation of CoFe,0./LiTi>O4
bilayers deposited by simply following the same growth conditions for high quality LiTi,O4 and
CoFe,0, single thin films, described in the previous sections, showed poor conducting properties
for the LiTi;O4 bottom layer. This was because the deposition of CoFe,O, at 800 °C and at
Py,=30 mTorr on a previously grown LiTi,O4 (Py,< 5x10° Torr and at 800 "C) had a deleterious effect
on the latter, which did not show any metallic-superconducting properties, but instead had an
insulating behaviour. The 4-wire resistance versus temperature measurement of such
CoFe;04(5 nm)/LiTi,04(200 nm) bilayer grown on MgAl,O,4 substrate, showing insulating behaviour,
is depicted in Figure 72. Below ~120K, the measured experimental resistance exceeded the

measurement limit of the voltmeter.
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Figure 72 - Resistance versus temperature measurement of as-deposited CoFe;O4(5 nm)/LiTi:04(200 nm) bilayer on
MgAlO, substrate. The growth conditions of the two layers are those presented in the previous sections of this
chapter for high quality metallic-superconducting single LiTi:O4 thin films (800 °C, Po> < 1x10° Torr) and insulating
ferromagnetic single CoFe>04 (800 °C, Po; =30 mTorr) thin films.
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The detrimental effect of the growth of CoFe,O4 on top of LiTi,O4 is due to the high
sensitivity of the metallic oxide to the P, in the chamber. Conversely, oxygen deficiencies are
deleterious to the magnetic properties of spinel ferrite thin films [173]. As presented in chapter 4,
oxygen ions in the spinel structure produce an indirect exchange interaction between the magnetic
ions, leading to a net magnetic moment in the ferrites. Thus any oxygen deficiency due to a growth
at low P,,, reduces the exchange interaction between the magnetic ions, and hence, the saturation
magnetisation of the CoFe,0, films. This was confirmed by the deposition of bilayers deposited at
the reduced oxygen environment (P, ~ 10° Torr) favourable for high quality LiTi;Ox film. The results
show that although Li-titanate has not lost its superconducting and metallic properties (Figure 73c),
CoFe,0, grows with more than one phase (Figure 73a) on the (111)-MgAl,O, substrate. More
importantly, the magnetic layer has a very low magnetic moment. Figure 73b shows the normalised
hysteresis loop of a CoFe,0, film grown at its optimal oxygen pressure P,,=30 mTorr compared to a
CoFe;0, thin film grown at P,,< 10 Torr. The in-plane M; of the latter is only 9% of the first, i.e.

7.5% of the bulk value, which would be deleterious for spin-filtering.
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Figure 73 — Main properties of bilayer grown at Po; < 10° Torr. (a) XRD pattern of a single CoFezO. film grown in
reduced conditions showing multiphases peaks (red), compared to an XRD pattern of single Cofe:Os grown at
P0,=30 mTorr showing mono (111)-orientation (blue). Curves are offset for clarity. (b) Magnetic hysteresis loop of the
same CofFe0q4 layers showing poor Ms for the layer grown in reduced oxygen pressure due to oxygen deficiencies. (c)
The underlying LiTi:O4 layer in a CoFe;O4/LiTi>O4 bilayer grown all in reduced oxygen conditions is still metallic and
superconducting.

It was therefore clear that integrating LiTi,O. into spinel ferrite-based spin-filter junction needed a
fine tuning of the growth conditions of these two materials, requiring very different oxygen partial
pressures. A few approaches were followed in order to combine LiTi-O4 and CoFe,O4 in a bilayer
without detrimentally affect each other during growth: (i) For example, to compensate for the low
M, of CoFe,O, in a bilayer grown in reduced oxygen environment, samples were annealed at
different Py, and at different temperatures, in order to compensate for the oxygen deficiencies in
the CoFe,0, layer. The results are shown in Figure 74; (ii) A mixture of N,O/O, instead of O, was
used, as suggested by Hassan et al. [174], to reduce the chemical potential of the oxygen ions; (iii) A
few capping monolayers of CoFe,0, were grown at the same reduced Py, environment of LiTi,O, in
order to not expose the latter to oxygen during the growth of the subsequent monolayers of
CoFe;0, at higher Py, ; In all cases, though an increased M of the CoFe,04 layer could be observed,
the underlying LiTi,O4 of the bilayers showed insulating behaviour indicating an oxidation of the

Ti** ions and the formation of the unwanted insulating LisTisO1, phase.
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Figure 74 - Main properties of bilayer grown in reduced oxygen pressure and then annealed. (a) XRD pattern of a
CoFe;0. film grown in reduced conditions and then annealed showing single phase peaks (red), compared to an
XRD pattern of CoFe;O4 grown in 30 mTorr showing single (111)-orientation (blue). Curves are offset for clarity. (b)
Magnetic hysteresis loop of the same CoFe;Os layers showing a restoration of Ms for the layer grown in reduced
oxygen pressure and then annealed due to the decrease of oxygen deficiencies. (c) The underlying LiTi:O4 layer in a
CofFe;04/LiTi,O4 bilayer grown all in reduced oxygen conditions and then annealed is not metallic-superconducting
and shows insulating behaviour.

From these attempts, it became clear that the successful growth of a CoFe,O./LiTi,O4 bilayer
showing metallic properties and good ferromagnetic properties would have required to
compromise the saturation magnetisation of the CoFe,O, layer by lowering Py, and the growth
temperature, in order to preserve the metallic state of LiTi,O.. This was achieved by keeping the
substrate temperature at 800 °C in a Py,better than 5x10° Torr during the growth of the LiTi,O4
layer in order to promote growth of the superconducting phase. This is also the optimal
temperature to reduce Li segregation at the surface, as presented in section 7.1. Next, to avoid any
unfavourable oxidation of deposited LiTi,O4 layer, during the subsequent growth of CoFe,O4, the
temperature of the substrate was lowered to 450°C. Thereafter high purity oxygen was injected into
the chamber and P,, was maintained at 20 mTorr, to limit formation of oxygen deficiencies in the
magnetic layer. In this way, the chemical potential of oxygen ions was lower and the oxidation of

Ti** into Ti* could be avoided, keeping LiTi,O, in its metallic, superconducting phase.
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Figure 75 — XRD pattern for a CoFe:04(60 nm)/LiTi-204200 nm) bilayer around the symmetric (111) MgAl.O4
reflection. Inset compares XRD pattern of the bilayer (black) with those of a 60 nm-thick Cofe:Os (red) and
200 nm-thick LiTizO4 (blue) single films. Curves are offset for clarity.
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To verify lattice match and bulk phase purity of the deposited films, we measured out-of-
plane XRD patterns for a CoFe,O4 (60 nm)/LiTi,O4 (200 nm) bilayer. The XRD pattern, shown in
Figure 75, shows clear (111) and (222) Bragg’s reflection peaks of the films and those of the
underlying MgAl,O4 (111) substrate. No undesired phase or orientation of either LiTi,O4 or CoFe;04
are observed in the pattern, pointing out that both layers are in single phase and highly oriented.
The overlap of the two films’ reflection peaks of the bilayer, due to their close lattice match, is clear
in the inset of Figure 75 where the (222) reflection peak of the bilayer is compared with the
reflections of a single LiTi;O4 (200 nm) film and a single CoFe,04 (60 nm) film grown on MgAl,O4
(1171).
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Figure 76 - XRD patterns for a 60 nm-thick CoFe>O4 grown at 800 °C (red) and at 450 °C (blue) around the symmetric
(111) MgAl:O, reflection

XRD was also used to determine the effect of the growth of CoFe,04 at 450 °C instead of 800 °C.
Figure 76 illustrates the comparison between the XRD pattern of a CoFe;O4 thin film grown at
800 °C and one grown at 400 °C and shows that the full-width at half-maximum of the (222) peak
decreases with the temperature, indicating the CoFe;0; is still single-phase while its grains grow
larger.

Temperature-dependent resistivity measurement of a CoFe;04(10 nm)/LiTi,04(50 nm)
bilayer shows metallic behaviour (Figure 77). Moreover, the bilayer undergoes a superconducting
transition at T, = 11.5 K, confirming that the bottom layer has kept its metallic-superconducting
phase and did not suffer any oxidation due to the growth of CoFe,0.. The T is in good agreement
with that of single LiTi,O4 films. The width of the superconducting transition is less than 0.4 K (inset
Figure 77). The Fermi liquid behaviour of the bilayer is confirmed by the variation of resistivity as T2

at lower temperatures (blue-dashed line). The residual resistivity p, and the residual resistivity ratio

RRR = p3o0x/P2sk Of the films were 463 p2cm and 1.5, respectively, in accordance with recent
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publications [121-124,160] and with single LiTi,O, films. At temperatures below 20 K the bilayer

exhibits an increase in resistance, characteristic of weak localization in disordered 2D films [175].
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Figure 77 - Temperature dependence of resistivity for CoFe;04(10 nm)/LiTi:04(50 nm) bilayer. The blue-dotted line is
the quadratic p = p, + AT? fit in the temperature range 50-150 K. The inset shows the superconducting transition
atT, = 11.5K.

The magnetic hysteresis loops measured by VSM at room temperature of a
CoFe,04(60 nm)/LiTi>04(50 nm) bilayer grown on MgAl,04(111) substrate are shown in Figure 78.
The hysteresis loops are normalized to the in-plane magnetisation value at 1 T and the
paramagnetic contribution of the substrate was subtracted from the measured signals. The
magnetic layer of the CoFe,O4/LiTi,O, shows ferromagnetic-like behaviour. The in-plane Mgat 1 T
and the coercive field were 200 emu/cm? (or a magnetic moment of 1.6 pg per formula unit) and
95 mT, respectively. This magnetic moment value is lower than the maximum 3 pj theoretically
obtained for bulk CoFe,O4 with an inverse spinel structure [103] and lower than the one obtained

for single CoFe,04 films (2.5 yg per formula unit).
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Figure 78 - Normalised in-plane magnetic hysteresis loop at room temperature of a CoFe;04 (60 nm)/LiTi:O4 (50 nm)
bilayer grown on MgAl:O4 (111). The paramagnetic contribution of the substrates has been subtracted from the
measured signal and the hysteresis loop is normalised to the in-plane Mg value at 1 T.
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The decreased M; is consistent with previous reports [173] on CoFe;0, grown at low Py, and low
temperature, and was expected due to the conditions required to avoid any oxidation of the
underlying LiTi>O4. Also the decreased coercive field with respect to single CoFe,0, thin films, due
to the growth at lower temperatures, is in agreement with previous findings [173]. In a spin-filter
device, the tunnelling spin currents depend exponentially on the barrier height difference between
the two spins, so a lower than expected exchange energy of the Fl, due to the lower M, values, can
still produce a high polarisation of the current.

In conclusion, CoFe,04 and LiTi,O4 were successfully grown on MgAl,O, substrates in the
form of bilayers, under growth conditions that did not oxidise the LiTi,O, into its insulating phase,
and that did not have a deleterious effect on the magnetic properties of CoFe,Os This
CoFe,0./LiTi,04 bilayer is the building block from which tunnel junction heterostructures can be

grown.
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Chapter 8. Devices experimental results

In the previous chapter the successful growth on MgAl,O4 substrates of metallic superconducting
LiTi.O4 and ferromagnetic insulating CoFe,04 in the form of bilayers has been presented. To prove
that LiTi,Os can be used as oxide electrode in a tunnel junction, a third top electrode layer is
required. For this purpose, the growth of another LiTi;O4 layer on top of the CoFe,0./LiTi,O4 bilayer
has been explored for the fabrication of a symmetric SIS junction. Additionally, the growth of
LaNiOs;, a paramagnetic conducting perovskite oxide, to be used as a non-magnetic metallic
electrode in a SIN tunnel junction, has been explored too. In the next chapter are presented the
experimental transport measurement results of LaNiOs;/CoFe,O4/LiTi;O4 (SIN) junctions and
LiTi;04/CoFe,04/LiTi,04 (SIS) junctions, microfabricated by FIB and by 3-step conventional
lithography process.

8.1 LaNiO3/CoFe,0,/LiTi,0, SIN devices

The integration of a non-magnetic metallic LaNiO; electrode in CoFe,04/LiTi,Os-based SIN
junctions has the potential to allow TM measurements and thus to probing the superconducting
DoSs of the LiTi,O, electrode. LaNiOs has served this purpose in other oxide-based electronic
devices [86,176,177] and recently also in spin-filter tunnel junctions [178,87,88]. The deposition of
LaNiOs thin films exhibiting metallic conductivity requires a very high oxygen pressure P, during
growth. This is because the conductance depends on the degree of oxidation of the Ni** ions, which
are thermodynamically highly unstable [176]. N,O has been proven to be an alternative to oxygen
for the correct oxidation of Ni during growth of LaNiOs thin films [179]. Thus, for the deposition of
the LaNiOs/CoFe,04/LiTi, 04 tunnel junction, the growth of LaNiOs films was first optimised.

In Figure 79a the structural characterisation by XRD of a 200 nm-thick film of LaNiOs; grown
on (110)-oriented SrTiOs substrates at 650 °C at a Pnao of 200 mTorr is shown. Clear single-phase
reflections corresponding to those of the substrate are present, suggesting a unidirectional growth
of the single phase LaNiOs; film. Moreover, transport measurements on the same film reveal a p(T)
curve (Figure 79b) with a clear monotonic decrease of the resistivity with decreasing temperature,
typical of a conductive behaviour. At temperatures below 80K, p saturates to a constant value
near 4.2 K, which is in agreement with previous findings [177,180,181]. In this range of temperatures
the experimental curve finds agreement with a Fermi Liquid model fit. The residual resistivity p, and
residual resistivity ratio RRR of the films were 1.8 mQcm and 1.6, respectively. In addition, the room
temperature resistivity was as low as p(290 K)=2.8 mQcm confirming that LaNiO; can be used as a

low-resistance contact material in tunnel junctions.
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Figure 79 - (a) LaNiOs XRD diffraction pattern grown on SrTiOs (110)-oriented substrate. (b) Temperature
dependence of resistivity for a 100 nm-thick LaNiO; film (red-solid line). Blue-dotted line is the p = py + AT? fit in
the temperature range 4-80 K.

Once the LaNiO; growth conditions were optimised a 200 nm-thick film was grown on a
CoFe,04(1-3 nm)/LiTi,04(200 nm) bilayer and the entire heterostructure was then microfabricated
into tunnel junctions by means of lithography, ion milling and FIB milling, as described in chapter 6.
Figure 80a illustrates the SEM image of the central part of the sample after lithography showing the
micron-scale tracks connected to the millimetre-scale contact pads. A cross sectional image of the

fabricated tri-layer SIN system is shown in Figure 80b.

Figure 80 - (a) SEM image of the central part of the sample after lithography and ion-milling process showing the
micron-scale tracks. (b) Cross-sectional SEM image of a LaNiO3(200 nm)/CoFe;04(2 nm)/LiTi:04(200 nm) SIN
heterostructure.

The measurement of any tunnelling current in the fabricated devices was unsuccessful for
all the samples deposited. The measured tunnel resistance was in the range of ~10% MQ. This was
most likely due to LiTi,O4 readily oxidising into the insulating phase during the growth of the LaNiO;
top electrode. Resistance measurement of the LiTi,Os electrode in a LaNiOs/CoFe;04/LiTi>0O4
heterostructure, by direct wire bonding through vias opened with a simple lithography and milling
run, showed insulating behaviour (Figure 81). The same procedure of fine tuning the growth

conditions between LiTi;O4 and CoFe,0, followed, this time including the LaNiOs layer in order to
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determine an optimal P, and Py, , for all the three layers. The high Py, required to favour the

metallic state of LaNiOs; could not be overcome and a working SIN tunnel junction of the form

LaNiOs/CoFe,04/LiTi,O4 could not be achieved.
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Figure 81 — (a) Resistivity versus temperature measurement of the LiTiO4 electrode in a LaNiOs/CoFe;04/LiTi:O4
heterostructure by (b) direct wire bonding through vias opened with a simple lithography and milling run.

8.2 LiTi204/C0Fe204/|.iTi204 SIS devices

To prove the suitability of LiTi,O4 as an electrode in an almost defect-free all-spinel oxide spin-filter
junction a symmetric superconducting tunnel junction of the form
LiTi204(50 nm)/CoFe;04(1-3 nm)/LiTi;04(50 nm) was grown. For this purpose, a second layer of
LiTi.O4 was grown on top of the CoFe;04(1-3 nm)/LiTi;04(50 nm) bilayers. These oxide

heterostructures were then patterned into tunnel junctions.

Figure 82 - Cross-sectional SEM image of a LiTi04(200 nm)/CoFe204(2 nm)/ LiTi204(200 nm) SIS heterostructure.

First, LiTi,04(200 nm)/CoFe;04(1-3 nm)/LiTi;04(200 nm) heterostructures were grown on
MgAl,O4substrates and then microfabricated by FIB. A cross sectional SEM image of such devices is
shown in Figure 82. In this case, as the two electrodes are both LiTi,Os (i.e. the secondary electron
are the same) and the CoFe;0. is very thin, the contrast is not sufficient to reveal where to perform
the isolating cuts in the heterostructures in order to obtain vertical transport. Though the issue can

be overcome by oversizing the cuts, if the electrode thicknesses are well know, the processing of
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these junction was difficult. Consequently, the yield of functional devices was very low. In addition,
the devices fabricated with success showed very high R;~10> MQ. This may have been due to the
known disadvantages of FIB patterning of potentially Ga ion [182] and of resputtering, which may

detrimentally effect the sensitive metallic phase of LiTi,O,.
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Figure 83 —(a) Schematic cross section of the side view of the micro-tunnel junction with bottom and top electrode.
(b) Optical microscope image of a microfabricated tunnel junction device. (c) Current versus voltage (blue circles) of
a LiTi04 (50 nm)/CoFe;04(2 nm)/LiTi;04(50 nm) junction measured at 50 K. The size of the junction is 3x3 um> The
inset shows the schematic cross section of the side view of the micro-tunnel junction with bottom and top electrode.
The solid red-line is the Simmonis fitting. The inset shows the parabolic shape (solid red-line) of the dI /dV curve (blue
dots) indicating a tunnelling behaviour of the junction.

To increase the yield of functional devices and avoid any damaging effect of the LiTi,O4
electrodes, the grown symmetric superconducting heterostructure of the form
LiTi204(50 nm)/CoFe;04(1-3 nm)/LiTi;04(50 nm) was patterned into tunnel junctions by means of
conventional 3-step optical lithography process, described in chapter 6. The patterned micro-pillars
(Figure 83a,b) fabricated with this method showed low R;~kQ. Moreover, the I(V) curve of a
LiTi,04(50 nm)/CoFe,04(2 nm)/LiTi204(50 nm) tunnel junction measured at temperatures above T,
(Figure 83c) showed strong non-linear shape, suggesting electron tunnelling across the barrier. The
nearly parabolic shape of the dynamic conductance curve (Figure 83c, inset) confirms that electron
transport through tunnelling across the junction is the dominant transport mode. The offset of the
parabola suggests a barrier asymmetry. From fitting the measured tunnelling data after BDR model
(see chapter 2), which includes the term corresponding to the barrier asymmetry, an average barrier
height of 0.26+0.01 eV was obtained. The latter is lower than the theoretical band gap (0.80 eV) for
CoFe,0, but is in agreement with previous tunnelling studies on CoFe,0.. The barrier asymmetry
was estimated to be 0.09+0.01 eV and is an indication that the two LiTi.Os might have slightly
different stoichiometries. The fitted barrier thickness of the CoFe,0, layer and effective tunnelling

area agreed well with the estimates. In detail, the estimated barrier thickness (2.2+0.2 nm) is within
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a reasonable range of nominal thickness of the barrier layer taking into consideration ~1 nm

roughness of the electrode, showing the uniform coverage of the barrier.
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Figure 84 - Differential conductance dI/dV versus bias voltage from 1.5 to 10.5 K with 1 K increments and at 11 K in
zero field for a LiTi-04 (50 nm)/CoFe;04(1.5 nm)/LiTi-04(50 nm) junction. The size of the junction is 3x3 um?.

The dynamic conductance of a representative sample measured at low temperature is
depicted in Figure 84: the dI/dV spectrum exhibits a characteristic superconducting energy gap
structure with a dip around the zero bias and strongly smeared coherence peaks. At temperatures
approaching the T, of LiTi,O4 the gap decreases until it disappears for higher temperatures. The
decrease of the conductance observed at voltages above 2A is most likely due to flux flow and
heating in the electrodes at high current densities ~15 kA/cm™. Similar behaviours are common in
tunnel junctions based on high T, superconductors [183]. The broadening of the coherence peaks
is an evidence for the smearing of the interfacial density of states due to the proximity effect of a
ferromagnetic Mott insulator, which shortens the quasiparticle lifetime [59,184,185]. Another
contributing factor to the smearing of the dI/dV curves could be the possible stoichiometric
inhomogeneity between two LiTi,O, electrodes as a consequence of their different growth
conditions. The form of the dI/dV spectra implies that at least one of the LiTi,O4 electrodes
preserves a superconducting density of states at the CoFe,0, interface. We will begin by assuming
that both electrodes are superconducting and then justify this in the light of the available

information.
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Figure 85 — (a) Temperature dependence of the zero bias conductance Gy normalised to the value at 2.5K (G,y),
except for the curve showing superconducting peak. The open circle is the normalised G for the curve at 1.5K
evaluated without the superconducting peak. The smeared BCS s-wave model fit to the dI/dV versus bias voltage
characteristic (a) at 2.5 K. (with 24 =2.4meV and I' = 6.9 meV) and (b) at 9.5 K (with 2A = 1.7 meV and I" = 9.4 meV)
(d) Normalised temperature evolution of the Dynes fitting parameter I'. The error bars represent the s.e. in the fit to
the 01/0V data.

The experimental dI/dV curves were fitted using a modified version of Equation (51) with a
complex energy E' = E + il', that takes into account sample inhomogeneity and a finite quasi-
particle lifetime by scattering. According to this simplified smeared BCS model for SIN junctions, in
the limit of low bias voltages and for low temperatures and by adding the phenomenological Dynes

parameter I' [59,184], the dynamic conductance can be rewritten as:

dl
—
av

(|IE —eV| —iD)
€ ((E _ eV)z _ A2)1/2

(94)

With these assumptions, and for large values of I' in both electrodes, this model can also model SIS
quasiparticle conductance spectra if A is replaced by 2A. In Figure 85a and Figure 85b are shown the
fit to dI/dV curves collected at 2.5K, with 2A=2.47 meV and I'=6.9 meV, and at 9.5K, with
2A=1.7 meV and ' =9.4 meV. The peak height and the gap structure of the raw data are quite
accurately reproduced by the fit. The fitting values of I' are depicited in Figure 85c and show a clear
increase with increasing temperature for temperatures below 8.5K, i.e. T/T; =0.8. For higher
temperatures a change in behaviour and an increase in the uncertainty on the estimation of the I’
parameters can be observed. This may be related to the enhancement of the quasiparticle
scattering by fluctuations near the critical temperature and to the expected decrease of the
goodness of the fit at higher temperatures. The zero bias conductance G,, estimated from the
dI/dvV fits, exponentially decreases at low temperatures, as expected for an intrinsic s-wave SIS

junction [186] (Figure 85d).
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The superconducting energy gap width 2A(T) was also determined from this data. The dependence
of 2A on the temperature (shown in Figure 86) fits well with the BCS-type temperature
dependence [39]

2A(T) = 2A,tanh(1.74

confirming a superconducting behaviour. The fitting parameters are 24, = (2.6+£0.1) meV, which is
lower than the one reported in previous findings [118,124,187], and T, = (11.0£0.3) K, in accordance
with the value measured in our bilayers. Consequently, we find a 2A,/K,, T, ratio of 2.8+0.2, which is
less than the typical values ranging between 3 and 4.5 for BCS like superconductors but in
agreement with recent scanning tunnelling spectroscopy on LiTi;O4 films[125] suggesting a
modified superconductivity on the surface due to a non-stoichiometric surface layer. Another
contributing factor to the reduced gap value is the suppression of the order parameter in the LiTi>O4
electrodes due to the proximity with the CoFe,O, magnetic barrier; this is also presumably
responsible for the large value of T. If we assumed SIN behaviour, our estimate for 2A would be
doubled to 5meV which is significantly larger than reported previously and so appears

unreasonable.

0.2 — BCS Theory Fit
e Experimental Data
0 . ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

T/T.

Figure 86 - Temperature dependence of normalised energy gap 2A and BCS fit. The error bars represent the s.e. in the
fit to the d1/dV data.

SIS junctions would normally be expected to show a Josephson supercurrent with a
maximum value of mA/(2R;) where R; is the junction normal state resistance, but for strongly spin-
filtering barriers, this is expected to be substantially reduced because the tunnelling of
conventional singlet Cooper pairs is blocked [188]. At the lowest temperatures a zero bias peak
(ZBP) appears in low-resistance junctions (R; ~ 0.05 kQ) while in medium-resistance junctions
(Rj ~ 0.9 k) this feature is not observed - as might be expected given the experimental noise.

Although this feature might be related to the flow of a Josephson supercurrent in the junction, its
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disappearance at temperatures well below T is inconsistent with standard behaviour. Similarly, the
dependence of the ZBP on an in-plane external applied field (shown in Figure 87) does not show
any characteristic Fraunhofer-like modulation. In particular, the observed behaviour is not
suppressed with periodic zeros at field values that introduce a flux quantum into the junction

region, which in our wide (L =3 pum) squared junctions should be multiple values of

— 2 ~2mT. The ZBP is eventually suppressed at very high external applied fields (7.5T),
(2ALTo+t)L

which would imply an effective junction lateral size of 0.8 nm. As the latter value is unrealistic, the

lack of spatial uniformity of the critical current is unknown.
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Figure 87 - Field dependence of the zero bias peak appearing at T=1.5 K.

The dI/dV curves collected at higher biases (Figure 88) reveal an interesting midpoint state
between the low bias SIS-state (i.e. both electrodes are superconducting) and the state in which the
electrodes are metallic (normal state) at high bias. This conductance midpoint state is related to bias
voltages at which one of the LiTi,O, electrodes is superconducting while the other is metallic. The
midpoint state, identified by the dashed arrow in Figure 88, indicates that the electrodes are in
different superconducting states. For high biases the two electrodes are in their normal state and
the conductance of the junction is equal to that measured at temperatures above T;(12 K). At
higher temperatures, lower biases are needed to turn the electrodes from the superconducting
state to the metallic-normal state. This confirms the SIS-nature of the junctions, while the presence
of two distinct conductance-states is another validation of a stoichiometric inhomogeneity

between two superconducting LiTi,O4 electrodes.
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Figure 88 — Differential conductance d1/dV versus bias voltage from 1.5 to 10.5 K with 1 K increments and at 11 K
and 12 K in zero field for a LiTi-04(50 nm)/CoFez04(1.5 nm)/LiTi204(50 nm) junction collected at higher bias voltages.
The dashed arrow identifies the midpoint states.

dI/dV spectra collected at 1.5 K at different out-of-plane applied magnetic fields are shown
in Figure 89. The closing of the peak position along with the closing of the gap and the suppression
of the superconducting peak for values approaching the LiTi,O4 upper critical field H,, are clearly
visible. The scaling law follows a field quadratic-dependence A(B,T) ~ A0 - [H/H_,(T)]?, as
recently reported in point contact spectra [124]. The fit, shown in the inset of Figure 89, gives an

extracted value of H,, at 2 K of ~10.8 T, which is consistent with previous results [118,187].
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Figure 89 - Differential conductance dI/dV versus bias voltage at 1.5K from 0 T to 8 T with 1 T increments for a
LiTi:04(50 nm)/CoFe;04(1.5 nm)/LiTi-04(50 nm) junction. Inset, Normalised energy gap 2A/2A,, at 1.5 K, decreasing
as1- [H/H.,(T)]? The error bars represent the s.e. in the fit to the 81 /V data.

Figure 90 shows the temperature dependence of a typical LiTi,04/CoFe,0./LiTi>O4 junction
resistance with 1.5 nm CoFe,0, barrier measured by applying a 0.1 mA current. A sharp drop on in
resistance is seen at the LiTi,O4 superconducting transition due to the disappearance of the in-series
resistance of the leads. At higher temperatures the resistance is not exponentially increasing with

decreasing temperature, which is the behaviour for a semiconducting non-magnetic barrier [189],

115



but is instead continuously dropping with temperature. The temperature dependence of the
resistance of the LiTi,O4 bottom lead of the same junction was measured (inset b, Figure 89) to
verify that the decreasing behaviour of R; is attributable to tunnelling current flowing across the
tunnel junction and not across any series resistances, which would explain the decreasing
behaviour. This is confirmed by difference in the order of magnitude between the resistance of
junction ~10" Q and the resistance of the bottom-lead ~10? Q. In addition, large contributions of
non-tunnelling (leakage) conductance to the dominant tunnel conductance due to shorts between
the two electrodes can be also ruled out since R; is non-zero for temperature below T, as opposed

to the two LiTi,O4 superconducting electrodes which show zero resistance.

50 -

40|
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Temperature (K)
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Figure 90 — Junction resistance versus temperature dependence of a LiTi:04(50 nm)/CoFe;04(1.5 nm)/LiTi.04(50 nm)
junction measured at a constant dc bias of 0.1 mA in a 2-wire configuration. Inset a, band diagram for a spin-filter
device. Inset b, resistance versus temperature of the bottom LiTi>O4+lead of the same junction and measured in the
same 2-wire configuration.

Moreover, the resistance increases with decreasing temperature below T, due to the fact that there
are no available states for tunnelling at the Fermi energy level for measurements voltages much less
than A. In this case the conductance is dominated by thermal excitation of quasi-particles across the
gap and, as temperature decreases, the number of thermally excited quasi-particle states decreases
exponentially, resulting in an increases of the sub-gap resistance for decreasing temperature. These
behaviours confirm that the mechanism of charge transport in the junctions is predominantly
tunnelling in nature and thus, the drop in R;with decreasing temperature observed across the
entire temperature range above T, may be a consequence of the exchange splitting of the
magnetic tunnel barrier, leading to a temperature dependent reduction the barrier height of one
spin (inset, Figure 90). The T¢ ;. of CoFe,0s-barrier is assumed to be above room temperature, so
the absence of the typical change from semiconducting behaviour to metallic-like behaviour at
Tcurier due to onset of spin-filtering, reported in spin-filtering devices of this type [87,190] is

expected in our range of measurement.
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In conclusion, the successful superconducting tunnel process in an all-spinel SIS tunnel
junctions with CoFe,0, as Fl barrier and LiTi,O4 as electrodes grown on MgAl,O. substrates was
demonstrated. An estimation of the polarisation of the current could not be performed by
extrapolating the temperature dependence of R; from the high temperature (> T¢) regime as

Tcurie in this case was well above room temperature.
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Chapter 9. Conclusion and Future Work

In this thesis, all-spinel oxide tunnel junctions have been studied comprehensively. In particular, the
capability of the metallic and superconducting LiTi,O4 spinel oxide to be integrated as electrode in
ferrite-based tunnel junctions for spin-filtering applications has been demonstrated. LiTi,O4 is a
promising alternative to address the problems affecting the commonly used thin film materials for
top and/or bottom electrodes in spin-filtering devices, such as metals (Au, Pt, etc.) and metallic
oxides (LaNiOs, Lay;3Sri3sMn0O;, etc.). These films are not considered as good electrode materials for
ferrite-based devices mainly because of the deterioration of the magnetic properties of oxide films
by APBs introduced at the interface due to structural mismatch. LiTi,O, has the capability of
addressing these issues as it has a better structural and chemical compatibility with the functional
ferrite oxide layer.

Prior to the fabrication of spinel spin-filter devices, the barrier and the electrode materials
have been extensively characterised with respect to their structural, surface, magnetic and transport
properties by a number of ex-situ techniques. In particular AR-XPS measurements on high quality
LiTi>O4 thin films have shown that the growth of metal oxide LiTi,O4 thin films by PLD is affected by
Li out-diffusion towards the surface. The thickness of the Li-rich layer was found to vary with growth
temperature and it is minimized for samples grown at 800 °C, as a result of a balance between Li
out-diffusion from bulk and Li evaporation from the surface. In addition, the challenging deposition
of CoFe,04/LiTi,O, bilayers due to their different growth conditions has been addressed. The
successful growth of CoFe,O./LiTi;O4 bilayers in which LiTi;Os maintains its metallic and
superconducting properties, while CoFe,Osits insulating ferromagnetic characteristics, proved that,
even though the LiTi,O4 has a pronounced instability when exposed to high P,, environments
during growth, it can be integrated into all-spinel structure spin-filter devices as an isostructural
low-resistance contact material to most spinel oxide layers. This was also confirmed by the
observation of tunnelling process in all-spinel symmetric SIS tunnel junctions with CoFe,O, as Fl
barrier and LiTi,O4 as electrodes grown on MgAl,O, substrates. The appearance in the measured
current-voltage characteristics of the characteristic superconducting energy gap structure with a
dip around the zero bias, and strongly smeared coherence peaks, are evidences of the tunnel nature
of these junctions.

Having proven that LiTi>O, is indeed a functioning oxide electrode, the next natural step
would be to investigate the spin-filter efficiency of a spin-filter tunnel junction based on LiTi,O.. In
fact, although the CoFe,04/LiTi,O, bilayer holds the potential for all-oxide magnetic tunnel
junctions with efficient spin-filtering properties at room temperature, an estimation of the
polarisation of the current could not be performed in this research. In particular, the SIS tunnel
junctions didn’t provide information on the spin-filtering efficiency of the CoFe,0./LiTi,O4 bilayer
due to the lack of data collected at temperatures above T .. The spin-filtering efficiency could

have been estimated by extrapolating the conductance G* in the absence of exchange splitting
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from the temperature dependence of R; in high temperature (> T¢.) regime measurements, as
shown in chapter 3. Future work could therefore involve magnetic characterisation of
CoFe,04/LiTi,04 bilayers in terms of magnetisation versus temperature in a VSM equipped with a
sample heater to explore the magnetic properties of the bilayers up to 1000 K. This would allow
estimating the effective Tc, of the CoFe,O4 layer, which may be lower than bulk value.
Consequently, transport measurements of the LiTi,0./CoFe,0./LiTi,O4 junctions in a physical
property measurement system, capable of measurements in temperature ranges (1.9-400 K) higher
than those of the CFS used in this research, could provide useful insights into the evaluation of the
spin-filter efficiency.

A more ambitious path to investigate the spin-polarisation at room temperature of the
LiTi;04/CoFe,04/LiTi,04 would be by TMR-like experiments. These could be performed by replacing
the top LiTi,O4 electrode with a spinel ferromagnet (Fe;0.) decoupled from the CoFe,;0. by a thin
insulating layer of MgAl,O,, as suggested by promising tunnelling spectroscopy study on junctions
with Au electrode [13]. The perfect epitaxy and lattice match between all the layers of such
Fe304/MgAlL04/CoFe,04/LiTi,04 devices grown on MgALLOs substrates could provide a direct
measurement of the spin-filter efficiency of the isostructural CoFe,O4/LiTi,O, bilayer. However,
considering its proneness to oxidise, a fine control of the LiTi,O4 properties during the growth of the
other oxide materials would be necessary.

The results presented throughout this thesis are merely a first crucial step towards the
integration of high efficiency spin-filters into future spintronics devices. In fact, having
demonstrated that LiTi>O4 can be used as an oxide electrode, one may now start thinking about the
numerous more complex devices and applications that take advantage of its structural and
chemical matching with the spinel ferrites, and how to integrate novel materials into these systems
by also considering the careful control of cation diffusion of Li to preserve the metallic LiTi,O4 phase.
The most promising future application of high efficiency spin-filter barrier at room temperature is
the injection of spin-polarised currents into semiconductor materials. Although, the spin-degree of
freedom of electrons has been exploited in many spintronics applications, the efficient injection of
spin into semiconductors is still challenging. Combining the electronic readout capability of
semiconductor devices with the magnetic storage of information by injecting and detecting spin-
polarised currents is one of the prime objectives in the field of spintronics. Conventionally, the
injection of spin into semiconductors is demonstrated by using ferromagnetic metals [191,192].
However, the spin injection efficiency in these systems is significantly low (<1%) and is mainly due
to the large impedance mismatch between the semiconductors and the ferromagnetic metallic
electrode [193,194]. Moreover the electrons passing through the metal-semiconductor interface are
subject to various inelastic scatterings processes (magnons, phonons, crystal defects, etc.) due to
the different electronic structure of the metal and the semiconductor, and thereby the spin
injection efficiency. In order to address these problems, the insertion of a tunnel barrier between
these two layers has been proposed. In fact, by inserting a Fl barrier between a normal metallic

electrode and a semiconductor, one can exploit the spin-filtering nature of the Fl, and thus enhance
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the spin injection dramatically [195]. LiTi>-Os-based spin-filters could be thus integrated in room
temperature semiconductor spintronics as the source and detector of spin-polarised
currents [195,196] to achieve the spin-FET proposed by Datta et al. [197] in classic semiconductors,
such as Si or GaAs. Also, organic semiconductors such as rubrene, sexithiophene or Algs are of
interest in this research field due to their low spin-orbit coupling guaranteeing a spin coherence
higher than in inorganic semiconductors [198,199], which makes promising the injection and
detection of spins in these materials [200-203].

Tunnel junctions consisting of two magnetic tunnel barriers, normal metal/Fl;/Fl,/normal
metal, also called double spin-filters, are another interesting application of highly efficient room
temperature spin-filters. In these junctions, due to the exponential dependence of the tunnelling
current on the barrier height, very high MR should be observed when the two spin-filter layers are
switched from the P to the AP alignment. In fact, large MR (10° %) has been predicted in double SF
tunnel junctions [204-206]. Despite some experimental difficulties, Miao et al. [207] confirmed this
concept in Al/EuS/ALLOs/EuS/Al MTJs with a TMR ratio of 50% at low temperatures and a bias
voltage dependence confirming the spin-filtering effect. Given these promising results, it would be
stimulating to study the potential of ferrites at room temperature in double spin-filter with LiTi>O,4

electrodes that could avoid any MR reduction due to non-perfect interfaces.
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