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MgO-based Magnetic Tunnel Junctions Doped With Paramagnetic Impurities:

Towards Quantum Energy Harvesting

by Maria BARBOSA GRACIO

The growing interest in Spintronics led to the development of magnetic tunnel junc-
tions (MT]s), a device which presents tunnelling magnetoresistance (TMR). This device
is composed of two ferromagnetic (FM) layers separated by a nanometric insulator mate-
rial, which enables an electrical current to flow through quantum tunnelling. It has great
application in sensors and magnetic memories, namely the prominent magnetoresistive
random access memory (MRAM). In recent years, with the growing need for larger data
storage capability and higher data processing speed, a new application branch on spin-
assisted energy harvesting has emerged. This thesis will follow a recent path reporting
the use of MgO-based MTJs to harvest thermal fluctuations of paramagnetic centres. To-
wards this objective, we fabricated and characterized MTJs with tantalum-doped MgO
tunnel barriers, deposited using magnetron sputtering. The fabrication of the devices
was performed at the International Iberian Nanotechnology Laboratory (INL), and the
characterization and transport measurements were performed at the Instituto de Fisica
de Materiais Avan¢ados, Nanotecnologia e Foténica da Universidade do Porto (IFIMUP)
facilities. To understand the main consequences of the introduction of the Ta particles,
measurements of TMR and current-voltage characteristics were performed both in Ta-
doped samples and also in similar control junctions. TMR values of 163% and 73% were
obtained for control and Ta-doped samples, respectively, measured at room temperature.
We concluded that the Ta particles cause an increase of the MTJ resistance, more promi-
nently in the parallel state, due to the increase in the effective thickness of the barrier. At
the same time, as impurities in the tunnel barrier, they open extra impurity assisted con-

ductance channels for electrons, originating a relevant decrease in the TMR ratio, with a
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strong dependency on temperature and the bias. This dependency is reflected by a ratio of
TMRosx / TMR3p0k = 2.8 in Ta-doped junctions, and a figure of merit V;,, =0.12 V at room
temperature. Given the obtained results, no energy generation effect could be definitely
confirmed in these junctions.

This work allowed to understand the impact of introducing paramagnetic particles in
the tunnel barrier on the overall MT] performance. As a perspective for the future, we
aim to vary parameters, such as concentration/thickness of paramagnetic particles and
tunnel barrier thickness, to perform a complete characterization and compare the results,

towards the energy harvesting effect.
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Juncdes Magnéticas de Efeito de Ttinel com Barreira de MgO Dopada com Impurezas

Paramagnéticas

por Maria BARBOSA GRACIO

O crescente interesse na area da Spintrénica levou ao desenvolvimento de jungdes
magnéticas de ttinel (MTJs), um dispositivo que apresenta magnetorresisténcia de ttnel
(TMR). Este dispositivo é composto por duas camadas ferromagnéticas separadas por um
material isolador nanométrico, que permite com que a corrente elétrica seja transmitida
por efeito de tanel. O dispositivo tem aplicacdo em sensores e memorias magnéticas,
nomeadamente a proeminente random access memory magnetorresistiva (MRAM). Re-
centemente, dada a crescente necessidade de aumento da capacidade de armazenamento
e velocidade de processamento de dados, surgiu um novo ramo de aplicagdo baseado
na recolha de energia assistida por spin. Esta tese segue um caminho recente, em que é
reportado o uso de jungdes magnéticas de ttiinel com barreira de MgO, para recolha das
flutuagdes térmicas de centros paramagnéticos. De encontro a este objetivo, fabricdmos e
caracterizdmos jungdes com barreira de ttiinel de MgO dopada com tantalo, depositadas
através de pulverizacdo catédica. Os dispositivos foram fabricados no International Ibe-
rian Nanotechnology Laboratory (INL), e a sua caracterizagdo e medidas de transporte
foram realizadas nas instala¢des do Instituto de Fisica de Materiais Avancados, Nano-
tecnologia e Foténica da Universidade do Porto (IFIMUP). De modo a compreender as
principais consequéncias da introducdo de particulas de tantalo, medidas de TMR e ca-
racteristicas de corrente-tensdo foram realizadas tanto nas amostras dopadas, como em
amostras similares de controlo. Os valores de TMR obtidos em amostras medidas a tem-
peratura ambiente foram de 163% e 73%, para uma amostra de controlo e uma dopada

com tantalo, respetivamente. Concluimos que as particulas de Ta causam o aumento da
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resisténcia das MT]Js, mais relevante no estado paralelo de magnetizacdo, devido ao au-
mento da espessura efetiva da barreira. Ao mesmo tempo, as particulas comportam-se
como impurezas, abrindo caminhos de condugao para os eletrdes, o que leva a diminuigao
significativa do TMR, com elevada dependéncia na temperatura e tensdo aplicadas. Esta
dependéncia reflete-se na razao TMRysx / TMR3p0x = 2.8 nas jung¢des dopadas com tantalo,
e na figura de mérito Vi, = 0.12 V a temperatura ambiente. Além disso, os resultados
obtidos ndo permitem afirmar definitivamente que o efeito de geracdo de energia foi ob-
servado nas jungdes estudadas.

Este trabalho permitiu compreender o impacto da introducéo de particulas paramagnéticas
de tantalo na barreira de tiinel na performance global das MTJs. Como perspetiva futura,
pretendemos variar varios pardmetros, tais como concentragdo/espessura das particulas
paramagnéticas e espessura da barreira de tinel, de modo a obter uma caracterizagao
completa e realizar uma comparacdo de resultados, de encontro ao efeito de recolha de

energia.
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Chapter 1

Tunnelling Magnetoresistance: an

Overview

1.1 Spintronics

Tunnelling magnetoresistance (TMR) is a phenomenon that was uncovered due to the
growing interest in the area of Spintronics, which is a research and technological field
that takes advantage on the spin of electrons, and not only on its charge, like conventional
electronics. The main physical phenomenon in Spintronics is the magnetoresistive effect.
Magnetoresistance (MR) is the property of a material to change its electrical resistance
(R) under the application of an external magnetic field (H). This effect can be described,
in a general way, as the relative difference between the resistance of a device under the

application of a magnetic field, and no applied magnetic field:

R(H) — R(0)
R(0)

The reasons behind this resistance variation can be various, leading to magnetoresis-

MR = (%). (1.1)

tive effects with different origins. One of them is Anisotropic magnetoresistance (AMR),
in which the resistance varies as a function of the angle between the magnetization and
the direction of the current flowing through the material. It was discovered in 1857 and
occurs in transition ferromagnetic (FM) materials [1]. As we see, the potential of the use
of the spin of electrons started to be explored more than a century ago. One of the most

important magnetoresistive effects is Giant magnetoresistance (GMR), discovered in 1988
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[2]. Itis observed in structures composed by two ferromagnetic layers separated by a non-
magnetic (NM) spacer, like multilayers or spin-valves (SVs). The phenomenon consists of
the change of electrical resistance when the relative angle of the FM layers magnetization
(0) varies. TMR also consists on the change of electrical resistance when 0 is varied, but
instead of a non-magnetic spacer, the FMs are separated by an insulating material, which
leads to a very different physical origin and behaviour of the magnetoresistive effects.
Even though TMR was observed in 1975 by Julliere [3], before the discovery of GMR,
it became more relevant with the discovery of TMR at room temperature in amorphous
barriers, in 1995 [4], which led to an increase in applications of MTJs in sensors and data
storage. With the first reports of high TMR ratios using MgO-based MT]Js, this device be-
came one of the most promising technologies for applications in read heads in ultra-high
density hard disk drives (> 100 Gb/in?) and in the promising high density magnetore-
sistive random access memory (MRAM). Some other applications for MT]s are in novel
microwave devices, logic circuits and, most recently, nano-oscillators. Another important
discovery in spintronics was the spin transfer torque (STT) effect, which allows to con-
trol the magnetic state of a ferromagnetic layer through spin-polarized currents instead of
magnetic fields. This offered advantages such as keeping simpler and condensed circuit
designs, as well as increasing the scalability of circuits with MT]s, since it became possible

to read and write the state of an MT]J by passing current through a single line.

1.2 Magnetic tunnel junctions

Magnetic tunnel junctions are one of the most notable devices that emerged from the Spin-
tronics research field. The simplest MT] structure comprises two ferromagnetic (FM) lay-
ers separated by an insulating layer, which is commonly called the tunnel barrier (TB). In
an ideal junction, electrical current can only flow through the insulator through quantum
tunnelling, since this is a non-conductive layer with a thickness of around 1 nanometre
or less. In this device, one of the ferromagnets has a fixed magnetization direction and
the other FM is free to change the direction of its magnetization. These are then called
the reference (or fixed) layer (RL), and the free (or sensing) layer (FL), respectively. By
the application of an external magnetic field, the free layer can change its magnetization
direction, aligning with the direction of the field. This offers two main magnetization
states: parallel (P) and antiparallel (AP) alighment, which correspond to different resis-

tance states, Rp and R 4p, respectively. This change in resistance of the tunnelling current,
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FIGURE 1.1: TMR measured as a function of applied external in-plane magnetic field. The

magnetization state is depicted by the main tri-layered structure that composes an MT]J.

The AP/P state correspond to the highest/lowest magnetoresistance states. Adapted
from [5].

achieved by the application of an external magnetic field, is called tunnel magnetoresis-
tance (TMR). This effect may also be described in terms of electrical conductance (G) in

the parallel and antiparallel states, being quantitatively defined as:

Rap—Rp _ Gp—Gap
Rp Gap

A typical TMR curve, as a function of the externally applied magnetic field, can be

TMR = (%). (1.2)

observed in Fig. 1.1, as well the correspondent magnetic states.

1.3 Spin polarized tunnelling: Julliere Model

The TMR effect was first described by Julliere [3], in 1975, in a model based on two main
hypothesis. The first one is spin conserved tunnelling. This means that electrons can only
tunnel from one FM electrode to the other between same spin states. Thus, the tunnelling
process is described by a two parallel current path, for spin-up and spin-down electrons.
This effect is schematized in Fig 1.2: in the parallel state, majority /minority electrons
tunnel to unoccupied majority /minority electron states in the second FM, and in the anti-
parallel state, majority /minority electrons tunnel to unoccupied minority /majority states
in the second FM. The second hypothesis is that the current for electrons in a given spin
orientation is proportional to the product between the density of states (DOS) in both FM

layers. That said, being N; and N, the density of states at the Fermi level in the first and
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second FM layers, the current density (J) in the parallel and antiparallel configurations

can be defined as [3]:

Jp o< N1t (Ep)Not (EF) + N1y (EF)Nay (EF), (1.3)

and

]AP fo'd N1T<EF)N2¢(EF) + Nu(EF)NZT(EF)- (14)

The up arrow 1 and down arrow |, represent spin-up and spin-down electrons, respec-
tively, while Er is the Fermi Energy. This model also relates the DOS with the polarization
of the ferromagnets, which corresponds to a measure of the spin-up and spin-down im-

balance near the Fermi level, in the following way:

_ Ni(Er) = N (EF)
~ Ny(Ep) + N (EF)’

where Ny, |(Ef) are the density of spin-up (1) and spin-down (|) electron states. The

P (1.5)

origin of this definition is explained by the electronic bands of the ferromagnetic layers,
which have a strong spin imbalance near the Fermi level, since their electron valence band
lies in the 3d orbital. This causes an exchange split energy band diagram for spin-up and
spin-down electrons, which results in a permanent magnetic moment and spin imbalance
near the Fermi level, thus, affecting the conduction of the electrons.

Being P; and P, the polarization of the first and second ferromagnets, the TMR ratio

can be written in terms of polarization:

2P P,
TMR = ———.
1-PP

(1.6)

Julliere’s model describes TMR in terms of polarization as if this is an intrinsic prop-
erty of the FM material, with no respect to the tunnel barrier. But in fact, several theoreti-
cal works [7-9] showed that the choice of the insulator material, as well as the FM /I inter-
face, play a critical role in the tunnel magnetoresistance. Conductance depends strongly
on the symmetry between the Bloch states of the ferromagnets and the evanescent states
of the insulator, and even different Bloch states have different decay rates in the tunnel

barrier. These considerations are concisely discussed further ahead in Section 2.1 from

Chapter 2. Although this model is widely used to describe TMR in magnetic tunnel
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FIGURE 1.2: Schematic illustration of FM /1/FM tunnelling and respective band structure

in the (a) Parallel configuration and (b) Anti-parallel configuration of the FMs magneti-

zation. A,y represents the exchange slip energy of the sub-bands. Arrows in FM1 and

FM2 layers are determined by the majority spin sub-band of each configuration. Taken
from [6].

junctions, it disregards other important parameters too, such as impurities in the tun-
nel barrier, magnon and phonon-assisted tunnelling [10], the detailed-band structure of

the materials and the tunnel barrier height.

1.4 Simmon’s Model

It is known that the resistive behaviour of an MT] is non-linear, which is a direct result of
quantum tunnelling transport. There are several theoretical models proposed to describe
the effect by treating the insulating layer as potential barrier between two similar metallic
electrodes. The most recognized is Simmon’s model [11], which considers the tunnel
barrier to be a rectangular energy barrier, as represented in Fig. 1.3.

This model describes the tunnelling current as depending on free variables deter-
mined by each MT], namely the barrier thickness and height. In order to determine these
parameters, the model for intermediate-voltage range (eV < ¢p) [11] can be used to fit the

experimental I-V curves, and is described as:

afolo B (o 0-3) ) 00D o0-9) )

(17)

NI—=
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FIGURE 1.3: Schematic representation of the tunnel barrier as a rectangular potential

barrier, surrounded by the two FMs, as treated by Simmon’s model. ¢ is the tunnel barrier

thickness and ®; and @, are the necessary energies to extract an electron from the Fermi

level across the tunnel barrier. In an equilibrium state, the Fermi levels correspond to the

same energy. When a voltage is applied across the FMs, an unbalance between the levels
is created, generating a tunnelling current.

where t is the thickness of the barrier, ¢ is the barrier energy width, & is Boltzmann’s

constant, e is the electron charge, m is the electron mass and:

e
k= (27'cht2)’ (1.8)
and
47t
ky = —T(Zm)l/z. (1.9)

Although this model fits the experimental curves quite well, one must have in mind
that it was developed for AlO, amorphous barriers, and does not take into account the
presence of impurities and pinholes in the barrier [12]. Especially for the samples with Ta
particles in the barrier, this particular condition of the junctions is not reflected. One may,
though, use the fit to have approximate values and extract the intrinsic characteristics of

a pinhole free barrier.

1.5 This thesis

1.5.1 Motivation

In the latest years, new classes of applications for spintronic devices have emerged. The
growing need for larger data storage capability and higher data processing speed, comes
with the cost of rising energy consumption and environmental damage. With this in mind,

spintronics research has grown a branch for spin-assisted energy harvesting, through the
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rectifications of thermal fluctuations (as detailed in Section 2.6). The main motivation
for this work were the reports on the use of MTJs with embedded paramagnetic (PM)
particles for energy harvesting [13], where they take advantage of the fact that oxygen
vacancies are one of the most common defects in MgO-based MT]Js. To study the effect
of doping the tunnel barrier with PM nanoparticles, a monolayer of Ta was deposited in
the middle of the MgO barrier, forming a CoFeB/MgO/Ta(0.06nm)/MgO/CoFeB barrier.
Using tantalum, we aim to take advantage of the fact that this is one of the materials used
in commercial MT]Js, so that it would be very easy to integrate it in the structures. Plus,
there is a large number of studies concerning the presence of impurities in amorphous
AlOy barriers, but not so much in MgO crystalline insulating layers. Besides this main
purpose, there are many intrinsic properties of the device which are extremely influenced
by the existence of any kind of particles, defects or impurities in the MT] structure. The
first MT]Js presented a TMR value of only a few percent. Nowadays, TMR ratios go over
600% at room temperature. This achievement was possible not only due to a better un-
derstanding of these physical properties, but also due to the development of fabrication
techniques, that allowed to produce almost perfect devices. In this case, the presence of
PM particles in the tunnel barrier will affect several aspects of the physical properties,
which are extremely appealing to study for itself. How impurities affect the electronic
structure of MTJs is of high technological interest [14], since the requirements for applica-
tions are getting more demanding.

Thus, this work aimed not only to study the energy harvesting feature, but also how

defects shape the physical properties of magnetic tunnel junctions.

1.5.2 Thesis organization

After the overview on the main aspects underlying an MT] presented in this chapter, the
next chapters are organized in the following way: Chapter 2 contains the different types of
tunnelling in an MT]J, as well as its the basic structure. It also contains a section exploring
the Energy Harvesting effect we aim to study in this thesis. Chapter 3 consists on the
experimental techniques used in this thesis. It comprises a description of the fabrication
techniques performed at INL to fabricate the MTJs, and the characterization techniques
used to study the devices. Chapter 4 contains the obtained experimental results, in hand

with the analysis of the origin behind the observed behaviours. Finally, in Chapter 5 the
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main results and final conclusions are presented, as well as some considerations on future

work.



Chapter 2

Magnetic Tunnel Junctions

2.1 Tunnelling through a crystalline barrier

2.1.1 Bloch states and symmetry groups

The critical effects in magnetic tunnel junctions occur at the interfaces between the ferro-
magnetic layer and the tunnel barrier. Only electrons with Bloch states that couple with
evanescent states from the tunnel barrier can be transmitted from one electrode to the
other through quantum tunnelling, which critically affects the TMR ratio. Evanescent
Bloch states are not allowed in infinite systems, since they diverge, but in finite systems
they can be normalized, and have decay rates which depend on spacial symmetries.

An electron propagating through a single crystal system is subjected to a potential
with the same periodicity as the crystal, and its state is described by Bloch wave functions

¢(r), which can be written as [15]:

Dy (r) = ug(r)exp(ik - r), (2.1)

where 1 is a function with the periodicity of the lattice and k is the particle’s wave vector.

Bloch states can be grouped in regard to spacial symmetries, due to the electronic
state of electrons, and so, due to their atomic orbitals. Figure 2.1 represents different
atomic orbitals and respective symmetry groups that couple with the MgO barrier. These
symmetries have a crucial role in the tunnelling of electrons, by determining the number
of nodes of the wave function in the plane parallel to the interface, that increase the decay
rate perpendicular to the propagation direction, and describe correctly the attenuation

rates in MgO barriers [16].
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FIGURE 2.1: Representation of atomic orbitals grouped by symmetry: A; (s, pz,d,2_,2
orbitals), As (px, py, 3dxy and 3dy;), Ay (dxz_yz) and Ay (3dyy). Taken from [16].

MgO is a non-magnetic electric insulator, with a large band-gap. Its crystalline struc-
ture is composed of Mg "2 and O~? ions. It forms a rock-salt face-centred cubic (fcc) struc-

ture along the (001) direction.

2.1.2 MgO spin-filtering mechanism

Butler [17] calculated the transmission probability for Bloch states, propagating in a Fe /M-
gO/Fe structure, that can couple with evanescent sates of the MgO barrier. Calculations
were performed considering only states with a null parallel wave vector component,
ki = 0, where k| is the component of the wave vector parallel to the plane of the Fe/MgO
interface. Each symmetry group presents different transmission probability, which de-
pend on the interfacial transmission probability and on the decay rate of each group of
functions [17].

For the parallel state, in the majority-majority 11 channel (Fig. 2.2(a)), there are Aq, As
and Ay states propagating, from the first electrode, but A5 and Ay have very large decay
rates comparing to Aj, which has the largest transmission probability. In the minority-
minority || channel (Fig. 2.2(b)), As, Ay and A, keep a similar behaviour, but there are no
A1 electrons. This leads to a conduction in the parallel state dominated by the majority-

majority channel. For the case of anti-parallel alignment, for both majority-minority (1))
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FIGURE 2.2: Tunnelling DOS calculation for electrons tunnelling in a Fe/MgO/Fe struc-
ture. Graphs show the contribution from each symmetry group to (a) G, (b) GHY, (0)
G™ and (d) GH. Adapted from [17].

and minority-majority (1) channels, A5, Ay and A; have a very large decay rates. Con-
cerning A electrons, in the majority-minority channel they are transmitted, but the wave
function is still decaying in the second Fe electrode, so they will have a minor contribu-
tion to the conductance. In the minority-majority channel there is no contribution to the
conductance from these electrons. This said, one concludes that conductance in the P state
is much larger than in the AP state. This means that combining the MgO tunnel barrier
with FM materials which have propagating A; Bloch sates at the Fermi level, in one of the

spin channels but not the other, turns MgO into a spin filter.

2.1.3 Incoherent tunnelling through an amorphous barrier

The first MT] devices commonly contained an amorphous aluminium oxide (AlO,) tunnel
barrier, since this material provided greatly coherent layers [17]. But amorphous layers
do not present any crystallographic symmetry. Thereby, Bloch states with various spacial
symmetries can couple with the evanescent states from the barrier. Unlike in crystalline
barriers, there is a non-zero tunnelling probability for all Bloch states. This is called in-

coherent tunnelling. The maximum TMR ratio obtained at room temperature using AlOy
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Fe(001)

(b)

FIGURE 2.3: Schematic illustration of (a) incoherent tunnelling through an amorphous
barrier and (b) coherent tunnelling through a crystalline barrier. Taken from [20].

is of 81% [18], a value that cannot compete with the maximum of 604% [19] obtained at
300 K using an MgO barrier, which presents the previous discussed coherent tunnelling
mechanism. In Fig. 2.3 the tunnelling mechanisms of both an amorphous and crystalline
barrier are illustrated, for the case of Fe(001) electrodes.

Julliere’s model admits the same tunnelling probability for all symmetry groups, which
is a consequence of an incorrect definition of the polarization. As an example, consider-
ing the band structure of Ni and Co to calculate the polarization using Eq. 1.5, results in
a negative P value, but experimental results [21] show that P is positive when these ma-
terials are combined with the AlOx barrier. This indicates that the tunnelling probability
depends on the symmetry of the Bloch state. Therefore, it is considered that the tunnelling

process in an amorphous barrier is a mixture of incoherent and coherent tunnelling.

2.2 MT]Js structure

As mentioned, the main components of an MT] device comprise a FM/I/FM tri-layered
structure. However, an MT] is a multilayered nanostructure that comprises several other
layers, each with a designated function, turning the MT] into a complex device. A typical
MT]J structure is presented in Fig.2.4:

From bottom to top, this junction contains: a buffer layer (BL), which favours a par-
ticular growth direction for the other layers; an antiferromagnetic pinning layer (AFL); a
synthetic anti-ferromagnetic structure (SAF), which is a three layers FM1/NM /FM2 struc-

ture (ferromagnet/non-magnetic/ferromagnet), being the FM2 the reference FM layer;
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FIGURE 2.4: Magnetic tunnel junction structure. Adapted from [22].

an electric insulator (I), which corresponds to the tunnel barrier (TB); a sensing layer
(FL); and finally, on top, a cap layer (CL), responsible for protecting the structure from
mechanical and chemical damage. The free layer is able rotate the direction of its mag-
netization, in response to applied external magnetic fields, but the magnetization of the
lower ferromagnet is fixed. This is achieved through the incorporation of the fixed FM
in a SAF structure, deposited on top of antiferromagnetic (AFM) layer. The AFM creates
a unidirectional magnetic anisotropy in the lower layer of the SAF structure (FM1), by
exchange bias. The SAF structure is antiferromagnetically coupled by the RKKY (Ruder-
man-Kittel-Kasuya—Yosida) interaction, which guarantees the pinning of the FM2. This
mechanism is mediated by the spacer (non-magnetic layer) thickness. It produces a more
stable reference layer, since it provides stronger exchange bias and a smaller stray field

acting of the free layer [20], which are advantages over a simple AFM layer.

2.3 Voltage dependent transport

Conductance and tunnelling magnetoresistance present significant dependence with an
applied external bias voltage (V) across the tunnel junction. In most junctions, the TMR
ratio decreases significantly with bias and the behaviour should be symmetric around
zero applied bias, for electrodes of the same FM materials. A convenient parameter in
the characterization of an MTJ performance is its figure of merit V;,, [23], which cor-
responds to the voltage at which the value of TMR reaches half of its maximum value,

TMR(Vy/2) = TMR(0)/2. It characterizes the quality of the interface between the FM
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and the tunnel barrier, and is quite important in sensor applications, since it indicates
how the TMR behaves with bias. Several mechanisms contribute to the dependence on
bias, such as inelastic scattering through magnon excitations, photon assisted tunnelling,
impurity assisted tunnelling and of course, the electronic band structure of the FM elec-
trodes.

Magnon and phonon assisted tunnelling. The first mechanism, suggested by Zhang.
el al. [24], considers that the excitation of magnons at the FM/insulator interfaces causes
inelastic electron scattering. When a non-zero bias voltage is applied, conducting elec-
trons that have tunnelled from one electrode into the other, with higher energy than the
Fermi energy of the electrode (hot electrons), might lose this additional energy through
the emission of a magnon, that is, exciting local spins and flipping its own spin; therefore,
there is no spin conservation in this process. With increasing voltage, more magnons are
emitted, causing a reduction on the TMR and the resistance of the MT]. Phonons may
also contribute for the dependency of conductance on voltage [10], when the tunnelling
of an electron is accompanied by the emission or absorption of a phonon. The contribu-
tion from phonons to the conductance is opposite from the one by magnons, since this is
a spin-conserving mechanism, reducing the negative effect of magnons.

Band structure. The band structure of electrodes also plays an important role in the
voltage dependence of the conductance [25]. With increasing bias, electrons tunnel from
occupied energy states below the Fermi energy states of one electrode, to unoccupied
states above the Fermi level of the second electrode. This diminishes the difference be-
tween majority and minority electronic states, which lowers the polarization and, conse-
quently, the TMR ratio. This effect depends on the electric configuration of the electrodes,
and on their band structure.

Impurity assisted tunnelling. A model presented by Zhang and White [26] suggested
that one of the most significant aspects in the V-dependency of TMR is the presence of
impurities in the tunnel barrier. Impurities might generate different mechanisms, creating
additional conductance paths for electrons, that cause a decrease in the TMR. Assisted

tunnelling through induced defects in barrier is a mainly elastic process.

2.3.1 Inelastic Electron Tunnelling Spectroscopy

Inelastic Electron Tunnelling Spectroscopy (IETS) is a characterization technique devel-

oped to study the underlying inelastic tunnelling mechanisms in MTJS. This technique
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consists in measuring the bias dependence of the total current crossing the insulating bar-
rier of the MT]Js, from which one can obtain d?1/d*V (dG/dV) [27], that corresponds to
the IETS spectra. Inelastic mechanisms, such as magnons and phonons, are identified as
peaks in this spectra. If the applied bias is such that it causes a separation of the Fermi
level equal to the inelastic energy loss of an inelastic interaction, a conduction channel is
created and a slope in the current will appear [28], creating a peak in the second deriva-
tive. So, these peaks correspond to additional conduction channels for tunnelling elec-
trons [29], besides direct tunnelling. Another feature commonly present in MT]Js conduc-
tance curves, which can be identified in the IETS spectra, is the zero-bias anomaly (ZBA),
characterized by a conductance peak around zero bias voltage. This is translated into a
large peak in the IETS spectra. This anomaly might originate from inelastic mechanisms,
such as magnons, which contribute to the deviating conductance behaviour. Plus, spin-
flip processes of inelastic nature can take place in the presence of paramagnetic impurities
(impurity assisted tunnelling) [30], creating this anomaly.

Besides inelastic processes, this technique is also viable for elastic processes [27], such
as trap assisted tunnelling, which originates from the presence of traps in the TB. Traps
can affect conduction in opposite ways, depending on their nature, creating two different
processes: (1) trap-assisted conduction and (2) trapping of carriers. In the first process,
conductance is favoured, creating an increase in the electrical current. In the IETS spec-
tra this corresponds to peak follow by a valley. In the second process, charge trapping
occurs, causing a decrease in conductance. This originates a valley followed by a peak
in the spectra. These elastic processes are distinguishable from other inelastic processes,
since these are the only features that are represented by both peaks and valleys, unlike
vibrational modes, e.g., magnons and phonons, which are represented solely by either
peaks or valleys. The shape of the features should be similar for positive and negative
bias. If a feature appears twice, for the same external bias, but with opposite signs, it
means that they are originated from the same trap, but in different tunnelling directions.
The difference in intensity between peaks may be due to asymmetries in the tunnel barrier

[23].
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FIGURE 2.5: (a) Scheme of two types of traps unveiled by the IETS technique. (b) Repre-
sentation of the tunnel barrier and FMs, with an applied bias such that the energy of the

trap corresponds to Fermi level of the left FM, allowing a process a trap assisted process.
Adapted from [23].

2.4 Temperature dependent transport

Temperature is a strong factor in the variation of tunnel magnetoresistance in a tunnel
junction. Namely, as the temperature increases, a clear decrease in the TMR ratio is usu-
ally observed. Several effects can be responsible for this behaviour, such as thermally
exited magnons in the electrodes, variation of the electronic structure of the device and
the excitation of defects or impurities in the electrode/tunnel barrier interface. As can be
seen in Fig. 2.6, the resistance in the anti-parallel state has a much stronger dependency
than in the parallel state. This said, the TMR enhancement at low temperatures is usu-
ally mainly due to the variation in R 4p. Several tunnelling phenomena can contribute to
the conductance too, such as direct tunnelling, hopping via localized states in the barrier,
scattering at magnetic impurities and magnon/phonon assisted tunnelling [31].

Shang presented a model to describe the temperature dependence of the conductance
in an MTJ [33], which is based on Julliere’s work [3], but modified by considering the con-
tribution of two different conduction channels: spin-dependent direct elastic tunnelling,
and assisted spin-independent tunnelling. The total conductance is then described in the

following way:

G(Q) = GT[l + P1P2COS<9)] + Gg;j. (2.2)

In this expression, Gr is a prefactor for direct elastic tunnelling, P; and P, are the

spin polarization of the ferromagnets and 6 is the angle between the magnetization of the
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FIGURE 2.6: Example of TMR, Rp and R4p temperature dependence of a (a) Al,O3 and
(b) MgO based MT]. Adapted form [32].

FM electrodes (0 = 0° and 6 = 180° for the P and AP state, respectively). The second
conductance term, Ggj, is a term for non-polarized conductance, therefore, independent
of the magnetization of the electrodes. According to theory, derived by Simmons [34], the

prefactor Gt can be written as:

CT
Gr GOsin(CT)' @3)

where Gy is a constant that corresponds to the conductance at null temperature, and
C = 1.387 x 107*d/+/(¢), being d the barrier width (A) and ¢ the barrier height (¢V). The
Gr dependence on the temperature arises from the broadening of the Fermi distributions
of the electrodes, although such variation is subtle [33]. The additional spin-independent
term in conductance, Ggj, is introduced considering hopping of electrons through local-
ized states in the tunnel barrier, which can have origin in either defects or non-magnetic
impurities. Since it in a non-polarized term, it will contribute negatively to the TMR, by

increasing the conductance as temperature increases [33]:

Gs1(T) = ¥ nS,T" w1, (2.4)

where 1 corresponds to the number of hopping sites and S, is a prefactor related to the
density of hopping states. This model also introduces the variation of the electrodes po-
larization with temperature, which is considered to vary with T in the same way that the

magnetization (M) does, in accordance to Bloch-law:

M(T) = My(1 — aT%/?) (2.5)
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where M) is the magnetization at 0 K and « is a material dependent constant. The M(T)
dependence is explained in terms of thermal spin excitations in the FM electrodes. Thus,

the T-dependence of the polarization is described as:

P(T) = Py(1 — aT?/?2). (2.6)

Here, Py corresponds to the polarization at 0 K. Both Py and « are very much affected
by interfacial contamination [35]. According to the considerations described in this model,
the TMR equation described by Julliere is now modified by the introduction of the terms

for direct elastic tunnelling and unpolarized conductance, being written as:

2P, P
TMR = 172 =

15 PP 1 G (2.7)
+ PP+

Other mechanisms that affect the variation of TMR with temperature are phonon and
magnon assisted tunnelling. In the first case, temperature causes the excitation/absorp-
tion of phonons at the FM electrodes [10]. In the case of magnons, Zhang [24] proposed
that inelastic scattering due to magnon excitation at the FM/TB interface decreased the
TMR ratio, resulting from spin-flip processes. In the P state, a spin-flip process occurs,
where majority tunnelling electrons are scattered to minority states, and vice versa. As
for the AP alignment, tunnelling majority/minority electrons are scattered to majori-
ty/minority states. Similarly with the bias influence, with increasing temperature more
magnons are created, and the TMR decreases. Another contribution could be from the ex-

citation/absorption of phonons, which corresponds to an inelastic spin-conserving mech-

anism.

2.5 Different tunnelling mechanisms

In the latest sections, the different aspects to be considered in terms of how tempera-
ture and voltage variation affect tunnelling have been discussed. Our system consists of
a magnetic tunnel junction with embedded paramagnetic tantalum nanoparticles in the
tunnel barrier. Besides direct elastic tunnelling, that was accounted in Julliere’s theory,
there are other different tunnelling mechanisms, which are difficult to analyse indepen-
dently. In the present section, some of the possible tunnelling regimes are further dis-

cussed.
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Resonant Tunnelling The presence of impurities in the tunnel barrier can lead to reso-
nant tunnelling, if the electronic levels of the impurities are close to the energy of the sys-
tem (lie close to the chemical potential of the system) [30]. Theory predicts that resonant
tunnelling through magnetic impurities enhances TMR [36], in contrast to non-magnetic
(NM) impurities, which decrease the TMR. Impurity-assisted resonant tunnelling is only
expected for impurities in the centre of the barrier and near the Fermi level. Plus, the
defects are expect to contribute to the TMR in smaller area junctions.

Inelastic Co-Tunnelling Inelastic co-tunnelling is a mechanism that dominates at low
temperatures, namely in the Coulomb Blockade regime. This process consists of the tun-
nelling of an electron from the left lead into a virtual state of a nanoparticle, and also the
tunnelling of another electron from the dot to the right lead, creating a two step process
where the charge of the nanoparticle in unchanged.

Coulomb Blockade Coulomb Blockade is a regime in which electron tunnelling into
a small particle is significantly suppressed, at low temperatures, decreasing the electrical
conductance. This is due to increasing charging energy of the particles when their capac-
itance is very small [37]. When the tunnelling of one electron into a small particle occurs,
the particle is charged by an elementary charge. The energy of the system is enhanced
by Ec = e2/2C, where e is the electron charge and C is the capacitance of the particle.
Small particles usually have small capacitance, which means that the charging energy
will strongly exceed thermal energy (kgT).

This effect can be observed in different systems, such as semiconductor heterostruc-
tures. When CB suppresses direct tunnelling, TMR is expected to be enhanced, since only
co-tunnelling processes are allowed [38]. This effect is only relevant at low temperatures,
when charging energy Ec is much larger than thermal energy Er. This effect is also ex-

pected to be absent if electrodes are not spin polarized.

2.6 Energy harvesting

Spintronics finds its most common application field in data storage and sensors. However,
a new class of spintronic devices has emerged in the latest years, as its unique properties
allow to explore new functionalities and flexibility in electronic devices. Energy harvest-
ing has always been a relevant topic, and as the necessity for novel ways of generating
more energy and in a more sustainable way grows, different branches of science have

opened routes toward this goal.
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Concerning spintronics, nano thermoelectric devices are a common research topic to-
wards power generation. The key idea behind this technology is the rectification of ther-
mal fluctuations in mesoscopic conductors. There are prosper reports on conjugating
quantum dots with thermoelectric devices, which could operate with higher efficiency
than usual thermoelectric devices. These devices lay in the category of quantum spin
heat engines, since they rely on a temperature gradient AT to produce electrical energy.
However, there are very recent reports on purely spintronic engines [13, 39, 40], producing
power at thermal equilibrium. The first experiments on this type of engine reported the
use of spin-split paramagnetic centres to harvest thermal fluctuations [39, 40]. There is
also a recent report on using MgO-based magnetic tunnel junctions with paramagnetic
centres in the tunnel barrier to generate power, with a maximum achieved output of
around 0.1 nW. The maximum power output is of 42 nW at room temperature, recorded
in [41]. The sections ahead will present a small discussion on the working principles of
the device. In this thesis, we aim to reach the same effect using tantalum paramagnetic
centres in the MgO tunnel barrier. These kind of engines could be used in spin batteries

[39], energy harvesters [40] and low-power magnetic sensors or information storage [13].

2.6.1 Spintronic selector and paramagnetic centre

The report in Ref.[13] experimentally demonstrated that a magnetic tunnel junctions con-
taining paramagnetic centres with spin-split energy in the tunnel barrier can produce a
spontaneous spin-polarized electrical current, generating power. The critical elements
necessary to observe the effect in the tunnel junction are paramagnetic centres with spin-
split energy between states, lower than the thermal energy kT, and the presence of spin-
tronic selectors. To explain the effect in more detail, let us consider the MT] setup schema-
tized in Fig. 2.7.

The figure depicts the FM electrodes as spintronic selectors. A spintronic selector is a
material which preferentially favours one spin-channel transport, blocking the other [13].
Its purpose is to control the symmetry/asymmetry of the energy profile in the system. In
a tunnel junction, this is accomplished by the FM/MgO interface [13]. As discussed in
the previous chapter, in the anti-parallel state, the ferromagnets offer a very strong spin-
dependent transmission rate. For a symmetric energy profile, the spontaneous tunnelling
rates for charge carriers from each lead are equal. Introducing an asymmetry will gen-

erate different tunnelling rates, therefore, creating a spin-unbalance. This means that a
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FIGURE 2.7: (a) Schematic of the spintronic selectors with a single PM centre in the mid-
dle, and the spin tunnelling rate asymmetry between leads. 74, and Tz}, correspond
to the tunnelling rates of electrons with 1/ spin states, between left lead and PM cen-
tre, and right lead and PM centre, respectively. (b) Energy landscape in across the MT]
containing a PM centre, in the AP state. The Fermi energy (Er) of the FMs is shifted by
an energy A, corresponding to the spin-split energy in the PM. Blue/red correspond to
1 / 1 spin states. (c) Current-voltage curves obtained for both AP and P states, at room

temperature. Adapted from [13].

spontaneous current is flowing across the device. This constitutes the basic operation of

the spin-engine integrated in a tunnel junction proposed in the work. Due to the combi-

nation of the selectors and PM centres, electrons can only tunnel from the PM centre to an

electrode if their energy is the same as the PM’s centre spin state [13]. In that work, the

spintronic selectors consist of a C/MgO interface, and the paramagnetic centres consist

on carbon atoms present in oxygen vacancies on the MgO barrier.

The generated spontaneous current across the MT] is represented by an offset in the

current-voltage curves (Fig. 2.7 (c)) . In this thesis, the same setup is used, but the param-

agnetic centres consist in Ta particles deposited by magnetron sputtering in the middle of

the tunnel barrier, as will be clarified in the experimental techniques chapter (Chapter 3).






Chapter 3

Experimental Techniques

In this chapter, a condensed explanation of the techniques used to fabricate and char-
acterize the studied devices is presented. The first section presents the deposition and
micro-fabrication techniques used to fabricate the devices. In the second section, the char-
acterization techniques and set-up are described. All the samples were fabricated at INL

and their characterization was performed at IFIMUP.

3.1 Fabrication techniques

The first step in the fabrication of the MTJ devices is the deposition of the different layers
of materials that compose the stack. This is performed through a physical vapour depo-
sition (PVD) technique, namely, magnetron sputtering. Several lithography processes are
necessary to define the MT] pillars and electrical contacts on the sample. Direct laser writ-
ing (DWL) is used to expose the mask used in the lithography and define the MT]J pillar.
The etching processes are performed using a Nordiko 7500 Ion Milling etching system.
All these proceedings are performed in a cleanroom environment.

After fabrication, MTJs are subject to a 3-step annealing process, to crystallize the dif-
ferent layers and create an easy magnetization axis on the ferromagnetic layers. In or-
der to crystallize the CoFeB/MgO/CoFeB structure, a first annealing step is necessary, in
which a 2 T field is applied for 2 hours, at 330°C. This first annealing induces a uniaxial
anisotropy in the magnetic layers and MgO barrier. The second annealing is necessary to
rotate both top and bottom AFM, but without rotating the SL. So, a 2 T field is applied for
2 hours at 270°C. Finally, the third annealing step rotates the top AFM layer, which is part

of the sensing structure, using a 0.02 T field, at 150°C for 1h. Annealing is an absolute
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necessary step for the performance of the device, since it is responsible for creating the

crystallographic direction of both FMs and MgO, which leads to higher TMR ratios.

3.1.1 Magnetron Sputtering

Sputtering is a PVD technique used to deposit a certain material in a substrate, through
ion bombardment. A sputtering system consists of a vacuum chamber, which contains
one or several targets composed of the material one wants to deposit, and a substrate.
A inert gas, usually argon (Ar), is introduced in the vacuum chamber and a bias voltage
is applied across it, between the target and substrate. Free electrons flow from the neg-
atively charged target (cathode), colliding with the atoms that compose the gas, which
results in the ionization of the gas, forming a plasma. The bias signal can be direct cur-
rent (DC), for the deposition of metals, or a radio frequency (RF) signal, for oxides and
insulating materials (to prevent the build-up of charges in the target). Cations formed in
the plasma are attracted towards the target at high velocity, ejecting target atoms that will
cross the chamber and condensate on the substrate, forming thin films. The magnetron
sputtering system contains magnets that create a magnetic field parallel to the target, in
order to trap the plasma near it, through Lorentz force, as can be seen in Fig. 3.1(c). The
magnetron sputtering technique leads to better quality films than other sputtering tech-
niques, since the trapping of the plasma creates a higher chance of gas ionization near
the target, increasing the plasma density in this region. So, creating a magnetic field, the
bombardment of the target is increased and so is the deposition rate [42].

The sputtering system present at the INL clean room is composed by a cassette, a
transport, soft-etch/oxidation and multi-target modules. The cassette is where the wafers
are introduced and the transport module is responsible for mechanically transporting the
wafer between the different modules. In the soft-etch module, an RF signal is applied to
do a pre-cleaning of the wafer before depositing the materials. This is necessary since, in
spite of being inserted in a cleanroom environment, there is the possibility of unwanted
particle deposition on the wafer, such as water molecules, or the formation of oxides. The
multi-target module is integrated in the ultra high vacuum (UHV) deposition chamber.
There are 11 targets available, so it is possible to deposit all the different materials without
breaking vacuum. The substrate is moved linearly back and forward across the chamber,

so a dynamical deposition occurs. That said, in order to control the deposition rate and
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FIGURE 3.1: Magnetron sputtering machine present at INL, used to fabricate the devices
in this thesis: (a) cassette module, (b) transport and multi-target chamber. Taken from
[43]. (c) Simple schematic of a magnetron sputtering system.

the film thickness, the important parameters are the linear velocity of the substrate and
the number of cycles (back and forward) the wafer performs, respectively.

To be able to deposit a 0.06 nm layer of Ta particles in the middle of the tunnel bar-
rier, the deposition conditions had to be adjusted: the velocity of the substrate was at
maximum speed, and the plasma frequency was adjusted, so that the plasma had the
minimum power possible, while remaining stable. This way, the smallest quantity of ma-
terial is deposited. Since there is such small quantity of material, the particles are not
expected to form isles nor clusters, but remain uniformly distributed across the layer, like

small impurities in the barrier.

3.1.2 Ion Milling - Dry Etching

Ion beam milling is a dry etching technique, used to remove atoms from the surface of
the samples. An ion beam, which can be made of argon cations, is accelerated in a certain

direction, to hit the surface in a specific angle and remove material. This is then a purely
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FIGURE 3.2: Nordiko 7500 - physical etching tool used to fabricate the junctions studied
in this thesis (at INL): (a) cassette module, (b) transport and working module. Taken from
[43]. (c) Simple schematic of an ion mill etching system.

physical process. The ion mill machine used in the INL clean room is a Nordiko 7500, com-
posed of a cassette, a transfer module, and a module consisting of the ion beam source and
the vacuum chamber. The ion beam source generates and accelerates the beam towards
the sample: An inert gas (Argon) is inserted in the discharge chamber, and plasma is gen-
erated by the application of an RF field, generated by an RF source. The argon cations
that are formed in the plasma are accelerated towards the sample, and atoms are ejected.
There are also electron sources in the chamber, denominated neutralisers, responsible for
keeping the total charge neutral. Emitted electrons react with cations, creating a neutral
particle, and this way preventing build-up of charges on the sample surface during the
etching process. Samples are also subjected to side wall cleaning (SWC), which is an ion
milling process performed at a lower angle and shorter intervals, necessary due to the

re-deposition of atoms in the surface while the wafer is in the chamber.
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FIGURE 3.3: Lithography steps to define the MTJs pillars. (a) After vapour priming, the
substrate is coated with photoresist. (b) The material is laser exposed, in accordance to
the digital mask. (c) The exposed PR (positive) is removed in a developing step. (d) The
material under which the PR was removed, is also removed in the ion milling. (e) The
remaining PR is removed using plasma etching, leaving the desired patterned material.

3.1.3 Direct Laser Writing - Maskless lithography

Several lithography processes are necessary to define the different components of the de-
vice. The structures are defined using the Direct Laser Writing (DLW) technique, but the
lithography starts with vapour priming, to prepare the surface for the photoresist coating.
Then, the wafer is coated with the photoresist (PR), which is a photo-sensitive material
that will respond to the writing. After the PR coating, the wafer can be aligned in the
DWL table. Then, a laser will expose the PR according to the desired pattern, which is
defined as a digital mask designed in the AutoCAD software. At INL, the machine avail-
able is a DWL 2000 tool, by Heidelberg instruments. It uses a diode laser of 405 nm, with
a minimum feature of 1 ym. After exposure, the wafer is developed, a process in which
PR is removed, leaving the desired pattern in the wafer. The remaining PR is removed
through plasma etching. In this thesis, a positive PR was used, which means that the PR

exposed to the laser is made soluble to the developer, being removed in this step.

3.2 Characterization techniques

The characterization methods used to study the MTJs samples are presented in this sec-
tion, namely the room temperature setup and the cryogenic system used to study the
behaviour of the MT]Js at different temperatures. All the data was obtained at the IFIMUP
labs at FCUP.
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FIGURE 3.4: Room temperature measurement setup: (a) Helmholtz coils, probes, sample
holder, and sourcemeter; (b) Computer with LabView software, amplifier and function
generator (from left to right). (c) Scheme of the main components of the setup.

3.2.1 Room temperature characterization

The setup used to do a first RT characterization is composed as follows (Fig. 3.4). Helmholtz
coils are used to generate a linear magnetic field. The field is controlled by a signal gen-
erator, which is used to send an electrical current, and is connected to an amplifier to
enhance this current. The actual field is measured using a gaussmeter. A sourcemeter is
used to both apply current to the samples, and read the generated voltage. This is per-
formed using two probes, connected to the sourcemeter, that lay on the MT] pads. The
instruments are connected to a LabView software, through a GPIB interface, allowing to

control all the applied variables on the sample, and also visualize the results.

3.2.2 Cryogenic measurements

The study of temperature dependent properties of the MTJs was performed using a cryo-
genic system with a closed helium circuit, where a minimum temperature of approxi-
mately 28 K can be achieved.

Sample-holder and chip carrier. The studied MT]Js were placed on a chip carrier,
since it was not possible to establish electrical contacts directly with the MT]Js pad inside
the cryostat, due to their micrometric size. So, these pads were wire bounded to the gold
pads of the chip carrier. The sample holder, where the chip carrier is placed, consists of a

cylindrical block of copper, fixed to the cryostat arm. It contains a cavity with lateral size
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FIGURE 3.5: (a) Chip carrier connected to the MT]Js contacts through aluminium wires.
(b) Cryostat sample holder with the chip carrier placed on it to perform measurements.

smaller than the chip carrier, so that it can be placed downwards, as seen in Fig. 3.5(b).
This is done so that the wires do not touch the sample holder, without the risk of breaking
the bond. The sample is tied to the sample holder with Teflon tape, so it is properly fixed.
In order to make electrical contacts with the chip carrier, the sample holder top face also
contains thin copper wires. These are rolled around the chip carrier gold pins, which
are then connected to the gold pads. Only two copper wires are used, since two-contact
measurements were performed. These wires are wrapped around the cryostat arm, to
minimize thermo-electrical effects in the measured bias voltage. To guarantee electrical
contact between the pins and the copper wires, silver paintcr embeds them together. The
sample holder also contains a small hole where an end of a thermocouple is placed, to
measure its temperature. It is assumed, at the cost of a short approximation, that the
temperature of the sample holder and the sample is the same.

The vacuum system is composed by a rotatory (primary) and a diffusion (secondary)
pump. In order to perform vacuum, first, the rotatory pump is opened to the cryostat for
about 15 minutes, to perform low-vacuum. After this, the primary pump is closed to the
cryostat and the diffusion pump is opened to it, to perform high vacuum. The primary
is connected to the secondary, to assist the vacuum. To lower the temperature inside the
system, an helium compressor is turned on.

Measurement setup. A DC current is applied to the samples, supplied by the TIME
ELECTRONICS 9818. The voltage created across the MT]Js is measured by a Keithley 182
nanovoltmeter. Each of these devices is connected to one the copper wire in the sample

holder. There is a Scientific Instruments INC Series 5500 Temperature Gauge, that ensures
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FIGURE 3.6: Schematic of cryogenic measurements setup.

Magnetic field Current source

a controlled temperature variation in temperature dependent measurements, and stabi-

lizes the temperature. The sample temperature is then measured by a thermocouple, in

which one end is fixed in the sample holder, and the other is coupled to an Agilent 34401A

voltmeter, which measures the voltage generated by the thermocouple. The applied mag-

netic field is generated by Helmholtz coils, and a current about 1 mA is supplied to them
by a KEPCO BOP 100-4M. A Hall probe measures the generated magnetic field and is

supplied by a Keithley 225 current source. Finally, the voltage of the probe is measured

by a HP 34401A multimeter. All the instruments are controlled in a personal computer,

and are automatized through GPIB interfaces.



Chapter 4

Influence of Ta-doping on Tunnelling
Processes and Power Generating

Ability

This chapter is divided in three main sections: the first consists of the first characterization
and comparison of control and Ta-doped junctions at room temperature; the second sec-
tion presents a more extended temperature dependent analysis of the Ta-doped samples;

in the third section the energy generation effect will be discussed.

4.1 Room temperature transport

The room temperature characterization of MgO-based MT]s is presented, for control and
Ta-doped devices, as well as their comparison. The control/Ta-doped samples have a su-
perficial area of 8x8 ym?. These measurements were performed in the room temperature
setup described in Chapter 3. The resistance area (RxA) product and resistance variation
with applied magnetic field is represented in Fig. 4.1, for both control and Ta-doped junc-
tions. The first conclusion one can take from the presence of the Ta particle layer in the
middle of the MgO tunnel barrier, is the increase in RxA in both magnetic states. For the
control sample, we obtained RxAp = 3.5 M() ]/tmz and RxA4p = 7.4 MQ) ym?, and in the
Ta-sample RxAp = 5.5 MQ pm? and RxA 4p = 8 MQ um?. These values are laid out in Ta-
ble 4.1. This increase is also more pronounced in the P state, so that the difference between

parallel and anti-parallel state is lower. In accordance to Fig. 4.1, this smaller difference
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FIGURE 4.1: Resistance and resistance area product of 8x8 um? control and Ta-doped
junctions, as a function of the applied external in-plane magnetic field.

+ Ta-doped sample 1.0
1404 (@) + Control sample (b)
1054 S
X 14
o 70 E 0.5
= o4
35- =
04
T T T T T 00 T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
V (V) V (V)

FIGURE 4.2: (a) TMR ratio and (b) normalized TMR ratio of a 8x8 ym? control and Ta-
doped junctions, as a function of the applied external bias.

in resistance creates a very pronounced decrease in the maximum TMR ratio obtained,
being of only 73% in this junction, while in the control junction the value is 163%.

In Figs. 4.2(a) and (b), the TMR and normalized TMR variation with bias voltage,
respectively, is represented for both junctions. The first thing one notices, in accordance
to what was expected from the RxA curve, is the substantive decrease of the maximum
TMR ratio with the introduction of the Ta particles in the tunnel barrier. It is also clear
that this doped junction presents a much faster decay in TMR with the increase in bias
voltage. This behaviour is characterized by the figure of merit V;,, = 0.24 V, a much
smaller voltage than for the control junction V;,, = 0.41 V.

The current-voltage curves of the control and Ta-doped samples are represented in
Fig. 4.3, at RT. The curves in the parallel and anti-parallel states of each sample seem to

overlap in the first graph, but in the second graph which represents the curves between



4. INFLUENCE OF TA-DOPING ON TUNNELLING PROCESSES AND POWER GENERATING
ABILITY 33

H Sample RAp (MQymz) RA4p (MQymz) TMR (%) V1,2 (V) H

Control 3.5 7.4 163 0.41
Ta-doped 5.5 8 73 0.24

TABLE 4.1: Representative values of the main characteristic factors of control and Ta-
doped samples.
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FIGURE 4.3: (a) Current-voltage curves for both control and Ta-doped junctions, at 300
K. (b) Zoom in the curves from (a), between -130 and 130 mV.

-0.15 and 0.15 V, we see that they do not. This is due to the fact that these samples are
highly resistive, as we have mentioned. We also can see that, above ~0.5 V, the current in
the Ta-doped junctions reaches a higher value than the control samples, which must mean
that the conductance in this sample has increased more significantly with increasing bias.
The curves were fitted with the Simmon’s Model equation for intermediate bias (Eq. 1.7),

referenced in Section 1.4 from Chapter 1, and the obtained parameters are shown in Table

4.2.

H Sample ¢ap (eV) ¢p(eV) tap (nm) tp (nm) H

Control 1.22 1.29 1.86 1.79
Ta-doped 1.23 1.25 1.97 1.77

TABLE 4.2: Obtained parameters using the Simmon’s model to fit the current-voltage
curves, concerning Fig. 4.3(a).

In Fig. 4.4 is represented the conductance, G = dI/dV, of the control and Ta-doped
samples, at room temperature (RT). At zero bias, the conductance is higher for the control
samples, but quickly, as the bias is increased, the conductance of the Ta-doped sample

surpasses it, so there is a faster increase in conductance in this sample.
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FIGURE 4.4: Conductance in P and AP state for both control and Ta-doped junctions, at
300K.

From the behaviours we have observed, it is clear that the presence of the paramag-
netic particles in the MgO barrier has a major influence in the physical properties of tun-
nel junctions. We observed that the resistance is enhanced, indicating that the Ta particles
create difficulty to the tunnelling electrons and, at the same time, TMR decreases and the
dependency on bias voltage is much larger, which means that somehow, the particles act
as an extra spin-independent conductance channel. These behaviours seem contradictory,

so the origin behind them must be different.
One possible explanation is that the Ta particles layer causes an increase in the barrier
thickness, which may cause a significant increase in the resistance. According to Sim-

mon’s model [11], the tunnelling current at low bias (V ~ 0), is given by:

I = koky 5P (;tklt\@ v, 4.1)

where the parameters are the same as described in Section 1.4 from Chapter 1. From the

previews expression we can write the resistance (R) in the following way:

%4 1 2t

This equation shows that, for small bias, the resistance of an MT] follows Ohm'’s
law, increasing exponentially with the barrier thickness and the square root of the bar-
rier height. This indicates that the introduction of the Ta particles can lead to a large

increase in the MT]J resistance. Considering the experimental increase in resistance from

the samples, we obtained for the P state: Rrudoped _ 1 57,

RControl
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Using Eq. 4.2 to determine the theoretical ratio between resistances, we obtain the

expression:

Ra—doped _ t+ttTa exp(k1t(\/ﬁ— \/@ + kit \/4)7%1), (4.3)

RControl

where t and ¢ correspond to the thickness and barrier height of the control sample, and
t = t+tg and ¢t are the thickness and barrier height of the Ta-doped sample. Us-
ing the values for barrier thickness and height obtained from the Simmon’s model fit for
intermediate bias (Eq. 1.7), we obtain % = 1.51.

We thus find that the model and experimental values of the resistance increase are re-
markably similar, with a percentage error of W x 100 = 4%. This indicates
that the introduction of the extra Ta layer does account for the enhancement in the junc-
tion’s resistance. The origin of the TMR decrease will be further investigated in the next

sections.

4.1.1 Resonant tunnelling through trapping states

Figure 4.5 represents the normalized second derivative of the current (d?I/dV? or dG/dV)
of the control sample, in the AP and P states. This measurement was performed in the
room temperature setup described in Chapter 3, which showed significant noise, and
most of the fine structure anomalies were masked by it. Nevertheless, it is still possible
to identify an anomaly around 0.45 V, that is present in both magnetization states. This
anomaly comprises a peak followed by a valley, with about the same intensity in both
states. This said, we can first affirm that this anomaly represents an elastic tunnelling
process, namely trap assisted tunnelling, and that its origin is in the insulating barrier
or near the FM/IN interface. This trap could be any kind of vacancy, dislocation of step
edges in the barrier structure. The shape of the feature in both positive and negative
voltages is very similar, which indicates that they have origin on the same trap. Their
intensity is also very similar, which indicates that the barrier is symmetric.

The same feature was not observed in the Ta-doped samples. One of the reasons might
be that the feature was not strong enough to be noticed amongst the noise. We also know
that the electronic properties of oxide materials are affected by the presence of any kind of
impurities or defects, locally perturbing the lattice. That said, another possible explana-
tion is that the presence of the Ta particles affects the electronic configuration of the tunnel

barrier, and the traps that originated the feature in the control sample are not formed in
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FIGURE 4.5: IETS spectra (a) V > 0 V and (b) V < 0V, in the parallel and anti-parallel
state of the control sample, at room temperature.

the doped samples. From this we can take that the tunnel barriers of the control samples
also contain certain defects, which in this case led to the formation of a resonant trapping

state.

4.2 Temperature dependent transport

In this section will be presented the temperature dependent analysis performed on Ta-
doped MTJ samples. We performed the first measurements in a 18x18 x?m sample, which

we shall identify as Sample 1.

4.2.1 Magnetic field dependency

The resistance area product (RxA) and TMR(H) transfer curves were measured by apply-
ing an external magnetic field in the direction of the easy magnetization axis of the MTJs,
and varying its intensity and sign, for doped magnetic tunnel junctions. In Fig. 4.6 are
represented the curves for the first sample which was measured (Sample 1), of area 18x18
um?. These loops were measured at low bias, with an applied current of 0.1 uA, and
temperatures from 320 to 28 K. At room temperature, a lower RxA product was observed
for both states, with a difference between the resistance in the parallel and anti-parallel
states much smaller, which led to a smaller maximum TMR ratio. As the temperature
is decreased, the RxA product is enhanced, an effect particularly important for the anti-
parallel state, leading to very large TMR ratios, as can be seen in Fig. 4.6(a). The TMR
ratio in the doped junction increases from 65% at RT, to 185% at 28 K. We find full satura-

tion of the magnetic states for a magnetic field of 100 Oe at all temperatures. This means
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FIGURE 4.6: (a) TMR ratio and (b) Resistance times area product, of Sample 1 (Ta-doped
junction), in function of applied external in-plane magnetic field, for different tempera-
tures.

that there is full parallelism (positive field) and anti-parallelism (negative field) between

the pinned and the free layer.

4.2.2 Bias voltage dependency

The current-voltage curves obtained for Sample 1 can be seen in Fig. 4.7(a). The curves
follow the expected behaviour, which can be fitted with the Simmon’s model, with the
non-linear I-V behaviour, characteristic of electron tunnelling. We notice that, for the same
value of applied bias, the current is higher at 300 K, which indicates a lower resistance at
this temperature. Concerning the TMR variation with applied external bias, for different
temperatures, we conclude that, as temperature reaches cryogenic values, an increase in
the TMR at 0 V is achieved, as can be seen in Fig. 4.7(b). To characterize this dependency
with increasing bias, the figure of merit V;,, was determined for each temperature. The
value at 28 K is Vf% = 97 mV and Vf%)K = 118 mV, at room temperature. The variation
from 28 K to 300 K is only 21 mV, so one can say that this parameter has a very weak de-
pendency on temperature. This indicates that, although the TMR suffers a large increase
with decreasing temperature around zero bias, the dependence on external applied bias
is very strong, and the effects that cause the reduction of the TMR are still present even at
low temperature.

We observe that, for increasing temperature and bias, there is a significant detriment

in TMR. With the decreasing temperature and bias, TMR is enhanced.
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FIGURE 4.7: (a) TMR ratio as a function of applied external bias voltage, for different tem-
peratures and (b) Current-voltage curves for 28 and 300 K, in AP and P states, of Sample
1. The inset on (b) represents the figure of merit V; , of the curves of each temperature.

4.2.3 Conductance bias and temperature dependence

In this section will be discussed the bias dependence of the conductance in doped tunnel
junctions, at different temperature between 28 and 300 K, for the P and AP states. The
conductance has been numerically calculated from the obtained I-V data (G = dI/dV), as
a function of the applied bias voltage, and the results are depicted in Fig. 4.8 for 28 and
300 K.

The existing models for elastic tunnelling, which predict a parabolic like behaviour,
were applied to the curves considering only higher voltage (2 0.4 V). The models showed
to be a good fit to the curves, since they do show a parabolic behaviour. But for voltages
below & 0.4 V, the variation of the conductance is much slower, especially for 28 K (Fig.
4.8(a)), and the fit is not adequate. This indicates that elastic tunnelling is not the main
tunnelling mechanism in these junctions at low bias, or that it is suppressed by other ef-
fects. We must notice that these samples have very large resistance, with a RxA product
in the order of MQum?. This is not a favourable factor in the performance of the measure-
ments, since it can cause much noise and hide anomalies in the conductance. We observe
that the variation of G around 0 V is much faster at 300 K, which is in accordance to the
lower maximum TMR ratios achieved for higher temperatures.

We also find a very symmetrical shape of the curve around zero bias. When there
are asymmetries, it is usually an indication of a difference in the quality of the upper and
lower CoFeB/MgO interfaces, which can be expected, since the particles are introduced in

the middle of the MgO layer. Another thing to notice is that no zero-bias anomaly (ZBA)
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FIGURE 4.8: Conductance as a function of applied bias voltage for Sample 1 and respec-
tive parabolic fits at (a) 28 K and (b) 300 K.
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FIGURE 4.9: Parallel and anti-parallel conductance of a Ta-doped junction, at (a) 28 K and
(b) 300 K. The green circles mark the visible anomalies in each branch.

is observed in our data. ZBA usually results from inelastic excitations, such as magnons,
as discussed earlier in Chapter 1. But neither in the parallel or anti-parallel states there is
evidence of this effect.

Measurements of conductance at low bias were also performed in order to determine
trapping states in the junctions. For higher bias it was not possible to do this kind of
characterization, since these samples are extremely resistive, and the noise is much larger
than the features one wants to see. In Fig. 4.9, the conductance at low bias is represented
for Sample 1. One easily observes the anomalies marked by the green circles in the figure,
which are more pronounced at 28 K in the AP alignment, but reproduced at all tempera-

tures, namely at 300 K.
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FIGURE 4.10: IETS spectra for the parallel and anti-parallel state of a Ta-doped junction,
at (a) 28 K and (b) 300 K.

The origin of these anomalies might have to do with the structure of the CoFeB fer-
romagnets, or with the MgO tunnel barrier. If the ferromagnets majority spin DOS is
diminished around the Fermi energy, due to the increase in voltage, one would expect a
significant dip in the P state, but more subtle in the AP state. If the cause is related with
the tunnelling probability in MgO, the dip in both states should be the same. Or, said
in another way, the ratio between the dip in dI>/d?V and dI/dV should be similar. It is
clear that the anomalies are more pronounced for positive bias voltage, which indicates an
asymmetry in the tunnel barrier, which is expected since the introduction of the particles
affects the way MgO grows below and on top of them.

In the IETS spectra represented in Fig. 4.10 we are able to see this anomaly more
clearly. One notices that it originates a peak followed by a valley, which labels an anomaly
caused by trap assisted tunnelling. This is a kind of elastic trapping process that occurs
at the insulator barrier, or near the ferromagnet/insulator interface. An elastic process
should not be strongly dependent on temperature, and we actually notice that these fea-
tures do not change significantly with temperature. It is interesting to know if this is an
anomaly created by the presence of Ta particles, or if it is due to defects in the barrier
itself.

Next, we shall consider the T-dependency of the conductance, which is represented in
Fig. 4.11(a), for both parallel and anti-parallel states, at zero bias, for Sample 1. In both
curves we observe an increase in the conductance with increasing T, i.e. an insulator-like
behaviour. The enhancement in the conductance is quite strong. Following the direct

tunnelling model, Gp should decrease with temperature, in contrast to what these results
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FIGURE 4.11: (a) Conductance in parallel and anti-parallel state and (b) AG = Gp - G4p,
as a function of temperature for the Ta-doped sample.

show. Such a large increase is an indication of some temperature-dependent transport
channel. One possibility is spin-independent tunnelling via hopping sites in the barrier,
phonon assisted tunnelling and electron scattering on impurities created at the FM/TB
interface [44], as discussed in Chapter 2.

From Fig. 4.11(b) we see that the difference between conductance in the P and AP state,
AG(T) = Gp — Gap, is increasing with temperature, which means that the rate of increase
of Gp is higher than for G4p. This is evidence of a spin-conserving tunnel assisted mech-
anism [45]. From this behaviour we can also exclude the model of excitation/absorption
of magnons [24], that predicts a decreasing AG, consistent with spin-flip transport mech-
anisms, that usually contribute more to G4p than to Gp. As has been mentioned before,
ZBA is also a consequence of this type of mechanism. Both the absence of ZBA in these
samples and the variation of conductance with T suggest that magnon-assisted tunnelling

is not one of the main mechanisms observed in the Ta-doped junctions.

4.24 TMR and resistance variation with temperature

Concerning Sample 1, the maximum TMR ratio and the electrical resistance R(T) in both P
and AP states, for each temperature, are shown in Figs. 4.12(a) and (b), respectively. The
measurements were performed in a temperature range between 22 and 320 K. The varia-
tion of TMR with temperature displays an interesting behaviour. At higher temperatures
a fast decay of TMR is observed, compared to what is expected from usual MT]Js. But
more intriguing is the behaviour at very low temperature: a strong enhancement of TMR

is observed in this junction at temperatures lower than 30 K, but no definitive explanation
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FIGURE 4.12: (a) TMR ratio T-dependency and (b) Parallel and anti-parallel magnetiza-
tion state resistance T-dependency of Sample 1.

was found for this behaviour. Nevertheless, we should mention that a behaviour similar
to this was found in Ref. [37]. The same kind of rapid growth at temperatures below 50
K was observed and attributed to Coulomb Blockade. It was considered that the thermal
energy is much lower than the charging energy of the particles, so that direct tunnelling
is suppressed, and only inelastic co-tunnelling is allowed, diminishing the conductance,
and enhancing the TMR ratio. However, unlike in our results, the resistance continues to
increase at these temperatures.

From the behaviour represented in Fig. 4.12(b) we can tell that, for temperatures
higher than 30 K, we find a negative dR/dT, which is indicative of an insulator-like be-
haviour. We notice that, as temperature increases, the absolute value of the derivative
increases, indicating a strong enhancement of the tunnelling current. For very low tem-
peratures, we find a positive dR/dT, characteristic of a metal-like behaviour.

Magnetic disorder, which increases with temperature, is responsible for a decrease
in R4p, but causes the increase in Rp. Thermal excitations, on the other side, cause the
decrease of R in both sates [46]. In these results we do see a decrease in resistance for both
magnetic sates, in accordance to the behaviour obtained in conductance, which means
that thermal excitations must be more influential in this effect than magnetic disorder.

A set of criteria was determined in the 1960s and 1970s to identify single-step elas-
tic electron tunnelling in superconductor-insulator-superconductor tri-layers, called the
Rowell criteria [47]. Among those, one that applies to non-superconducting electrodes is
that there should be a weak insulating-like dependence of the conductance or resistance
with temperature. In these graphs we do find a behaviour similar to this, which tells us

that, despite the existence of other transport channels, direct tunnelling is still present and



4. INFLUENCE OF TA-DOPING ON TUNNELLING PROCESSES AND POWER GENERATING
ABILITY 43

accounts for a large part of the tunnelling transport. In Ref. [12], it was concluded that an
insulator-like behaviour rules out the possibility of pinholes in the barrier. This indicates
us that, other than the paramagnetic impurities embedded in the TB, the MgO has good
quality.

4.2.5 Discussion

We have observed a strong reduction of TMR with increasing bias and temperature and,
by the variation of the resistance as a function of temperature, which presents a weak-
insulator like behaviour, we see that direct tunnelling modulates the general behaviour of
the MT]. At the same time, we determined that at low bias the main mechanism contribut-
ing to the conductance should not be direct elastic tunnelling. Concerning the variation
of conductance with temperature, we found an increase on both magnetic states, even
more prominently in the parallel state. This, of course, caused a strong increase of the
overall conductance with temperature. Among inelastic mechanisms, magnon excitation
does not appear to have a major influence in the tunnelling, since according to the model
developed by Zhang et al. [24], Gp should decrease due to the absorption of magnons in
the FM/TB interfaces. Plus, no ZBA effect was observed in the studied junctions. Sev-
eral other models were proposed to explain the behaviour of TMR and conductance with
different mechanisms in tunnel junctions. We shall analyse some that might fit the char-
acteristics of our junctions.

Zhang and White [26] studied the bias dependency of the TMR in MTJs, and con-
cluded that the basic Julliere’s model which considers only spin-dependent direct tun-
nelling was insufficient to explain the behaviour of these devices. The authors considered
both spin-dependent direct tunnelling and another spin-independent tunnelling mecha-
nism. Even though these barriers were not purposely doped with impurities, the inher-
ent defects created upon the fabrication of the devices had enough influence to consider
the extra conduction channel. The studied tunnel junctions present strong bias and tem-
perature dependencies. The model considers the existence of defect states in the tunnel
barrier, whose electrons will be excited by thermal activation processes, creating available
states for two step tunnelling. Electrons could be excited either by temperature increase
or through hot electron impact. Since these defects are not polarized, the process becomes
spin-independent, generating a spin-independent current that does not contribute to TMR

enhancement. The voltage dependence was explained in terms of Fermi-Dirac functions,
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that indicates that the density of available states increases exponentially as the energy lev-
els increase. So, two step tunnelling is intensified with increased bias. Considering the
application of this model in our system, Ta particles can be looked at as trapping states in
the barrier, since they have such a small size and concentration. With the increase in tem-
perature, Ta particles are excited, originating available states for the two step tunnelling,
creating a spin-independent current, this way decreasing TMR.

Shang et al. [33] also developed a model in which the conductance can be expressed
by Eq. 2.2, as discussed in Section 2.4. There is a term, Ggj, that is unpolarized and
dominated by hopping through defects in the barrier, and therefore, spin-independent.
This parameter is enhanced with increasing temperature and does not depend on the rel-
ative orientation of the magnetization. The direct elastic tunnelling term Gr will increase
the conductance with the enhancement of temperature. On the contrary, the polarization
contributes with an opposite slope in the conductance. For Gp, this gives a negative con-
tribution from the direct tunnelling term, and a positive contribution from the hopping
term, which results in a small variation of the conductance with temperature, in the par-
allel state. Actually, a slight increase in Gp(V = 0) is usually an indication of good quality
MgO tunnel barrier [31, 48]. So, finding a large G(T') increase may be an indication of the
presence of the Ta paramagnetic impurities, which obviously decrease the quality of the
barrier.

Both the above exposed models consider that the presence of defects or impurities
states in the barrier create extra conduction paths for electrons to tunnel, which contribute
to the overall conductance by increasing it.

There are also reports [49-51] that specifically studied the effect of introducing non-
magnetic impurities in the AIOx tunnel barrier, and which results are very similar to what
we have observed in our junctions. The observed behaviours were explained considering
an elastic contribution from impurity-assisted tunnelling: Impurities in the barrier act
as trapping states, which create extra conduction channels for electrons, decreasing the
resistance and the TMR.

In Ref. [50], Dy- and Gd-doped Al,O3 MTJs were studied, and at low temperature and
bias, the TMR stayed unaffected, comparing to similar control junctions. By increasing T
and V, the TMR reduces quite faster than in the control junctions. The same behaviour is
also reported in Refs. [49, 51]. A theoretical explanation is presented by Bratkovsky [10]
and also Tsymbal et al. [52]. In the latest work, a rapid drop of TMR as a function of T
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and V is observed in amorphous barriers doped with non-magnetic particles. It is stated
that the higher the impurity concentration, the more localized electronic levels close to the
Fermi energy level are created, forming highly conducting channels across the insulator.
Both TMR and FM polarization decrease rapidly, as impurities with energy near the Fermi
energy of the insulator create a large number of electronic levels, forming highly conduct-
ing channels in the insulator. These electronic states extend from one side of the barrier to
the other, dominating the conductance, hybridizing with states from the FMs. Since tun-
nelling through impurity levels in the barrier is governed by the overlap of unpolarized
impurity levels and electrode wave functions, the effective polarization is reduced [10].
In summary, the mixture of spin-independent impurity states with spin dependent wave
functions of tunnelling electrons reduces the spin polarization and drops TMR. We should
notice that these considerations are given in light of amorphous barriers, where the exis-
tence of conductance paths due to impurities is well established [53]. Nevertheless, one
could consider the same explanation, regarding only the electrons that are transmitted in
MgO tunnel barriers, in accordance to the MgO spin-filtering mechanism. Concerning the
junctions studied in this thesis, the Ta particles could break the spin-filtering mechanism
of the MgO, creating conductive paths for all electrons.

At this point is clear that the effect of the introduction of Ta particles is in accordance to
the existing impurity assisted tunnelling models, and accounts for the strong dependency
on bias and temperature that is observed in TMR. The strong bias dependency that is
predicted by this tunnelling mechanism, also agrees with the small variation of the figure
of merit V; /, that was obtained, since even at high temperatures, there is a strong variation
of TMR with bias.

Concerning the observed G(V) behaviour, the parabolic fits showed that, for low volt-
age, the direct tunnelling model is not followed. The variation of Gg with temperature is
in accordance to this result, since it shows an increase with increasing temperature, and
the direct tunnelling model expects a decrease. We can then affirm that some temperature-
dependent transport mechanism is responsible for the tunnelling at low bias. Adding to
that, we find an increase in AG, which suggests a spin-conserving tunnelling mechanism.
The previous models are also in agreement with this behaviour, since they predict an en-
hancement of the conductance with temperature. We observe in our G(T) graphs that, for
both G4p and Gp, the conductance increases with temperature. This could indicate that

hopping is one of the most significant tunnelling mechanisms in our junctions, surpassing
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the effect of direct tunnelling. We should note that hopping is less likely in MgO barriers
than AlOx, due to the smaller density of localized states. That said, in our junctions the
Ta particles might create these localized states and increase the probability of this mecha-
nism. Another possible explanation for the growth of AG is phonon absorption/emission.
This is also a spin-independent mechanism and there is spin conservation. When the MT]
structure is annealed, oxygen atoms, that might have oxidated the bottom FM layer, dif-
fuse from the FM to the tunnel barrier, making it harder to have magnon absorption and
lowering the phonon energy spectrum of the FM/TB, so it is easier to activate phonons.
Phonons are also thermally excited [45], so their contribution becomes larger at larger

temperatures.

4.3 Energy generation

To study the effect of power generation, we look deeper into the offsets, AV, of the mea-
sured current-voltage curves. Figure 4.13 shows the current-voltage curve for Sample 1,
in a smaller range, at 28 and 300 K.

Although one would expect no current offset for 0 V, all temperatures depict an offset
in the I-V curves. These dependencies are in agreement with what would be expected for
the effect. In fact, in accordance to [13], the largest power generation is expected in the
AP configuration, as discussed in Section 2.6 from Chapter 2. It would also be natural

to see an enhancement of the effect at cryogenic temperature since quantum effects are
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FIGURE 4.13: Sample 1 current-voltage curves around 0 V, in P and AP states, at 28 and
300 K.
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FIGURE 4.14: (a) Current-voltage curves at different temperatures and (b) Current-
voltage curves in the P and AP state, at 28 and 300 K, of Sample 1’.

enhanced at lower temperatures and this Ta-doped MgO barrier device is the first with
this configuration, so the effect is not tuned to work at room temperature.

After a few weeks, Sample 1 was measured again to study the reproducibility of the
results in the same sample, and determine if its behaviour had changed and how. We
found that it presented different characteristics, namely lower resistance values in the AP
state. We shall identify the measurements performed under these conditions by referring
to Sample 1”. For Sample 1’, a RxA product of 2.59/1.0 MQum? at 28 K and 1.19/0.67
MQym2 at 300 K, in the AP/P configuration, was obtained (R of 79.96/31.02 k() at 28 K
and 36.75/20.69 k(2 at 300 K, in the AP /P configuration).

In Fig. 4.14(a), the current in Sample 1" in the AP state around the point (I,V) = (0,0) is
represented in a range of temperatures between 28 and 300 K. We see that, for the entire
range of temperatures, AV is enhanced as temperature is decreased (see also Fig. 4.15).
This behaviour is in accordance to what is expected, considering that, as temperature
diminishes, the resistance is increased, and the offset may be affected by that. However,
we also notice that the difference between offsets in the AP and P state seems to be larger
for the curves that correspond to 28 K than 300 K, which could be an indication of the
presence of the energy harvesting effect. To analyse the data more precisely, the offset AV
as a function of temperature was traced, for both sample 1 and sample 1’, and is shown
in Fig. 4.15. The AV variation with temperature seems to follow a similar behaviour in
both samples, although in Sample 1’ the values are much higher concerning the AP state.
This behaviour also mimics the T-dependency of the resistance shown in Fig. 4.12(b) (R

vs T), which indicates that this offset is related to the variation in the resistance, which
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FIGURE 4.15: Offset as a function of temperature in (a) Sample 1 and (b) Sample 1".

of course affects the measurements. However, given the large offsets obtained in Sample
1’, these values seem to have origin in the power generating effect. But this solely is not
a strong enough evidence, as the variable we are measuring is of very small magnitude,
and is extremely conditioned by the measuring conditions.

This temperature dependence of the offset could be due to measurements artefacts,
namely small currents from the setup devices. The magnetization state dependence could
be related with the fact that these currents depend on the device resistance, which is influ-
enced by the magnetic state. To test this possibility and unveil the nature of the obtained
offsets in the current-voltage curves for each measured MT]J, studies were performed with
a resistance box. The box was connected to the system, and I-V curves were measured, ap-
plying a resistance that corresponds to values of P and AP resistances of the MTJ at certain
temperatures. For each resistance, three curves were measured using the same scale and
step, so that the measurements conditions were reproduced. The results obtained through
these measurements are strictly due to the resistance that is being applied and how the
system replies to it. So, we know that there are no effects from the MTJs contributing. In
Fig. 4.16(a) are represented the offsets obtained from the measures using the resistance
box, as well the offsets from Sample 1 and Sample 1’, as a function of the resistance. The
same data is represented in Fig. 4.16(b) in a logarithmic scale.

From the graph on the right, we determine that the offsets corresponding to Sample 1
are lower than the resistance box. Would there be any thermal fluctuations rectification,
we would expect to see a larger offset than the one caused solely by the resistance applied
to the system. This is an indication that in Sample 1 no significant effect was observed.

Nevertheless, we would also expect that this offset was the same value as the one in the
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FIGURE 4.16: (a) Offset as a function of resistance in Sample 1, Sample 1" and the resis-
tance box. (b) Logarithmic representation of the data from (a).

resistance box. From the jumps we see in the offsets of the resistance box, we may also
assume that there is an uncertainty associated to these measurements.

The larger rate of increase we observe in the data from Sample 1" seems to indicate that
the effect of thermal rectifications is present in the junction. However, the graph on the
right unveils a similar growth tendency with R in all the samples. Besides that, even the
parallel state exhibits a tendency that is followed by the AP state. Recalling the discussion
of the effect in Section 2.6 from Chapter 2, one of the conditions for the reproduction of
the effect is an asymmetric energy profile, that is obtained only in the AP state. So, were
the effect present, we should only see it in the anti-parallel state.

After all these considerations, we cannot definitely affirm that the effect was repro-
duced in the junctions studied in this thesis. In the article from Ref. [13], it is affirmed
that this effect was reproduced only in 1 out of 200 tunnel junctions. This number is a
reflection of the lack of reproducibility still associated to this effect. In this thesis only a
few MT]Js were characterized, both due to the setup and time limitations. We conclude
that further studies would be necessary to be able to study a larger number of devices
and corroborate the results, or have the opportunity to reproduce the desired effect with

confidence.

4.3.1 Effect Reproducibility

Here we present the results that were obtained in two other MT]Js that were studied. In

total, three different samples were measured as a function of temperature: a 18x18 ymZ,
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FIGURE 4.17: Offset in Sample 1, 1, 2 and 3: (a) in linear scale and (b) in logarithmic
scale, as a function of temperature; (c) in linear scale and (d) in logarithmic scale, as a
function of resistance.

being that this one was measured two times (Sample 1 and Sample 1’), a 14x14 ym? (Sam-
ple 2) and a 20x20 pm? (Sample 3). The offsets obtained in the current-voltage curves
are shown in Figs. 4.17(a) and (c), as a function of temperature and the resistance of the
sample, respectively, and in logarithmic scale ((b) and (d)).

We see that the behaviours between the samples are very different. Not all of them
follow a linear increase with resistance, and the values of the offset for similar resistance
values can be quite different. What we take from this is that the samples, which were
fabricated in the same series with the exact same conditions, do not present a constant
behaviour, which indicates that different variables are affecting the results. As already
mentioned, the conditions of the setup measurements can also influence the results, given
that the quantity that we are measuring is small. All the measurements were performed
in different days, throughout the course of a few weeks. However, given that even the

logarithmic behaviours present different tendencies, we cannot discard that the power
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generation effect that we aimed to observe is the reason for the observed behaviours.

In conclusion, we cannot definitely affirm that the effect was observed. More studies
would be necessary, including a comparison with the behaviour of similar control junc-
tions, to understand the weight of the presence of the PM particles in these results. Nev-
ertheless, given the deviating behaviours, we might consider that the energy harvesting

effect is one of the factors behind the results.






Chapter 5

Conclusions and Future Work

In this thesis, we have studied the physical properties of MTJs containing Ta-doped tun-
nel barriers, in the scope of trying to reproduce the effect of power generation through the
harvesting of thermal fluctuations in paramagnetic centres. Besides that, we also inves-
tigated the physics of the underlying mechanisms introduced by the particles, that affect
the tunnelling of electrons. Using magnetron sputtering we were able to deposit MgO-
based tunnel junctions with TMR ratios over 160% and RxAp = 3.5 MQ) um?, at room
temperature. The junctions containing a Ta sub nanolayer presented TMR ratios around
70% and RxAp = 5.5 MQ um?. Right away, one is able to conclude that the presence
of the paramagnetic particles causes an increase in the resistance, which was explained
by the increment in the effective thickness due to the introduction of the tantalum par-
ticles. At the same time, a lower TMR was observed, due to the opening of extra spin-
independent tunnelling paths. These samples showed a strong dependence on both the
temperature and bias voltage. Their resistance presented a weak insulator-like behaviour,
which shows that part of the transport is achieved through an elastic direct tunnelling
mechanism. However, the TMR and the electrical conductance showed to be strongly
affected by the increase in voltage and temperature. We have determine that there is an
elastic contribution from impurity-assisted tunnelling in the barrier. An inelastic phonon
contribution is also considered, due to the AG variation with temperature. In order to
support our hypothesis, in future work the comparison between the Ta-doped and con-
trol junctions will be performed, as a function of temperature, to determine the differences
between the V- and T-dependency in a junction with a similar structure.

Concerning the power generation effect, we could not confidently affirm the repro-

duction of the effect. Several measurements were performed in order to achieve it, and
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several studies were carried out with the aim to understand it. Trying to justify the lack of
the effect, the first thing we must point out, is the lack of reproducibility associated to it.
Since the first record of the observation of the effect, in 2009 [39], only a few publications
have been able to reproduce it. In the work developed in Ref. [13], the effect was only
detected in 1 out of 200 devices. Given our setup and time limitations, not more than a
dozen MT]Js were tested. Other than that, one should take in account that this is the first
study on the effect of using Ta particles in the tunnel barrier. So, this specific device had
never been studied for this application. To obtain a better insight on the parameters that
influence the effect, future studies include the fabrication and characterization of devices
with varying parameters such as doping concentration, size distribution of the particles,
RxA product of the junctions, and thickness of the tunnel barrier. We also aim to perform
the comparison of the Ta-doped and control junctions as a function of temperature, to in-
vestigate how the observed offsets vary with resistance, with and without the presence of

the particles in the barrier.
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