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Abstract

Spinorbitronics has emerged as a sub-field of spintronics, holding significant potential
for generating efficient logic and data storage devices. It is based on the spin-orbit
effects, exploiting the spin to charge interconversion (SCI) to control magnetic materials
via spin-orbit torques (SOT). The development of such devices thus passes through
optimisation of both the magnetic and SOC (Spin-Orbit Coupling) materials (such as
Py, Pt, and Ta). Topological insulators (Tls) are a set of SOC materials that emerged
in recent years, such as the 3D Tl Bi,Se3 family of semiconductors. Such materials
display a topological surface state (TSS), but owing to their strong SOC, a high SCI has
been attained via the spin hall effect. In the light of this tendency, the present thesis
is oriented towards advancing the implementation of spinorbitronics devices using Tls,
namely Sb,Tes.

Sputtering was employed to fabricate nanostructures of Sb,Te;. The SCI effects
were studied through spin pumping measurements implemented as a function of tem-
perature for cryogenic temperatures. The electrical and thermal transport properties of
the Sb,Tes thin films were also analysed. Thin films with thicknesses between 35 and
300 nm have a high room temperature resistivity ranging from around 0.07 and 2 Q2cm,
exhibiting a growing resistivity with cooling. The Seebeck coefficient demonstrates the
coexistence of n-type and p-type conduction, the latter being more prominent at high
temperatures and in thicker films. A surface n-type semiconductor channel can de-
scribe the electronic conduction of the films in parallel with a bulk p-type semiconduc-
tor, each associated with an activation energy-dependent conductivity. Weak antilocal-
isation (WAL) cusps are observed in the magnetoconductance below 10 K and at low
magnetic fields. Analysis of the WAL effect indicates that only one two dimensional (2D)
conduction channel is open at low temperatures for the thinner films. In contrast, for the
thicker film, this 2D channel is masked by the other conduction channels. However, a
magnetic localisation length L, between 62 nm and 90 nm at 2 K is observed for all thin
films. This behaviour implies that as the bulk and surface activation energy conduction
freeze out at low temperatures, the TSS carries the electrical conduction.

Bilayers of ferromagnet (FM) Py and SbyTes thin films with thicknesses between 10
and 100 nm were also sputtered on glass substrates to further understand the electronic
conduction and magnetisation dynamics in bilayer systems. Each layer is uniform and
maintains the structure of the single independent thin films. Via the electrical resistance
and Seebeck coefficient temperature dependences, a model for shunting effects in the
conduction is proposed, which shows that the Py layer dominates the conduction and
how its flow through the Sb,Tej layer is reduced with cooling. Notwithstanding the con-
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duction dominance of the Py layer, at low temperatures, the WAL effect is present in
the magnetoreistance due to the Tl states of Sb,Tes. Ly was calculated from the bi-
layer magnetoconductance and it is the same value as the one obtained for the single
Sb,Tej thin films, further proving the shunting model proposed and showcasing that
the Tl states remain unaltered when Sb,Tej is sputtered on top of Py. Ferromagnetic
resonance (FMR) was also employed to study the magnetisation dynamics of the bilay-
ers. By comparing with reference capped Py samples, the Gilbert damping shows an
increase of 27% due to the presence of Sb,Tes, which, considering the morphological
analysis, indicates that spin pumping occurs from the FM layer into the Tl layer.

The Spin to Charge Conversion (SCC) of Sb,Te; was characterised via Spin pump-
ing experiments on the FM/TI sputtered bilayers. FMR characterisation was performed
as a function of temperature, showing that the Gilbert damping is always higher for the
the FM/TI bilayers than the capped reference Py samples. There is also an increase
of 20% of the damping below 10 K, coinciding with the temperature range where the
TSS is dominating the conduction. The spin diffusion length Agp was calculated from
the magnetoconductance measurements to be approximately 27 nm at 2 K, with a re-
duction with cooling being noted. At room temperature, the spin Hall angle 8sy value is
-0.0033 + 0.0004, having been calculated from two independent bilayers with the same
thickness of Sb,Tes. Considering logic applications, Sb,yTes has the needed resistivity
and the SCI efficiency, namely the product of 85y and Agp, has a value of 0.016 nm.

Bearing in mind the current advances in technological applications, thin films of
Sb,Tes were also fabricated on flexible substrates. The effects of the plasma beam
sputtering voltage on the structural and electronic transport properties were studied,
unveiling small nanocrystallites of 3 to 20 nm in size. The resistivity shows a semicon-
ductor behaviour, increasing with cooling and having high values, between 8.34 x1072
and 1.2 Qcm, at room temperature. The Seebeck coefficient shows the coexistence of
n-type and p-type conduction, the latter being more prominent at high temperatures. A
surface n-type semiconductor channel conducting in parallel with a bulk p-type semi-
conductor describe the electronic conduction of the films. These conduction channels
are characterised by an activation energy, which is also controlled by the sputtering con-
ditions. Finally, flexible FM/TI/FM trialyers were also sputtered and had their structural
and electronic properties characterised. From the magnetisation dynamics measure-
ments, namely FMR and x-ray detected FMR (XFMR), it was discovered that Sb,Tes
can act as an effective spin sink in this stack trilayer.

Keywords Topological Insulators, Spinorbitronics, thin films, nanostructures, Spin to
charge conversion, transport properties



Resumo

Spinorbitronica apareceu como uma sub-area da eletrénica de spin, oferecendo a pos-
sibilidade de criagcao de dispositivos de légica e armazenamento de dados eficientes.
E baseada nos efeitos de spin-orbita, aproveitando-se da interconverséo de carga e
spin (SCI) para o controlo de materiais magnéticos via torque de spin orbita (SOT). O
desenvolvimento de tais dispositivos passa pela a otimizagado de ambos materiais, mag-
néticos e de acoplamento spin orbita (SOC) (como Py, Pt e Ta). Isoladores topolégicos
(Tls) sdo um conjunto de materiais SOC que apareceram nos ultimos anos, principal-
mente os Tls 3D, como a familia de semicondutores do Bi>Se;. Estes materiais ndo s6
mostraram a existéncia do estado topoldgico de superficie (TSS), mas devido ao seu
SOC, grandes SCls através do efeito de spin Hall foram obtidas. Com esta tendéncia,
esta tese foca-se no avango da realizagdo de dispositivos de spinorbitronica usando
Tls, nomeadamente Sb,Tes.

Nanoestruturas de Sb,Te; foram fabricadas por sputtering. Os efeitos de SCI foram
estudados através de medidas de spin pumping que foram implementadas em fungéo
da temperatura e as propriedades de transporte elétricas e térmicas dos filmes finos
de Sb,Te; foram também analisadas. Filmes com espessuras entre 35 e 300 nm tém
uma resistividade a temperatura ambiente entre 0.07 e 2 Q2cm, crescendo com o ar-
refecimento. O coeficiente de Seebeck mostra a coexisténcia de condugao tipo n e p,
sendo que a ultima é mais proeminente a temperaturas altas nos filmes mais espessos.
A conducao eletrénica pode ser descrita por um canal de superficie semicondutor do
tipo n em paralelo com um bulk semiconductor tipo p, cada um com uma condutividade
dependente de uma energia de ativagao. As cuspides da anti-localizagao fraca (WAL)
sdo observadas na magnetocondutancia a baixo dos 10 K e a baixos campos magnéti-
cos. A analise da WAL indica que s6 um canal de conducédo 2D esta aberto as baixas
temperaturas para os filmes mais finos, enquanto que para o filme mais espesso, este
canal é mascarado pelos outros canais. No entanto, valores do comprimento de local-
izacao magnética entre 62 e 90 nm a 2 K sao observados para todos os filmes. Este
comportamento mostra que quando a condugao do bulk e superficies descrita pela en-
ergia de ativagao é congelada a baixas temperaturas, a condugao elétrica é feita pelo
TSS.

Bicamadas do ferromagnético (FM) Py e Sb,Tes com espessuras entre 10 e 100
nm foram fabricadas por sputtering em vidro para compreender melhor a condugao
elétrica e a dindmica da magnetizagéo nos sistemas de bicamadas. Cada filme é uni-
forme e mantem a estrutura dos filmes independentes. Através das dependéncias na
temperatura da resisténcia e do coeficiente de Seebeck, um modelo para os efeitos
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de shunting é proposto, mostrando como a condugao € dominada pelo Py e como a
que passa pelo SboTe; é reduzida com arrefecimento. Apesar da condugcdo dominante
da camada de Py, a baixas temperaturas, a corregdo na magnetorresisténcia do efeito
WAL devido aos estados Tl do Sb,Tes esta presente. O Ly foi calculado através da
magnetocondutancia da bicamada e é igual ao valor obtido pelo filme independente
de Sb,Tes, provando o modelo de shunting proposto e mostrando que os estados do
Tl ficam inalterados quando o Sb,Te3 é fabricado no topo do Py. Ressonancia ferro-
magnética (FMR) foi usada para estudar a dindmica da magnetizagéo das bicamadas.
Fazendo uma comparagao com amostras de Py capped, o amortecimento de Gilbert
mostra um aumento de 27% devido a presenca do Sb,Tes, que, considerando a analise
morfoldgica, indica que o spin pumping ocorre do material FM para o TI.

A conversao de spin para carga (SCC) do Sb,Tes foi estudada via experiéncias
de spin pumping nas bicamadas FM/TI. A FMR foi medida em fungéo da temperatura,
mostrando que o amortecimento de Gilbert € sempre maior para as bicamadas de FM/TI
do que para as amostras de referéncia capped do Py, com um aumento de 20% do
amortecimento abaixo dos 10 K, que coincide com o intervalo de temperaturas no qual
0 TSS domina a conducado. O comprimento de difusdo de spin foi calculado pelas
medidas de magnetocondutancia, sendo aproximadamente 27 nm a 2 K, vendo-se uma
reducdo com aquecimento. A temperatura ambiente, o angulo de spin Hall tem o valor
de -0.0033 + 0.0004, tendo sido calculado para duas bicamadas diferentes, com a
mesma espessura do Sb,Tes. Considerando aplicagdes logicas, a eficiéncia pode ser
considerada como o produto do angulo de spin Hall pelo comprimento de difusdo de
spin, tendo sido obtido um valor de 0.016 nm, sendo que Sb,Tes ja tem o valor de
resistividade necessario, para tais aplicagoes.

Considerando os avangos atuais das aplicagdes tecnoldgicas, filmes de SboTes
foram também fabricados em substratos flexiveis. Os efeitos da tensao de sputtering
nas propriedades estruturais e eletrénicas foram estudados, mostrando nanocristal-
ites de 3 a 20 nm de tamanho. A resistividade mostra um comportamento semicon-
dutor, aumentando com o arrefecimento, e tendo valores altos, entre 8.34 x10-2 e 1.2
Qcm, a temperatura ambiente. O coeficiente de Seebeck mostra a coexisténcia de con-
ducao tipo n e p, com a ultima sendo mais proeminente a temperatura alta. A condugao
eletroénica é descrita por um canal de superficies semicondutor do tipo n em paralelo
com um bulk semicondutor do tipo p. Estes canais de condugéo séo descritos por en-
ergias de ativagado, que sao controladas pelas condi¢cdes de sputtering. Finalmente,
FM/TI/FM tricamadas flexiveis foram também fabricadas por sputtering, e as suas pro-
priedades estruturais e eletronicas analisadas. Através de medidas de FMR e FMR
detetado por raios-X (XFMR), foi descoberto que o Sb,Te; pode estar a atuar como um
absorvente de spin eficiente nesta estrutura em tricamada.

Palavras-chave Isoladores topoldgicos, spinorbitronica, filmes finos, nanoestruturas,
conversao de spin para carga, propriedades de transporte
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Thesis outline

We are currently being ushered in the Era of the Internet of Things (loT), mainly due to
the increase of the available processing power in the last 50 years. This was achievable
due to the extreme scaling down of the electronic components/devices, namely transis-
tors, to the order of a few nanometers!'l. This increase was predicted by the Moore’s
law[?! and it was accompanied by the decreases of the power consumption and the man-
ufacturing costs. However, these rapid improvements are quickly coming to a halt®l, at
precisely the same time when our lives are more interconnected and digital than ever
and the demand for electronic devices is growing. Moreover, the need of limiting the
power consumption of these technologies, which is already more than 4% of the world-
wide power consumption[*, must also be attained. As such, innovative solutions and
new scientific avenues must be sought after.

Spintronics, which uses the spin degree of freedom of the electrons, has already
been employed in several applications, and it could be part of the solution for the end
of Moore’s law. It has its birthday in the 1980’s[>6l, with the control and generation of
spin currents at its basis. Nowadays, several routes of controlling these spins are being
investigated, with spinorbitronics emerging as one of the promising areas. It exploits the
interplay of the spin and orbit phenomena in materials, and several applications in both
magnetic data storagel”! and information processing!®!, with low power consumption
and high reliability, are being investigated.

Main Goal

The main goal of this thesis is to investigate tuned topological insulator (TI) nanostruc-
tures based on Sb,Tes, which could advance the implementation of Tls and creation
of innovative spinorbitronics devices for data storage and logic applications. For this
purpose, a scalable fabrication technique was employed, and the electric, thermal and
magnetic properties of the nanostructures were widely explored to gain insights into their
behaviour and efficiency. Towards this goal, this thesis leads to a significant number
of scientific achievements, which constitute a step forward in the topological insulator
spinorbitronics research area.
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Scientific Achievements

The research conducted over the last four years in the framework of this thesis led to a
number of novel scientific contributions, summarised as follows:

Sputtering of Topological Insulators lon beam sputtering was employed to fabri-
cate the topological insulator nanostructures investigated throughout this thesis. This
technique was used to fabricate nanostructures on three different types of amorphous
substrates (rigid fused silica glass, and flexible Kapton® and PET), where it was possi-
ble to observe the Tl state conduction and the Inverse Spin Hall effect (ISHE), with the
efficiency of the Spin to Charge conversion (SCC) of sputtered Sb,Te; being calculated.
This is a technique already present in both the semiconductor and spintronics industry.
As such, optimisation of Tl materials using it is a great step forward into the realisation
of devices based on Tls for wide usages.

Measurements of electronic properties of nanostructures A custom setup was de-
veloped for the measurement of the electrical resistance and Seebeck coefficient. This
setup was specially built to allow for the easy, fast and reliable measurement of thin
film nanostructures. Using this custom setup, the temperature dependence of the elec-
tronic properties of several types of nanostructures was achieved. From these measure-
ments, the type of conduction mechanisms were studied, with several important charac-
terisation parameters having been obtained, such as activation energies and effective
Fermi levels. Moreover, magnetotransport measurements were also implemented at
cryogenic temperatures, which further allowed for the characterisation of the spintronic
transport, with the TSS conduction being observed.

Development of SOT nanostructures Basic elements of SOT devices were investi-
gated. The fabrication of several FM/TI bilayers was achieved, with their transport prop-
erties being scrutinised, which led to a shunting model being proposed. Stack FM/TI/FM
trilayer nanostructures were also created, with the end goal of verifying how the spin
flows through the Tl. The magnetisation dynamics of these SOT elements was probed,
which allowed the analysis of created and converted spin currents, with the bilayer SCC
efficiency being obtained.

Implementation of spin to charge conversion measurements Spin pumping from
FMR was implemented for the characterisation of the SCC in the bilayer systems. These
measurements were implemented using a cryoFMR system (NanoOsc) and a special
ISHE coplanar waveguide for the first time at Imperial College London, with the ISHE
being observed. The FMR and ISHE were then examined, with their temperature de-
pendence being attained. From the development of these measurements, the spin Hall
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angle of the sputtered Tl was calculated, with the SCC efficiency being fully charac-
terised.

Progress towards novel spinorbitronics devices Further understanding of the ba-
sic bilayer element of SOT devices was achieved, with insights that can assist the pro-
duction of future devices. Moreover, flexible Tl fabrication was optimised, by inspecting
the transport and structure of these thin films, with optimal fabrication parameters be-
ing obtained for different applications and temperatures. The development of flexible
FM/TI/FM trilayer systems was also performed, by fabricating this stack systems on two
different flexible substrates. The investigation of their electronic and magnetisation dy-
namics properties was initiated, with the effects of the Tl layer being unravelled. From
these developments, novel flexible spinorbitronics devices can be created.

Thesis Structure

This thesis is organised in eight chapters, namely an overview, the experimental meth-
ods used throughout this thesis, a chapter dedicated to the development of the trans-
port properties measurement setup, four chapters of main results and discussions, and
a chapter with the conclusions and future perspectives. The Figure present in the next
page shows the outline of the chapters towards the end goal of this thesis, where the
interconnection between the results chapters is shown, with Chapter 3 being used to
achieve the results of each Chapter.

Chapter 1 gives an overview of the current state of topological insulators and of the
field of spinorbitronics. It discusses the main basic properties of Tls and the different
effects that can occur in these systems, and how these can be exploited for data storage
and logic devices, with the current and critical state of the art being discussed.

Chapter 2 describes the different experimental methods employed throughout the
thesis. The fabrication processes used are explained followed by the description of the
different morphological and structural characterisation techniques used. The last two
sections of this chapter are devoted to describing the measurements of the transport
properties and magnetisation dynamics of the fabricated nanostructures, with a detailed
explanation of the implementation of the spin pumping measurements.

Chapter 3 presents the experimental setup developed for the measurement of the
resistance and Seebeck coefficient of thin films. It gives an overview of the different
constituents of the setup and how the measurements are performed using a closed
cycle cryostat. The different measurement methods than can be employed with the
setup are also explained. To conclude, the measurements of two types of samples that
were used to validate and calibrate the setup are presented.

Chapter 4 is devoted to the structural and transport properties of sputtered topo-
logical insulator SbyTes thin films of different thicknesses. Their morphological and
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structural properties are analysed at great length, followed by the discussion of the re-
sistance, Seebeck coefficient and magnetoconducance of the thin films and how their
structure influences the type of conduction.

Chapter 5 discusses the fabrication of the simple SOT element based on Tls, namely
a bilayer of a TI material with a Ferromagnet (FM) material. The structural characterisa-
tion of the sputtered FM/TI bilayers is presented, as well as, their transport properties,
giving insights into how the conduction in such type of bilayers occurs. The end of the
chapter is dedicated to the magnetisation dynamics of the bilayers at room temperature,
obtained by ferromagnetic resonance (FMR) measurements.

Chapter 6 focuses on the spin to charge conversion characterisation in the FM/TI
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bilayers. The temperature dependence of the magnetisation dynamics is discussed and
the spin current being generated and injected into the Tl layer is calculated. Through
the spin pumping, where the generated spin current is injected into the Ti layer, the
inverse spin hall effect of sputtered Sb,Te; is observed and characterised, leading to
the calculation of the spin hall angle and the efficiency of the spin to charge conversion
(SCC) for logic devices.

Chapter 7 is dedicated to the development of flexible topological insulators and SOT
structures for future flexible spinorbitronics devices. An analysis of the structural and
transport properties of the flexible Tls is presented, followed by the characterisation of
the transport and magnetisation dynamics properties of FM/TI/FM flexible trilayers.

Chapter 8 outlines the main conclusions of this thesis and concludes with the future
perspectives.

List of Contributions

Over the last four years in the framework of this thesis, one research paper was pub-
lished in peer-reviewed international scientific journals (plus five in preparation and two
under collaborations not directly related to this thesis). Fourteen oral presentations were
given in national and international conferences and three invited lectures were also
given. The work was also recognised by six awards by the American Physical Society
(APS), the European Magnetism Association (EMA) and the Portuguese Association of
Physics Students (Physis), in collaboration with the Portuguese Physical Society (SPF).
A fellowship was also received to attend the fifteenth edition of the Capri Spring School
on Transport in Nanostructures in 2019 and a recognition for best input and/or question
during the poster sessions was also received during the 2D van der Waals Spin systems
workshop organised by SPICE.

Papers in international scientific journals in the framework of this thesis

S. Ferreira-Teixeira, F. Carpinteiro, J. P. Aradjo, J. B. Sousa, A. M. Pereira, Versa-
tile Seebeck and electrical resistivity measurement setup for thin films, Review of
Scientific Instruments (2021), DOI: 10.1063/5.0036817 ]

S. Ferreira-Teixeira, A. Vanstone, A. L. Pires, W. R. Branford, J. P. Araujo, L. F. Co-
hen and A. M. Pereira, Electronic conduction channels engineered in topological
insulator sputtered Sb, Tes thin films as a function of thickness, in preparation

S. Ferreira-Teixeira, A. Vanstone, A. L. Pires, W. R. Branford, J. P. Araujo, L. F. Co-
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current conversion for energy-efficient logic devices, in preparation
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CHAPTER 1

Introduction

1.1 Spintronics

Conventional electronic devices are based on non-magnetic semiconductors, where the
control of the electric charges is used to process information. The development of these
devices allowed for several advancements of technologies, which led to the devices that
we use nowadays. These advancements were extremely fast, with the growth rate hav-
ing been expressed by Moore in 197521, when he predicted that the number of transis-
tors per silicon chip would roughly double every other year, which led to an increase in
the calculations per second and a decrease in the price of devices as shown in Figure
1.1.(a). This occurred due to the miniaturisation of the different elements of an elec-
tronic chip, possible due to the advent of nanotechnology. However, we are currently
living in the Era of the Internet of Things (loT) (Figure 1.1.(b)), in which our demands for
faster and reliable devices, with more computational power, are increasing, since more
elements of our lives now depend on these electronic devices. As such, the limit of the
simple conventional electronic devices is being reached, due to several issues such as
overheating, power dissipation and miniaturisation limits of the electronic materials(®.
Therefore, innovative solutions must be found.

Figure 1.1 — Moore’s Law and the Era of the Internet of Things (loT). (a) The Moore’s law predicted
that the number of transistor per chip would double every other year, which led to the increase in the
possible calculations per second and decrease in the price of devices. (b) The era of the Internet of
Things (IoT), in which every aspect of our lives is interconnected through and uses electronic devices.
Adapted from[12],
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New materials and concepts are thus the focus of scientific efforts to find new elec-
tronic standards. One such concept is the use of the other degree of freedom of the
electrons: the spin. By considering the spin in the creation of devices, several ad-
vantages can be attained, such as reduction in the power consumption, improved data
processing speed, and higher density of integration when compared with the conven-
tional electronic devices. Thus, the field of Spintronics (spin electronics) has emerged
as one possible solution for the needed development of novel devices!'3!,

Spintronics had its start with the discovery of the giant magnetoresistance (GMR)
in 1988, for which Albert Fert and Peter Griinberg were awarded the Nobel Prize in
Physics in 2007156]. Since this first breakthrough, several phenomena and structures
have been the object of studies, such as the interplay of charge and spin transport!'4],
spin dynamics in magnetic and non magnetic systems!'®6] and nanostructured mag-
netic systems('’]. Moreover, it is remarkable to note that spintronics also delivered
large-scale industrial and commercial applications extremely fast since its inception,
due to the GMR effect being employed in the read heads in magnetic data storage a
decade after its first observation['®l. The wide usage of spintronics and its success
boosted the field forward and, nowadays, spintronics is and can be employed in a wide
range of applications, from data storage and information sensing, to logic operations
and energy harvesting!19-211,

With this fast expansion, the field of spintronics is rapidly giving rise to new subfields,
where the electron spin is coupled to other properties of a certain material?2l. Fields
such as ultrafast spin photonics, which couple spin and photons, or spincaloritronics,
coupling the spin and heat are prime examples. In this thesis, the focus is the emergent
field of spinorbitronics, which utilises the spin-orbit coupling (SOC).

1.2 Spinorbitronics

Spinorbitronics exploits the interplay between the charge and spin currents that the
spin-orbit coupling (SOC) of non-magnetic systems enables. It can be considered as
spintronics being realised without magnetic fields, since a spin current can be gener-
ated in non-magnetic systems. This idea was first proposed by Dyakonov and Perel in
1971123241 peing later experimentally demonstrated?>261, Through the SOC, spin to
charge interconversion (SCI) can be achieved through two effects in a wide range of
materials and employed in different devices.

1.2.1 Spin to charge interconversion

The two phenomena that are the basis of the SCI are the Spin Hall Effect (SHE) and
Edelstein Effect (EE), and the respective inverse effects, Inverse Spin Hall Effect (ISHE)
and Inverse Edelstein Effect (IEE). The SHE is present at the bulk of materials, whereas
the EE occurs at surfaces and interfaces. In both cases, a spin current is created, in
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spite of in the EE a flow of a charge current creating a transverse spin density through
the EE, which is then diffused to an adjacent material as a spin current.

1.2.1.1 Spin Hall Effect

The Spin Hall effect (SHE) is a spin orbit related effect that allows the charge to spin
(direct effect) or spin to charge (inverse effect) current conversion to occur in the bulk of
a non-ferromagnetic material. It was first described by Mikhail Dyakonov and Vladimir
Perel in 1971123271 Soon later, the inverse effect was observed for the first time 2829,
The name was coined by Hirsch in 1999139 by analogy with the ordinary Hall effect.

The spin-dependent deflection of carriers in non-magnetic materials is the cause of
SHE, with different spins deflecting to different directions, as shown in Figure 1.2. How-
ever, as opposed to the ordinary Hall effect, and due to it occurring in non-magnetic
materials, this deflection of spin up and spin down does not create a charge accumu-
lation, and thus no Hall voltage is observed. However, spin accumulation is created at
the edges, which can give rise to a spin current3',

Figure 1.2 — The Spin Hall effect. The spin-dependent deflections generate a spin current Jg trans-
verse to the flowing charge current Jc, due to the spin-orbit coupling. Adapted from 321,

The spin Hall effect can be characterised by the spin hall angle 8gy, which is a
material dependent property. As such, the SCI by (I)SHE can be characterised by this
propriety. The spin hall angle 8sy links the flowing and generated charge and spin
currents as described in equation 1.1, where o is the spin polarization unit vector, and
Jc and Jg are the charge and spin currents, respectively.

Jc=03HJsXO' (1.1)

Two contributions to the SHE exist, namely an intrinsic and extrinsic one. The in-
trinsic contribution is related to the anomalous velocity of the carriers. On the other
hand, the extrinsic contribution is due to skew or side-jump scattering on impurities in
the presence of spin orbit coupling.
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1.2.1.2 Edelstein Effect

The Edelstein effect is also a spin orbit related effect, where a 2D charge current is
converted to spin accumulation, with the inverse effect being the Inverse Edelstein effect
(IEE). It is an intrinsic mechanism, which was predicted in 1990 by V.M. Edelstein[33],
being demonstrated experimentally later in 2013341,

EE occurs due to the presence of spin-polarised surface or interface states®%l. These
states could be Rashba states that are created by a structural inversion symmetry break-
ing, which breaks the spin degeneracy of the energy bands, locking the spin polarisa-
tion to the momentum in each branch of energy dispersion®l. Thus, a charge current
flowing in these states, generates a spin accumulation, with the effect being called the
Rashba-Edelstein effect (REE). Another instance of the EE can be attained by using
topological surface states, which are spin-splitted surface states®¢l. The energy dis-
persion in these topological states is linear and has spin-texture, and thus, as for the
Rashba states, there is spin accumulation when a charge current flows through these
materials.

The EE has been observed up until now only in 2D systems, and as such, the gen-
erated spin (or charge) accumulation is bi-dimensional. This is in opposition to the SHE,
where the conversion occurs in the bulk of the material. Due to this 2D nature of the
EE/IEE effects, the EE/IEE length Age is the parameter that describes the SCI based
on this effect, being given by equation 1.2, where js is the magnitude of 2D spin current
and J¢ the magnitude of the 3D charge current[3%:36],

_Js
AEE o (1.2)

To draw a comparison between the SHE and EE spin to charge interconversions,
an effective length can be obtained for the SHE, which is given by the spin Hall angle
fsy times the spin diffusion length Agp. From these parameters, materials with one or
both effects can be compared and optimised for the wide applications the SCI effects
can have.

1.2.2 Data storage and logic devices

The discussed SCI effects are able to create spin currents. These can exert spin or-
bit torques (SOT) on the magnetisation of neighbouring magnetic materials and also
convert a spin current flowing through them into an electric charge signal. Thus, there
is a growing interest in utilising and optimising these effects for efficient data storage
and logic devices, such as SOT magnetic random access memories (SOT-MRAMs)!]
and spin-logic devices, such as the magnetoelectric Spin-orbit (MESQO) device recently
proposed by Intell®].

MRAM technology is already present at the industrial scale, through the spin transfer
torque (STT) MRAMSs. In these memories, the state is read by measuring the magneti-
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sation through tunnelling magnetoresistance (TMR) and the writing is achieved by STT.
Thus, both the read and write are achieved using the same conduction path, as shown in
Figure 1.3. It offers several advantages in terms of speed and density when compared
to the typical RAM memories. However, because the read and write processes have
the same path, the magnetisation switching, which is the write process, could also be
done during the reading process. The speed is also injured because of the two terminal
configuration, due to the shared conduction path37:38l. A solution to these problems
are the SOT MRAMS. These are based on the generation of SOTs through SOC ma-
terials. Due to the geometry of the SCI effects, they are three terminal MRAMs, where
the writing and reading paths are separated, as it can be seen in both the schematic
and Transmission Electron Microscopy (TEM) cross section image of Figure 1.3. This
increases the writing speed, while reducing the current density and power needed 39491,
The writing path in SOT-MRAM s is therefore composed of a SOT element, with the SOC
material below the free magnetic layer as shown in Figure 1.3, with the switching of the
magnetisation of this free layer being achieved by the spin accumulation created by
SHE or EE on the SOC material. Advancements to this SOT-MRAMs are still needed
for industrial usage, but due to their reliability and high performances, they can be used
where these aspects are key, such as cache memory*!l. The development of the SOC
materials is at the forefront of advancing these memories, especially with the goal of
achieving field free switching[42.

Figure 1.3 — MRAM technology: schematic of two-terminal STT MRAM, for fast and dense imple-
mentations, but with write latencies, and of a three-terminal SOT MRAM, which allows for faster op-
erations with high endurance. The Transmission electron microscopy (TEM) cross section image of
a field free SOT MRAM cell, where the write current is injected from BE1 to BE2 and read from TE to
BE2. Adapted from[20].

Logic devices can also be envisaged based on the SCI effects. In Figure 1.4, the
recently proposed MESO logic device is depicted. Each part is composed of a magneto-
electric (ME) and a SOC elements. The ME element is used to switch the ferromagnetic
layer, through the coupling of a FM material with, typically, a ferroelectric or piezoelec-
tric material. The SOT element is then used to convert the magnetisation of the FM
material into a electric charge signal, by the flow of a current through it, as shown in
Figure 1.4. The SOT element is constituted by the FM layer and the SOC material, and
a spin injection layer (SIL) can also be added to assist the spin flow from the FM to
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the SOC material. This set of elements is then inserted in a cascade where the signal
of the SOT element of the previous set is used for the ME switching of the following
set. Optimised SCI efficiency is crucial for the conversion of the magnetisation to an
electric signal. However, the output voltage also needs to be adequately high for the
switching of the following ME set, and thus high resistivities of the SOC material are
needed. Thus, the optimal SOC material for the MESO device has both a high SCI con-
version and electrical resistivity. The proposed MESO device offers the possibility of a
progressive miniaturisation, reduced energy for switching, and ultra low standby power,
specially when compared to CMOS logic. Preliminary results in the advancement of the
ME and SOC materials are now being obtained and new materials are being developed
and applied.

Figure 1.4 — Magnetoelectric spin-orbit logic (MESQ) device. (a) transduction of state variable for
the cascadable charge-input and charge-output logic device. The magnetoelectric effect transduces
the input information to magnetism, and the spin-orbit effect transduces the magnetic state back to
a charge. (b) the constituents of a MESO device, namely the magnetoelectric capacitor and SOT
element. Besides the ferromagnetic and SOC materials, a spin injection layer can be inserted in the
SOT element. Adapted from[8l.

1.2.3 Materials for spin-orbit torque applications

After the observation and demonstration of the SCI effects, efforts were focused on
increasing the SCI efficiencies by studying and tuning a wide range of materials. Since
the SHE and EE effects occur due to spin orbit effects, materials with high spin orbit
coupling (SOC) have been the focus.

Heavy metals are the prototypical materials, having been extensively studied due
to their large spin hall angles*3-4%1. They have been used to achieve the switching of
ferromagnets, as Figure 1.5 shows. Here, the switching of a Co FM layer was observed
by applying a pulsed current to the adjacent Pt layer*3l. From this simple structure, a
reprogrammable magnetic switch was created, which could be integrated into memory
and logic architectures, proving the potential for in-plane current switching using heavy
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metals.

Nonetheless, through the intrinsic ISHE effects, the Spin Hall angle of the heavy
metals is proportional to their resistivity, which can hinder certain application such as
the SOT-MRAMSs, where low resistivity values are important to achieve switching with
less power. Moreover, the spin diffusion length can be smaller than other SOC materials,
which reduces the effective efficiency of the SCI effects.

Figure 1.5 — Magnetisation switching via SHE of platinum. An Hall cross geometry was used, with Pt
as the SOC material and Co as the ferromagnetic material. The scanning electron micrograph shows
the hall bar structure of the sample, with the electric circuitry. The magnetisation reversal of the Co
layer measured by the Hall resistance and sweeping the magnetic field, when no current is applied in
the Pt layer (top) and with a pulse current, either positive or negative, applied to the Pt layer (bottom).
The switching of the magnetisation is visible. Adapted from 43,

Recently, other materials and structures have also been explored. Van der waals
heterostructures based on 2D materials have been used to obtain an enhanced room-
temperature SCIM6l. This SCI occurred in graphene driven by the proximity of WS,.
The SCI efficiencies could also be tailored by electrostatic gating, both in magnitude
and sign, peaking near the charge neutrality point of graphene, with efficiencies being
comparable with the large efficiencies observed in Heavy metals. This tailoring by the
electric-field thus offered a building block for spin generation free from magnetic mate-
rials and for ultra compact MRAM technologies.

Another novel structure for magnetisation switching was obtained in all-oxide het-
erostructures based on ferromagnetic transition metal oxide and an oxide with strong
SOC, namely SrlrO3/SrRuO3 1. Depending on the magnetocrystalline anisotropy of
SrRuOg3, which was controlled by the orientation of the STO substrates, magnetic-field-
free switching was achieved, which can further aid the advancements of SOT-MRAMs.



FCUP

Introduction

1.3 Topological Insulators

Topological Insulators are a new class of quantum materials. They exhibit a metallic
surface state that is protected by time-reversal symmetry and has spin momentum-
locking, with these properties occurring in some materials due to their high SOC. As
such, the combination of the topological surface state (TSS) with their high SOC, gives
Tls a high potential for spinorbitronics applications.

The first 3D topological insulator to be discovered was the bismuth antimony al-
loy BixSb1_y. It was discovered in 2008[48! by an Angle resolved Photoemission Spec-
troscopy (ARPES) experiment, with the exotic band structure being obtained. After the
discovery of the Bi,Sb4_, alloy, a set of materials was uncovered to also host the TSS:
the Bi,Se3 semiconductor family. These materials are known for applications as ther-
moelectric materials*®l. Through ARPES measurements combined with first principle
calculations, their topological insulator properties were unveiled®°-521, They are consti-
tuted by quintuple layers and are characterised by having one almost ideal Dirac cone
as the TSS, as it can be seen in Figure 1.6.(a) and (b). They only have one Dirac point,
and have a large band gap, which allows the TSS properties to be harvested at room
temperature.

Due to the exotic properties the Tls present, they can be used in a wide range of
applications, with interest in them for spinorbitronics applications growing. Tls have
shown sy values 10 to 1000 times higher than the HMs values®3°41, which fuelled this
interest.

The focus of this thesis is the Sb,Tes T, which belongs to the Bi;Se; semiconductor
family. Sb,Tes presents a distorted TSS Dirac cone and has a smaller band gap, thus
being the less explored material of this family. Moreover, its band structure properties
lead to the presence of bulk conduction states, as it can be seen in Figure 1.6.(b). As
such, itis not yet clear if it is a good material for SOT applications, with very few reports
of the SCI on these material being presented 55561,

1.3.1 Electronic properties of 3D Topological insulators

The electronic and spintronic properties of topological insulators and the TSS, in par-
ticular, can be analysed via the measurement of their transport properties, such as the
Seebeck coefficient!®8%0 and magnetoresistance®”61],

At low magnetic fields, the weak antilocalisation (WAL ) effect can appear as a conse-
quence of the topological surface state characteristics 62641, Due to the strong spin orbit
effect and to the spin polarisation of the surface state, the WAL effect is visible at low
magnetic fields on the magnetoresistance, as shown in Figure 1.6.(c) for a roughly 30 nm
thin film of Bi,Tes. From the Hikami-Larkin-Nagaoka (HLN) model©%86l, the number of
coherent conduction channels and the phase coherence length Ly can be calculated by
fitting the data, with fits to this model shown as solids lines in Figure 1.6.(c). A quadratic
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Figure 1.6 — The electronic properties of the Bi,Seg topological insulators family. (a) Crystal structure
of BipSe3 family with three primitive lattice vectors denoted as t4 5 3. A quintuple layer is indicated by
the red square. (b) Band structure of Bi,Ses (top) and Sb,Tes (bottom). The red regions correspond
to bulk energy bands and blue regions to bulk energy gaps. The surface states are seen around
the T" point as red lines dispersing in the bulk gap. (c) Magnetoresistance of a Bi;Tez 30 nm thin
film measured at low temperatures. The green lines are the theoretical fita given by the HLN model.
Adapted from[52.57],

field dependence of the magnetoconductance has also been observed on certain Tls,
from which the spin-orbit relaxation length can be calculated[©],

The detection of the TSS conduction without the presence of magnetic field can
be achieved, however, by inspecting the Seebeck coefficient (S) of the material. The
polarity of S reflects what are the majority charge carriers, being positive for p-type
semiconductors and negative for n-type semiconductors. Moreover, the identification
of the carriers as metallics or semiconductors can be obtained through the temperature
dependence. Metallic carriers have a linear temperature dependence, whereas semi-
conducting materials show a nonlinear dependence. As such, considering that the TSS
is a metallic state, its contribution to S should appear as linear and negative, whereas the
bulk states of the typical 3D Tls are semiconducting in origin. Through this method, the
different conduction channels and their contributions have been disentangled in Bi>Ses,
BSTS ((Bi1_Xbe)2(Te1_ySey)3, and BST ((Bi1_Xbe)2Te3)[58‘60].

1.3.2 Spin to charge interconversion in topological insulators

Topological insulators have been the focus of recent studies of spin to charge intercon-
version for efficient spinorbitronics devices. Due to their bulk with high SOC, and the
existence of the TSS, both SHE and EE can be present in Tls.

BioSej is one of the widely studied Tls, which has already been employed to switch
ferromagnets through SHE67-68] Generated charge currents via ISHE have also been
measured8'69-711 a5 it can be seen in Figure 1.7. Related materials such as BST
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((Bi1_xSby), Tes) yielded outstanding performances in the charge to spin conversion!54.721,

Figure 1.7 — Spin to charge conversion by sputtered Bi,Ses thin film. (a) schematic of the spin to
charge conversion (SCC) measured through spin pumping at the ferromagnetic resonance and (b)
the measured spin pumping voltage. Adapted from 70,

The disentanglement of the spin Hall effects from the Edelstein effects is not straight-
forward in Tls, with both effects contributing to the SCI. A possibility to verify what effect
is occurring is through angular dependence measurements of the spin to charge conver-
sion, through, for example, spin pumping. Moreover, measurements of Tls with different
thicknesses is one of the available methods, since it allows to observe the surface ef-
fects versus the bulk contributions. However, the fabrication of Tl thin films over a wide
range of thicknesses can be an issue, since the structure of the thin films can be altered.
Throughout thesis, it will be considered that the SHE is the only effect present, due to
the high thicknesses of the nanostructures investigated.

In this thesis, Tl nanostructures based on sputtered thin films of Sb,Tes are explored
with the objective of investigating the different contributions to its electronic and spin-
tronic conduction, allowing for their exploitation. Magnetoconductance measurements
were combined with the temperature dependence of the Seebeck coefficient and re-
sistance to understand the several conduction channels present in these Tl thin films.
By combining these sputtered films with magnetic materials, insights into the behaviour
and efficiency of basic elements of spinorbitronics devices were attained. The mag-
netisation dynamics and SCI of ferromagnetic materials (FM) and Tl bilayers (FM/TI)
and spin-valve like stack trilayers (FM/TI/FM) were explored through ferromagnetic res-
onance and spin pumping measurements. These results can aid the development and
usage of Tls in novel data storage and logic devices.
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Methods

In this chapter, the employed techniques in the fabrication and study of the topologi-
cal insulator nanostructures will be described. In the first part, the thin film deposition
techniques will be explored. This section will be followed by the description of the struc-
tural and morphological instrumental methods used on the produced samples. The last
sections are devoted to the electrical and magnetic characterisations techniques for in-
specting the nanostructures.

2.1 Nanostructures fabrication

Physical vapour deposition (PVD) is an atomistic deposition process based on the va-
porisation of a solid or liquid source. The vaporised atoms or molecules are transported
through vacuum or low pressure gaseous (plasma) environment to the substrate, where
they are condensed!”3l. PVD techniques are used to deposit thin films with thicknesses
in the range of a few to thousands of nanometres and allow for uniform deposition of
large areas with the intended stoichiometry. Two PVD techniques were used through-
out this work: lon Beam Sputtering and DC Magnetron Sputtering. In these techniques,
the vaporisation of the target material is achieved by the impact of high energy inert gas
particles.

2.1.1 lon Beam Sputtering

The nanostructures studied in this thesis were produced by lon Beam Sputtering (IBS).
The system used was the commercial system from Commonwealth Scientific Corpora-
tion, which exists in the clean room unit (MNTEC) of Centro de Materiais da Universi-
dade do Porto (CEMUP).

The IBS system of Porto is schematically represented in Figure 2.1. The basic IBS
system is constituted by a vacuum chamber, an ion source, a target and a substrate
holder. The ions are created in the ion source and accelerated towards the target. Here,
the high energy ions remove material, which is then directed to the substrate on the
substrate holder, where it is deposited[’4l. Besides the basic components, the system at
CEMUP also has a shutter and a second ion source. The two ion sources of the system

21
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are 3 cm diameter Kauffman DC ion sources. The main one is used for deposition, where
a tungsten filament is heated, thus generating ions due to the collision of inert gas atoms
(Argon) with electrons extracted from the filament. This ion-source is placed 10 cm away
from the target, which is at a 45° angle relative to the direction of the ion beam. The
second ion source can be used for assisting the deposition or for ion-milling, and it was
not used throughout this work. The system allows four targets to be inside the deposition
chamber at a certain time, through a system that rotates and exposes the intended
target for a certain deposition. As such, depositions of up to four different materials can
occur without breaking vacuum in between depositions, which was the method used
for fabrication of some of the nanostructures studied in this work. The shutter is used
to prevent deposition of material when the deposition conditions are not yet fully set or
during the pre-cleaning process. It is located in front of the substrate holder and can be
opened on demand, thus preventing cross contamination and guaranteeing a greater
control of the deposition process. All these components are cooled by an internal water
circuit, with a temperature between 10 and 14 °C, except for the ion sources, which are
cooled by air.

Figure 2.1 — lon Beam Sputtering. (a) Schematic representation of the deposition chamber (adapted
from[75]) and (b) the IBS system at MNTEC-CEMUP.

The depositions are controlled by several parameters, which are either fixed or set
and monitored during deposition. The substrate holder rotates at a certain velocity to
improve the uniformity of the films, and throughout this work it was kept at 70 rom. The
pressure within the deposition chamber also greatly influences the deposition. A base
pressure of Pg ~ 10~ Torr is used for deposition. It is achieved through a rotative pump
that reaches ~ 103 Torr, followed by a turbo-molecular pump, reaching ~ 10~ Torr. A
cryogenic pump is then used to reach Pg. For the deposition to occur, the chamber, after
reaching Pg, is filled with Argon until a certain pressure. This is the working pressure Py,
which is kept constant during deposition and had the same value for all the fabrication
processes, namely 1.4 x10™ Torr. This pressure ensures that the incident ions and
sputtered atoms preserve their energy and directionality due to their high mean free
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paths inside the chamber.

The creation and acceleration of the ions is also controlled. A discharge current
is applied to the tungsten filament, controlling the electron ionisation procedure. It is
maintained at the value of 2.0 A and monitored during the deposition. The Beam Volt-
age Vgeam controls the energy of the ions when impacting on the target. Thus, it controls
the energy of the removed material, which is going to be deposited on the substrates.
The Vgeam can have values between 300 and 1200 V, with an optimisation procedure
having to be carried out to determine which value should be used for a certain material
and application. With these parameters, IBS can be used to fabricated metallic or semi-
conducting thin films. However, oxides and insulators can also be deposited with this
IBS system by using a neutraliser current, which is also controlled during deposition.

Three different materials were deposited as single thin films, bilayers and trilayers
throughout this thesis: antimony telluride (Sb,Tes), permalloy (Py) of nickel and iron
(NixgFegp), and an alloy of cobalt and iron (CosgFesg). The SboTes target was a com-
mercial target acquired at Semiconductor Wafer, Inc. All the targets had a diammeter
of 3" and a thickness of 3 mm. Capping of certain thin films was achieved with man-
ganese oxide (MgO), tantalum (Ta) and aluminium (Al). For the deposition of MgO, the
neutraliser current was employed, as previously explained. With these materials, sev-
eral thin films and nanostructures were fabricated, which can be found on Table 2.1. The
depositions occurred at room temperature in different types of substrates: amorphous
rigid glass (fused silica), and flexible polyimide (Kapton®) and Polyethylene terephtha-
late (PET) substrates. Prior to the deposition, the substrates were rigorously cleaned
by three five minutes ultrasonic baths of acetone, isopropanol and deionised water, in
this order, followed by drying under nitrogen airflow!’®l. Prior to deposition, a clean-
ing process of the target surface was achieved by setting the deposition conditions and
sputtering the target with the shutter closed to prevent deposition. This process en-
sures that any oxidation on the target surface is removed prior to deposition. In Table
2.1, the different beam voltages and thicknesses of the fabricated nanostructures are
also presented.

2.1.2 DC Magnetron Sputtering

DC magnetron sputtering is another type of PVD technique, based on the sputter of
material from a target. In DC magnetron sputtering, the target material serves as the
cathode and the substrates are placed on the anode, as it can be seen in Figure 2.2.
Between these two elements, a voltage of the order of hundreds of volts is applied.
A magnetic field, as illustrated in Figure 2.2.(b), is also applied near the cathode re-
gion where the target material is placed, trapping the electrons being emitted. These
electrons ionize the Ar atoms present in the chamber, forming a plasma near the cath-
ode region, i.e. the target. Due to the voltage being applied between the target and
substrate, Ar* ions are accelerated, colliding with the target. Through the momentum



FCUP
Methods

Table 2.1 — Fabricated nanostructures.
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transfer, atoms from the target are evaporated and deposited on the substrate placed
in the anode region. The depositions occur for gas pressures of ~ 5 x 1072 Torr. The
DC Magnetron Sputtering system by BOC Edwards, Scancoart six, found at the IFIMUP
facilities, was used to deposit gold electrical contacts for measurements of the transort
properties of some of the Sb,Tej thin films. Three depositions of 300 s each at a voltage
of 850 V were made to have gold contacts with an approximate thickness of 100 nm.

Figure 2.2 — (a) Schematic representation of the DC magnetron sputtering and (b) the configuration
of the DC Magnetron sputtering magnet. Adapted from[77].

2.2 Morphological and Structural Characterisation

Following the fabrication of the nanostructures as discussed in the previous section, their
morphological and structural characterisation was performed. To study the morphology
of the samples, Scanning Electron Microscopy (SEM), high resolution Transmission
Electron Microscopy (HRTEM), Atomic Force Microscopy (AFM) and X-ray Reflectiv-
ity (XRR) measurements were performed. The structure of the samples was further
studied by Energy Dispersive Spectroscopy (EDS), X-ray Diffraction (XRD) and Raman
Spectroscopy.

2.21 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to study the morphology of the samples.
This technique shows remarkably high spatial resolution, ranging from a few millimetres
down to 5 nm both for organic and inorganic materials!’8. SEM not only has the capa-
bility of obtaining 3D-like images of the surface of the sample, but also allows the study
of the cross-section of the corresponding samples.

SEM is a microscopy technique where the sample surface is irradiated by a beam
of electrons. The basic components of a SEM system are illustrated in Figure 2.3. The
electrons are generated through emission from an electron source (cold field, thermionic
or Schottky), creating a beam with energies of up to 30 keV[8%. Upon the creation of
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Figure 2.3 — Schematic diagram of the scanning electron microscope (SEM). Adapted from[7°].

the electrons, they are focused by a set of electromagnetic lenses complemented by
apertures, creating a focused beam of electrons. The lenses are also used to move the
beam across the surface, row by row, in order to form a full image of the sample. The
electron detection is performed by two detectors, namely the secondary and backscat-
tered, which are also inside the sample chamber, which is in vacuum.

The detection and recreation of the sample surface image is possible due to the dif-
ferent type of interactions between the electrons and the sample. The electrons upon
hitting the surface of the sample, interact with it, and several electrons and photons are
emitted by the sample. Secondary electrons are produced by the inelastic interactions
with the sample’s electrons. These are used to form 3D images of the surface due to
their low energy being intimately related to the interaction depth, allowing for an inves-
tigation of the topography of the samples. The backscattered electrons are the beam
electrons that experience elastic backscattering with the sample electrons or nuclei,
having a wider volume of interaction within the sample. Thus, they allow an inspection
of the topography but also provide information regarding the sample composition. A
contrast effect is formed based on the mean atomic number of the spot, which is related
to the number of backscattered electrons, the larger the atomic number, the brighter the
image of the spot will be!809:811,

In this thesis, the SEM system used was the Phillips-FEI/Quanta 400 FEG of CEMUP.
SEM images were obtained of the thin films surface and cross section and the bilayer
sample cross section. Before the characterisation of the samples, the face of the SEM
sample holder was gently polished, and then a double carbon tape was used to fix the
sample to the SEM sample holder.

2.2.2 Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDS or EDX) is a technique that consists of
irradiating a sample with a high-energy focused electron beam on a selected region of
the sample surface, being usually coupled with a SEM system. It is used to identify and
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quantify the elemental composition of a small sample (up to a few cubic micrometers)[®2].

EDS measures the wavelengths of X-rays that are created by the interaction of the
electron beam with the sample. The incident electron beam can remove core electrons
from the atomic electronic inner shell, leaving a hole behind. To return to the ground
state, electrons from upper states decay to fill the hole, emitting a photon during the
process. The energy of this photon is characteristic of each atomic transition and, thus,
by analysing the energy of the emitted photons and the quantity of photons, the mass
and atomic percentage of each element can be known 3.

In this work, the EDS system employed is coupled with the CEMUP SEM system
mentioned in Section 2.2.1, belonging to the EDAX Genesis X4M unit. The composition
of the Sb,Tes thin films was obtained with this technique.

2.2.3 High resolution Transmission Electron Microscopy (HRTEM)

~ Specimen

k’ = = iﬁ Projection lens

Imaging plate

Figure 2.4 — Overview of the basic components of a TEM system. Adapted from[84].

High resolution Transmission Electron Microscopy (HRTEM) was also employed to
study the morphology, structure and composition of the samples. TEM is similar to SEM,
as it is constituted by similar elements, namely an electron source and electromagnetic
lenses and apertures to control the electron beam, all in a vacuum chamber, as repre-
sented in Figure 2.4. The main difference is the type of electrons that are detected. As
the name indicates, in TEM, the resulting image is formed by the electrons transmitted
through the sample, in contrast with the scattered electrons detected in SEM. Due to
this, the sample preparation is more detailed for a TEM measurement, since the thick-
ness of a sample should not be higher than 100 nm and the image only depicts two
dimensions. However, TEM has a higher resolution, usually smaller than 1 nm and, as
such, it can provide information regarding the internal composition and crystallographic
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structure of the sample, such as the existence of grains and their size and orientation.
Moreover, to ensure that the electrons are able to cross the sample, the electrons are
accelerated by a much higher voltage than in SEM, with value of up to 300 kV[83!,

In this work, the structure of the Sb,Tes thin films was studied by HRTEM. The sys-
tem used was the JEOL JEM 2100 80-200 kV of the International Iberian Nanotechnol-
ogy Laboratory (INL), having a point resolution by of 0.24 nm at 200 kV. The Focused
lon Beam (FIB) FEI Helios NanolLab 450S DualBeam - FIB with UHREM FEG-SEM
system was used for the preparation of the thin films for TEM measurements.

2.2.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a microscopy technique that probes the surface to-
pography of a sample with nano-metric precision. In this technique, an extremely fine
tip (the order of 20 nm) on a cantilever is brought close to the proximity of the surface
of a sample. By measuring the interaction between the surface of the sample and the
tip, a topographical image of the surface structure can be obtained (86!,

There are two main measurement modes. In contact mode (Figure 2.5.(a)), the tip is
in contact with the surface of the sample. It allows for high resolutions but if the sample
is fragile, it can damage it. The second mode is called tapping mode (Figure 2.5.(b)).
Here, the cantilever is vibrated near its resonance frequency close to the surface. Due
to the vibration of the cantilever, it oscillates, coming into contact with the surface inter-
mittently. A feedback loop is used to ensure that the interaction forces between the tip
and the sample are constant during the scan of the surface. By recording the changes in
amplitude needed to keep the interaction constant, a topographical image of the surface
is created. It also has a high resolution, without the risk of damage as in the contact
mode. The deflection of the cantilever in both modes is usually measured by a laser
and a photodiode, as also depicted on Figure 2.5.

Figure 2.5 — The AFM working modes: (a) contact mode and (b) tapping mode. Adapted from 871,

The AFM system Veeco Metrology Multimode/Nansoscope IVA found at CEMUP
facilities was used to obtain the roughness of a Sb,Tes thin film and its glass substrate.
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The roughness is obtained by calculating the local variation in height over the analysed
area of thin film. The measurements were performed in tapping mode.

2.2.5 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a powerful non-destructive technique used to characterise the
crystallinity of materials. From an XRD measurement, information about the structure,
phases, preferential crystal orientations, grain sizes and crystal defects, among others,
can be obtained, due to the comparable wavelength of x-rays to inter-planar distances
in crystalline materials.

The most common x-ray measurement technique can de described by the XRD pic-
ture presented in Figure 2.6. The atoms in a periodic lattice scatter the incident X-rays.
If the scattered waves add coherently, it creates a diffraction pattern with minima and
maxima intensities. To have this constructive interference, considering a crystal with a
set of atomic planes, the path difference of the x-rays, both the incident and scattered
paths, must be equal to an integral multiple of the wavelength. This was first stated by
Bragg and is described by equation 2.1, where Dy is the inter-plane distance of the
family of atomic planes normal to the hkl direction, A is the wavelength, and 6 is the
angle at which there is an intensity peak in the diffraction pattern. With this, the spacing
between atomic planes determines the peak position in the 6 axis!88l.

Figure 2.6 — Schematic representation of the Bragg’s relation. Adapted from [8°]

nA = 2th,sin(0) (21)

An XRD equipement is constituted by three basic elements: an x-ray tube, a sample
holder and an x-ray detector. The x-rays are generated by a cathode ray tube, where
a filament, usually tungsten (W), is heated to produce electrons. These electrons are
accelerated by a voltage (typically in the 30 - 50 kV range), bombarding a target material,
usually Copper (Cu). If the electrons are energetic enough, they can dislocate inner shell
electrons of the target material, generating x-rays with well defined wavelengths (in the
range 0.1 - 50 A), in a process quite similar to the one described in section 2.2.2, for the
EDS measurements. The x-rays hitting the sample surface must be monochromatic and
focused, which is obtained by using optical systems made of slits and monochromators.
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XRD measurements were performed using the SmartLab Rigaku diffractometer found
at the IFIMUP facilities. A Bragg-Brentano 6/26 configuration was used, having a range
of 26 from 10° to 100°. The x-rays were obtained using Cu K, radiation with a wave-
length of A = 1.540593 A. The system operates at a 9 kW power, 45 kV and 200 mA. All
the measurements were performed at room temperature. The Scherrer analysis was
performed to obtain the mean grain size of a certain reflection, by using equation 2.2,
where dyy is the grain size, K a constant dependent on the shape of the crystallite,
being 0.9 a good approximation for non-detailed shape information, g the full-width at
half-maximum (FWHM) of the reflection peak, and 6 its angle of reflection (%%l

KA

I = B cos(6)

2.2.6 X-Ray reflectivity (XRR)

X-ray Reflectivity (XRR) is a technique that has a similar principle to XRD described in
section 2.2.5, allowing to characterise the structure of samples constituted by thin film
layers, namely their thickness and roughness. Here the x-ray beam is incident on the
sample surface at small angles. When it is incident at extremely small angles, it does
not penetrate the sample and it is totally reflected. Up to a critical angle 8¢, the detected
intensity of the reflection is at its maximum and is approximately constant, appearing
as a plateau on the intensity versus angle curve. For angles higher than 8¢, the x-ray
beam penetrates the sample surface and the intensity of the reflected wave decreases
drastically, by what it is called Fresnel reflectivity. Due to the interference of the waves
reflected at the difference interfaces existing in the sample (air/thin film interface and
thin film/substrate or film/film interfaces), several oscillations are also observed in the
reflectivity spectrum, which are called the Kiessig fringes. Figure 2.7.(a) presents a
typical spectrum of a single substrate, with the characteristic behaviour of the Fresnel
reflectivity, and Figure 2.7.(b) shows the usual Kiessig fringes for a single thin film on
the substrate.

By a simple analysis of the Kiessig fringes, the thickness of the layers of the sample
can be obtained, following equation 2.31°"1, where m is the order of the fringes, 6, the
angle of the maximum of the m" fringe and t the total thickness.

1 2t
m=-g+ 7\/0032(90)— C0S2(6m) (2.3)

By plotting the order of the fringes as a function of F (8,,) = +/cos2(6¢) — cos2(6m)
and performing a linear fit, the thickness can be calculated.

The system used was the same as in section 2.2.5, namely the SmartLab Rigaku at
IFIMUP, but in a parallel beam configuration. The Cu Ka was the radiation used, with a
wavelength of A = 1.540593. The 26 maximum range was from 0° to 8°.
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Figure 2.7 — Example of a X-ray reflectivity curve for a substrate and for a thin film deposited on a
substrate. Adapted from[92].

2.2.7 Raman Spectroscopy

Raman spectroscopy is used to identify the vibrational modes of a given material. It
is based on a non-linear light-matter interaction process, where an incident laser light
is absorbed and scattered generating three types of emitted photons, represented in
Figure 2.8. The inelastic scattering of light occurs due to the excitation of vibrational
modes on the molecules of a sample by the incident light. In anti-Stokes scattering, the
molecule is excited to a virtual state and upon returning to the ground state, it emits a
more energetic photon than the absorbed one. In contrast, in the Stokes scattering, the
molecule is also excited to a virtual state but it emits a photon with a lower energy than
the laser light. This difference in energy, either positive or negative, corresponds to the
energy of a certain vibrational mode of the sample. As such, by studying the radiation
spectrum emitted by the sample, information about the vibrational energy states of the
sample is gained, with these energy states being characteristic of each material. The
third type of emitted photon is called Rayleigh scattering, where the emitted photon has
exactly the same energy as the absorbed one %3l

A simple Raman spectroscopy system is constituted by a laser and a light detector,
with optics used to direct the laser beam and emitted light. After the laser light beam
is incident on the sample, the emitted light is directed towards a monochromator, to re-
move the emitted photons corresponding to the Rayleigh scattering, since it gives no
information regarding the sample. After this removal, the remaining light is dispersed
using a grating onto a detector, which counts the photons received at each wavelength.
From this count, the intensity is plotted as a function of the wavelength difference be-
tween the laser and emitted light and the spectrum of the vibrational modes is obtained.
In this thesis, the Raman spectra were recorded in a backscattering geometry at room
temperature, using a 100x objective lens of a Leica microscope. The 633 nm He-Ne
laser line was used for excitation and the scattered light was analysed by a Renishaw
inVia Qontor spectrometer, with a resolution better than 1.5 cm'.
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Figure 2.8 — Semi-classical representation of Raman scattering. A molecular structure is excited by
light to a virtual energy state and radiation with the same energy (Rayleigh scattering) or a different
energy (Stokes and anti-Stokes scattering) is emitted by the sample. The difference in energies cor-
responds to the excitation energy of a vibrational state. Adapted from[93].

2.3 Transport Properties

To understand the electronic conduction of the studied nanostructures, several transport
properties were measured, namely the electrical resistance, the Seebeck coefficient
(presented in Chapter 3), the magnetoresistance and the Hall effect. The combination
of these measurements, besides characterising the transport in the nanostructures, also
allowed the study of the influence of the topological surface state on the conduction of
the thin films and its interplay with the ferromagnetic layers in the bilayer and trilayer
systems.

2.3.1 Electrical Resistance

The electrical resistance of the fabricated samples was measured as a function of tem-
perature using a closed cycle cryostat (APD Cryogenics Inc. system, HC-4 MK1 com-
pressor). The maximum temperature range was 7 — 310K and all the resistivity mea-
surements were carried out at IFIMUP. Two types of resistance measurements were
performed. The first one is described in this section (four-probe method) and the sec-
ond one (two-probe method, using the developed measurement setup in the scopus of
this thesis) is described in Chapter 3.

In Figure 2.9, the experimental setup for the four-probe measurement is presented,
showing all elements of the electrical resistance measurement and an assembled sam-
ple. To perform the measurements, a cylindrical Cu block acted as a sample holder,
which can be mounted on the cryostat. The sample is placed on its surface and to elec-
tric isolate it from the Cu block, while maintaining good thermal conduction, a thin leaf of
shroud paper embedded in GE-varnish is placed between the sample and the surface
of the block. The varnish is also used to glue the sample to the block.
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Figure 2.9 — Experimental assembly for electrical resistivity measurements using the 4-probe tech-
nique.

The electrical measurements are performed with the standard four linear contacts
(four probes). Four wires are inserted into the metallic sample holder. The two outer
most wires are used to feed current (I) to the sample, while the inner most wires are
used to measure the voltage (V), as shown in Figure 2.9. The electrical contact between
these four wires and the sample is made using a silver paste. In order to ensure a stable
measurement throughout all temperatures, for some samples, four linear gold contacts
were sputtered on to the surface, as described in section 2.1.2 and then the silver ink
was used to make the electrical contact between the sputtered contacts and the four
wires.

The temperature control is performed using a Lakeshore 331 coupled with a diode
sensor inserted at the cryostat. With this controller, the linear time rate of the temper-
ature can be settled. Having defined the rate, the temperature controller automatically
sets the PID parameters in order to have a linear temperature variation at the intended
rate. The used rate was 0.5 K/min to ensure thermal equilibrium and to have the accu-
racy needed for these measurements!®41.

For a reliable temperature measurement, a differential thermocouple is also placed
atthe sample holder block, near the sample. The voltage drop across this thermocouple,
using as reference 0°C (ice), is measured with the assistance of a nanovoltmeter (Agi-
lent 3458A 8% Digit Multimeter). A prior calibration of the thermocouple curve is used
to obtain the sample holder block temperature, which is considered to be the same tem-
perature of the sample, due to the ensured good thermal conduction referred previously.

To perform the measurements automatically, an IEEE 488.2 GPIB communication
bus was used, allowing all the instruments to interface with a computer, where a cus-
tom developed NI LabVIEW program automates the procedures and collects the mea-
surement results. The temperature was controlled and the measured data could be
monitored graphically in real time. The voltage V was measured using a nanovoltmeter
(Keithly 2182 or Agilent/HP 314420) and the current / was applied using the DC Time
Electronics Current Source 9818. All the measurements were performed in DC mode,
by applying a constant value current. For the thin film samples, the resistivity was cal-
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culated using equation 2.4, where R is the measured resistance, given by 7‘/ with w the
width of the sample, L the distance between the voltage contacts and t the thickness of
the films.

_ Rwt
P=T

wit
L

(2.4)

2.3.2 Magnetotransport
2.3.21 Magnetoresistance

The magnetoresistance was measured using four probes, either with four-linear con-
tacts, represented in Figure 2.10.(a), or in a square geometry using the van der Pauw
method, represented in Figure 2.10.(b). The electrical contact between the probes and
the sample was made using silver paste, and, for some samples gold contacts were
sputtered as described in section 2.1.2. The magnetic field was applied out of plane
(OP) for the Sb,Tejs thin films and both contact geometries were used. For the bilayer
measurements, both OP and in plane (IP) fields were applied, with the measurements
being performed with four-linear contacts. In the IP configuration, both magnetic field
perpendicular and parallel to the applied current was used.

Figure 2.10 — Magnetotransport contact geometries. (a) Four-linear contacts resistance measure-
ment, (b) Van der Pauw contacts resistance measurements. (c) Van der Pauw contacts Hall effect
measurement.

The magnetoresistance was obtained at several cryogenic temperatures for the thin
films (2 - 10 K) and up to room temperature for the bilayers. The magnetic field was
applied up to 7 T, with a step of 0.1 T. The measurements were performed in an AC mode
at 23 Hz and the data acquisition was done using a home-made developed software.
The measurements were executed at Imperial College London, using a Cryogen Free
Measurement System (CFM) from Cryogenic Limited of the Experimental Solid State
Group.
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2.3.2.2 Hall effect

The Hall effect was measured using the Van der Pauw geometry, as represented in
Figure 2.10.(c). As for the magnetoresistance, the electrical contacts were made using
silver paste. The measurement was performed with a constant applied magnetic field,
while varying the temperature. A closed cycle cryostat (APD Cryogenics Inc. system,
HC-4 MK1 compressor) was also used, having a maximum temperature range of 10
— 300 K. The maximum applied field was 1 T. The measurements were performed at
IFIMUP.

2.4 Ferromagnetic Resonance Spectroscopy (FMR)

Ferromagnetic Resonance (FMR) spectroscopy is a versatile experimental technique
that can be used to characterise the high-frequency behaviour of ferromagnet materials.
It takes advantage of the precession of the magnetisation around an applied external
DC field, when the system is perturbed by a small RF field. From FMR, several material
parameters can be obtained, such as the effective damping, saturation magnetisation
and magnetic anisotropies.

The first theory of FMR absorption was given by Kittel®]. In a FMR experiment, an
external DC magnetic field H is applied, defining the initial magnetisation direction of the
ferromagnetic (FM) material. Following this definition, a weak RF magnetic field, having
a microwave frequency, is applied perpendicular to the external DC magnetic field. In
this situation, the resonant absorption process occurs when the angular frequency of the
RF field is equal to the frequency of the magnetisation precession of the FM material.
From this experimental observation and its deviation from the Lamor frequency, Kittel
explained the absorption by considering the internal fields of the FM material, such as
the demagnetising field. The resonance frequency is thus given by equation 2.5, the
Kittel equation for an in plane magnetic field, where Mg is the saturation magnetisation
and Hy is the anisotropy field.

= 10 s + Fhee H) (e H) @25)

In this description, however, the magnetisation precesses about the effective field
indefinitely, which is not the case in real materials. To account for energy dissipation, first
Landau and Lifshitz and then Gilbert proposed a phenomenological damping parameter,
analogous to a viscous drag. The spin dynamics of a material is then given by the
Landau-Lifshitz-Gilbert (LLG) equation 2.6, with y the gyromagnetic ration, m the unit
magnetisation vector of the material, Hgs the effective magnetic field, which includes
internal and external magnetic fields, and « the dimensionless Gilbert damping[%6:971,
om

mXx —

—_— = [mxHeff]+a of

(2.6)
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With this approach, we are able to describe phenomenologically the precession of
the magnetisation, using the Gilbert damping a. Several mechanisms contribute to «,
which can be divided into intrinsic and extrinsic mechanisms!®8l. Intrinsic contributions
consider the fundamental physics of the material system, whereas the extrinsic con-
tribution relate to additional secondary contributions, such as inhomogeneities of the
sample and angular-momentum dissipation associated with non-magnetic layers in bi-
layer systems. As such, the measurement of a gives insights into the precession of
the magnetisation and also the mechanisms of energy dissipation within a system. It
can be obtained from a FMR measurement, by analysing the linewidth of the absorption
peak, when measuring in frequency domain. The linewidth AH is taken as the full width
at half maximum (FWHM) of the absorption peak, being given by an intrinsic damping
contribution, AHp, and the extrinsic contribution depending on the Gilbert damping «a,
as described in equation 2.7, where fis the RF frequency[®.

4o

AH = AHo+ == (2.7)

2.41 Vector Network Analyser Ferromagnetic Resonance (VNA-FMR)

A common technique for FMR measurements is through the use of a Vector Network
Analyser (VNA). A VNA is a radio frequency (RF) equipment that is able to output and
monitor RF signals of variable frequency and power. It combines a microwave gener-
ator with a lock-in amplifier, thus providing phase-sensitive detection of its signals, by
measuring the amplitude and phase of the microwaves. With two ports, one acting as
an emitter (port 1) and the other as a receiver (port 2), the four S parameters of the
scattering matrix can be measured using the VNA, namely S¢1 and Sy,, corresponding
to reflection, and S5 and Sy, corresponding to the transmission.

By inducing an RF signal in the sample and measuring its transmission, the VNA
allows for FMR measurements across a wide frequency range. The RF signals are
induced in the sample via a coplanar waveguide (CPW), which consists of a coplanar
layer with a ground-signal-ground configuration. To apply the RF signals, the sample is
placed face-down on the CPW. When the microwaves are directed through the sample,
the absorption at the ferromagnetic resonance is detected through the reduction of the
transmission S,1 measured by the VNA. As such, the combination of these two equip-
ments allows for measurements as a function of frequency over a wide range (up to few
tens of GHz) and of the applied magnetic field 100,

Measurements at room temperature were performed using a home-made VNA-FMR
system which uses a commercial VNA device (Anritsu 37247D), at IFIMUP. The system
can operate over a frequency range up to 20 GHz and has a resolution that depends
on the range of the working frequencies. In measurements that span up to 20 GHz, a
resolution of a few MHz is achieved. The external static DC magnetic field is applied
by an electromagnet. A schematic of the VNA-FMR system of IFIMUP is represented
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in Figure 2.11.

Figure 2.11 — A schematic of VNA-FMR system. The sample is mounted on top of the CPW. Adapted
from[101],

The measurements were carried out by sweeping the frequency in the desired range
with a fixed DC magnetic field and repeating this sequence for different applied fields.
Due to this, the linewidth of the absorption peak obtained by the VNA is a frequency
linewidth, which may not directly correspond to the field linewidth that is needed for the
calculation of the damping as described in equation 2.7. The field linewidth is obtained
from the frequency linewidth by using the identity of equation 2.8[102],

of(H)

Af= AHW HeFoos (28)

Considering the Kittel equation for in plane applied DC magnetic field (equation 2.5),
the field linewidth is thus given by equation 2.9.
AH = = (2.9)
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The absorption peak obtained from the imaginary component of S,4 is fitted to a
variation of an asymmetric Lorentzian, given by equation 2.10, where K and X, are
the scalling and offset parameters and ¢, the phase shift adjustment in degrees. From
these fits, the resonance frequency and frequency linewidth are obtained, allowing for
the calculation of the damping and other parameters as previously described.

(f?es —2) cos(e) + Afesfsin(e)
(f?es - f2)2 + Aﬁesf2

S21 =K +Xo (2.10)

2.4.2 Lock-in amplifier Modulated Ferromagnetic Resonance (LIA-FMR)

Ferromagnetic resonance measurements were performed as a function of temperature
by using lock-in detection and a modulated external applied field. As in the VNA-FMR
measurements described in the previous section, the RF field is induced through a CPW.
However, a pair of Helmholtz coils connected to an AC source (490 Hz) generate a small
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field hac parallel to the applied DC magnetic field Hpc, as shown in Figure 2.12.(a). This
extra component modulates the FMR response, with the intensity (1) of Sy4 varying as
%’4. This modulated response is recovered using the lock-in after an RF diode is used
to eliminate the RF of the signal, with the AC source acting as the reference signal.
With this method, the measured signal, namely the output of the lock in, will not be the
direct absorption peak, being its derivative trace. As such, the output signal, obtained
by varying the external DC field at constant RF frequency, can be fitted by a derivated
asymmetric Lorentzian function, given by equation 2.11, with K; and Kj, scaling of the
symmetric and asymmetric components, respectively, and X; an offset. From this fit
to the modulated signal, the linewidth and resonance fields can be obtained, which are
then used to calculate the damping a and the other parameters as previously discussed.

AHI2) (H-H AHI2)? = (H = Hyos)?
(S21)moa = Ki (AHI2) (H = Fre) 5+ K (AH12)" ~ (H=Hires) S+Xo  (211)

((H— Hres)2 + (AH/Z)Z) ((H_ Hres)2 + (AH/2)2)

The modulated measurements were performed using a NanOsc Instruments Cry-
oFMR system in a Quantum Design Physical Properties Measurement System (PPMS)
at Imperial College London. The samples were mounted face-down on the CPW and
secured in place with kapton tape. The CPW is placed in the CryoFMR probe insert
for the PPMS, which is represented in Figure 2.12.(b), where the Helmholtz coils used
for the modulation are also visible, as well as the temperature sensor. The studied
temperatures were between 2 and 300 K.

Figure 2.12 — Lock-in amplifier modulated FMR system. (a) Schematic of experimental setup of the
CryoFMR system with lock-in detection of NanoOsc Instruments['93]. (b) CryoFMR probe insert for
the PPMS, with the CPW and the Helmholtz coils for field modulation. Adapted from[104].
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2.4.3 X-Ray Detected Ferromagnetic Resonance (XFMR)

X-ray detected ferromagnetic resonance (XFMR) is a synchrotron-radiation-based tool
that is used to study the element-selective magnetisation dynamics!'%l. Magnetic and
chemical contrast in XFMR is obtained by X-ray magnetic circular dichroism (XMCD),
which allows for layer specific measurements when each layer has a different chemical
composition. As such, it is a powerful technique to study the magnetisation dynamics
and the generation and transmission of spin currents in systems with two or more FM
materials, as it is the case of the trilayer systems investigated in this thesis. Time-
dependent XFMR can thus be used to measure the amplitude and phase of the spin
precession of each FM material layer, using stroboscopic measurements, by utilising
the time structure of synchrotron x-rays. The RF field used to achieve the magnetisation
precession is synchronised with the X-ray pulses of the synchrotron. As such, each x-ray
pulse measures the magnetisation cone at precisely the same point in the cycle, which
when introducing phase delays, allows for the study of the full cycle of precession.

Static XMCD is obtained as the difference between X-ray absorption spectra corre-
sponding to the parallel and antiparallel helicity vectors of the circular polarised X-rays
to the applied magnetic field!'%!. In contrast, time-resolved XFMR measures the small
periodic oscillations in the magnetisation direction with fixed circular polarisation. The
stroboscopic measurements are performed in multibunch mode and the typical spot size
of the X-ray beam on the sample is 200 x 20 ym?.

Figure 2.13 shows the XFMR setup in a transverse geometry used for the typical
measurements at the Diamond Light Source. As in the previous FMR techniques, the
sample is mounted face-down on a coplanar waveguide (CPW) and it is driven by the
external radio frequency (RF) field, h,, while under the DC magnetic field, Hpc. Hpc
is applied using a vector magnetic system which can apply a field of up to 0.9 T in any
direction. The applied h/ field needs to be a harmonic of the X-ray pulse frequency,
which at Diamond is roughly 500 MHz. By previously characterising the samples via
VNA-FMR, the frequency of h is then decided considering the resonance of the FM
materials and as a multiple of the X-ray pulse frequency. This is achieved by using
an RF comb generator (Atlantic Microwave) driven by the master oscillator clock of the
synchrotron x-ray pulses. The phase delay is introduced by a programmable delay line
(Colby instruments), which enables the phase shifting of the RF oscillation with respect
to the X-ray pulses, with a step resolution of roughly 0.5 ps. The pulse width of the
x-rays is approximately 35 ps at Diamond.

The x-rays are incident on the sample through a small hole on the signal line of the
CPW. The detection of the x-ray absorption is typically done in transmission as depicted
in Figure 2.13. After the x-rays pass through the sample, the transmitted x-rays are de-
tected through the x-ray excited optical luminescence (XEOL) emerging from the lumi-
nescent substrate. The optical luminescence is then detected by a photodiode place be-
hind the sample, as shown in figure 2.13. The typical substrate for these measurements
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Figure 2.13 — Schematic of the XFMR setup in transverse geometry. The sample is placed face-down
on a CPW within POMS (portabvle octupole magnet system) and incident circularly polarised x-rays
pass through the hole in the signal line. The applied field Hp¢ is perpendicular to both x-ray beam
direction and h,s. The different components of the XFMR electronic signal circuitry, RF excitation
circuit, and x-ray detection system are also shown. The delay line enables the phase shifting of the
RF oscillation with respect to the x-ray pulses. Adapted from[107].

is MgO, but in this work, the trilayer samples were deposited on the flexible substrates
(PET and Kapton). Due to this, for the samples studied in this work, the detection of the
x-ray absorption was not performed in transmission but in reflection, and the excitation
of the resonance was achieved with an out of plane field, for the measurements in the
reflection geometry to be possible.

The XFMR signal is measured by a lock-in amplifier (LIA), with 180°-phase mod-
ulation, where the LIA measures the difference between directions of opposite phase
during the procession cycle, with this modulation giving a larger signal. Prior to the
measurements, XMCD is measured to select the suitable fixed photon energy for each
element. The XFMR signal is then recorded with circular polarisation X-rays of fixed
photon energy, which leaves only two free scanning parameters, namely the delay time
between the X-ray pulses and Hpc. In the preliminary measurements presented in this
work, time-delay scans were used to record the signal at a constant Hpc by sweeping
the delay time. By normalising to the XMCD previously obtained, the amplitude of the
time-delay signal can be obtained per atom for each different chemical element of the
sample, which allows for a quantitative decomposition of the resonance features of each
layer.

The preliminary measurements of the trilayer systems were performed in collabora-
tion with Prof. Throsten Hesjedal’s group at the University of Oxford and at the Diamond
Light Source, on beamline I10. The measurements were made by Dr. David Burn.
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2.5 Implementation of Spin Pumping measurements

Besides the aforementioned techniques and procedures, a key point and development
throughout this thesis was to deploy and explore for the first time the method of spin
pumping measurements at the group of professor Lesley Cohen at Imperial College
London. The employed system was the FMR system presented in the subsection 2.4.2,
the NanOsc Instruments CryoFMR, and a special ISHE-CPW developed by NanOsc,
which can be inserted into a Physical Properties Measurement System (PPMS).

Spin pumping

The spin to charge interconversion mechanisms, such as ISHE and IEE described in
Chapter 1, can be studied by several techniques such as lateral spin valves[?%, second
harmonic measurements!'%8 and ST-FMR!'%] among others. One other technique
can be employed, namely spin pumping by FMR. In this technique, spin injection is ob-
tained by using the precession of the magnetisation at the FM resonance. This spin
injection was first demonstrated in the 80s by Silsbee and Johnson!''% | being followed
by the development of the spin pumping theory by Tserkobniak, Brattas et al.['11-113l
and Mizukami et al.[''¥l in 2002. These works demonstrated a damping enhancement
associated with the spin injection at resonance. The detection of the spin to charge con-
version from spin injection was, however, only demonstrated in 2006 by Saitoh et al.[?4]
and Costache et al.['"® first in Platinum. Since this first demonstration, spin pumping
has become a widely used method to observe spin to charge current conversion by
ISHE and/or IEE and to determine the efficiency of this conversion, namely the spin hall
angle, spin diffusion length and inverse Edelstein lengths.

In this section, the origin of the spin pumping current will be derivated using the
Tserkovniak and Bratas theory, followed by the calculation of the injected spin current
and the converted charge current and how it is measured through electrical detection of
the FMR. The implementation of these measurements using the NanOsc Instruments
CryoFMR system with the ISHE-CPW will be described, from the observation of the spin
pumping voltage and ISHE, confirmation of the observation via Lock-in detection and
consequent measurements as a function of temperature of the ISHE conversion using
a nanovoltmeter.

2.5.1 Injection of the spin current

Spin injection due to spin pumping by a ferromagnetic resonance can be thought of as
the reciprocal effect of a spin torque. When a spin current is injected from an adjacent
layer into a FM layer, there is a transfer of its angular momentum, which causes the
magnetisation to be put out of equilibrium and start precessing. This torque is actually
the basis of spin torque MRAMSs, where if enough angular momentum is transferred,
the switching of the magnetisation is achieved. The reciprocal situation occurs when
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the magnetisation of a FM layer is precessing. It losses its angular momentum, through
the transfer of a spin current from the FM material to the adjacent layer. As such, a spin
current exerts a finite torque on the FM magnetisation and a precessing magnetisation
loses torque by emitting a spin current![116],

The spin pumping process is thus associated with loss phenomena, which can be
evaluated through the damping parameter of the magnetisation precession. If the FM
material is adjacent to a non-magnetic (NM) layer, the total damping will be the sum of
the Gilbert damping of the FM material ary, and the extra damping, Aa present due to
spin pumping!''3l. Due to this simple sum, the extra damping due to spin pumping can
be evaluated by performing FMR measurements of two samples with and without the
adjacent layer to where the spin current is being injected. Thus, the measurement of
a single FM layer gives us the reference damping value, agy, and the measurement of
the FM/NM sample, arynu, allows us to calculate Aa = apyynmy—arm. The estimation of
the damping parameters is as such of the utmost importance for a good quantification
of spin pumping phenomena, evidencing the importance of the FMR measurements
previously discussed. Moreover, to correctly estimate the reference damping value, the
FM sample is usually capped, to prevent other effects, such as oxidation of the surface
of the FM thin film layer, which "artificially” increases the damping value.

Having estimated the extra damping due to spin pumping, the instantaneous spin
pumping current can be calculated following equation 2.121""1.112] " From this equation,
the instantaneous spin current is perpendicular to both the magnetisation and its deriva-
tive, and it leads to a build-up of a spin accumulation inside the NM layer.

_hgl - dM (Ze) (2.12)

"\

The parameter g'! is the real part of the spin mixing conduction and it indicates the
global spin transmission. It is given by equation 2.13['".112] peing proportional to Aa,
with tgy the thickness of the FM layer. These equations describe the spin pumping
phenomena without considering any back-flow, being only valid if there is no spin flip
scattering or if the thickness of the NM material is big when compared to its spin diffusion
length, which is the case throughout this thesis. As such, these are the equations used
in this work.

gl = AxMstem p (2.13)
9HB

Equation 2.12 describes the instantaneous AC current. However, the measurements
are performed by relying on a DC current measurement. To obtain the DC spin current,
the integration over the full precession of the magnetisation vector must be performed.
In equation 2.12, the only time dependent term is the magnetisation, and thus all the
magnetisation components need to be calculated and integrated over its full precession,
which can be found in[''®!. Considering these calculations and in the approximation of
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small precession angle, the DC spin current Js is given by equation 2.14. From this
equation, it can be seen that the spin current can be calculated following a FMR mea-
surement of bilayer and reference samples. Moreover, this spin current is proportional
to the out of equilibrium magnetisation at the resonance. Therefore, the field depen-
dence of the current follows the asymmetric Lorentzian shape of the FMR absorption
peak.

Js (2.14)

gy (ohy)? | HoMsy +  (HoMsy)? + 4a? (29)

2 2
L=y (HoMsy)” + 4w? h

2.5.2 Evaluation of the spin to charge conversion

Following the calculation of the spin current, the spin to charge conversion can be eval-
uated by measuring the current charge being created from Js. In the NM layer, either
due to ISHE or IEE, an electric field arises perpendicular to both the spin current and
the external applied DC magnetic field due to the generated charge current, as depicted
in Figure 2.14, with Sb,Te; as the NM and Py as the FM materials. In an open circuit
condition, the created electric field, generates a current that is equal in amplitude but op-
posite to the generated charge current. As such, by measuring the voltage drop across
the sample, the generated charge current can be calculated, following Ohm’s law.

Figure 2.14 — A schematic representation of the spin pumping in a FM/TI bilayers, namely Py/Sb,Tes.
At resonance, a spin current is injected from the Py layer into the SbyTes layer. An electric field
corresponding to the ISHE (or IEE) is generated in the bulk (or surface).

From the measured spin pumping voltage Vsp the efficiency of the SCC can thus
be calculated. However, these effects are not the only ones arising from spin pumping.
The anisotropic magnetoresistance (AMR), the anomalous Hall effect (AHE) and Planar
Hall effect (PHE) originating in the FM layer could also be picked up by Vgp. In the
geometry presentin Figure 2.14, these effects appear as asymmetric components of the
Vsp, Whereas the ISHE/IEE appear as symmetric. Furthermore, thermoelectric effects
can also be presented due to heating of the sample at resonance. These effects are
asymmetric regarding the direction of the external applied field, which is the opposite of



FCUP
Methods

the ISHE/IEE effects, due to their symmetry. As such, thermoelectric effects can also
be removed by measuring Vgp for both directions of the external applied DC magnetic
field.

The voltage corresponding to either ISHE or IEE can then be obtained from Vgp.
Considering a material with only ISHE, the spin diffusion in the bulk of the samples
needs to be accounted and the spin current will have a dependence on the z direction
of Figure 2.141""71_ As such, the total charge current created due to ISHE is obtained
by integrating along the z direction, for all the thickness of the NM film. Following this
integration, ISHE can be evaluated by the corresponding ISHE voltage V,sye, given
by equation 2.15, where w is the width of the sample (along the y direction of Figure
2.14), R the resistance of the bilayer system, of both the FM and NM layers, and fyy, the
thickness of the NM layer.

(2.15)

t
VisHE = WRAgpOsHJs tanh ( NM )

2Asp

From equation 2.15, the spin Hall angle 8g times the spin diffusion length Agp can
be obtained from a single sample, or both independently for samples with different NM
layer thicknesses. Thus, a spin pumping measurement is a powerful technique, allowing
for the observation of the ISHE (or IEE) and also for the calculation of the efficiency of
the SCC caused by these effects.

2.5.3 Measurements of spin pumping voltage

The spin pumping voltage Vsp was measured using the FMR system presented in the
subsection 2.4.2, the NanOsc Instruments CryoFMR. A special ISHE-CPW developed
by NanOsc, which can also be placed in the PPMS insert, was used and is shown in
Figure 2.15.(a). With these capabilities, measurements as a function of temperature, for
temperatures between 2 and 300 K were optimised and performed at Imperial College
London.

2.5.3.1 Observation of the Inverse Spin Hall Effect

The ISHE-CPW has two additional ISHE contact pads which run parallel to the CPW,
having a center-to-center separation of 3.5 mm. Each pad has five raised bumps which
help facilitate the electrical contact with the sample, as seen in Figure 2.15.(a). To further
improve the contact, silver paste contacts were also drawn on top of the bilayer samples,
as shown in Figure 2.15.(b), for a test sample. The sample is then placed faced down on
the CPW as for the FMR measurements, and held in place with tightly wounded kapton
tape. The voltage is then picked up through the contact pads, which are connected to
the two pins numbered 10 and 12 on Figure 2.15.(a), which correspond to pins 10 and
12 of the PPMS puck insert.
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This voltage is then routed to the ISHE input BNC on the front panel of the CyoFMR
instrument. With this method, the spin pumping voltage is measured using the same
lock-in amplifier as described in section 2.4.2, for the LIA-FMR method. There are two
modes available for this measurement. The first mode modulates the external applied
DC field, as also described for the LIA-FMR measurements, and as such it measures
the field derivative of Vgp. The second mode available chops the Vgp DC signal to
create a square wave for the lock-in detector to measure. Figure 2.15.(c) shows the
Vsp signal measured using the modulated mode for the Py(10)/ST(100) bilayer, and
also the corresponding measured FMR resonance, with both signals closely following
each other.

Figure 2.15 — NanOsc CryoFMR spin pumping measurements. (a) The coplanar waveguide for spin
pumping measurements (ISHE-CPW). The pads for the electrical contact are at a center-to-center
distance of 3.5 mm, and the pins 10 and 12 correspond to the pads are also marked. There is also an
extra auxiliary contact pad numbered 7. (b) The sample mounted on the CPW, with the film side down,
and secured in place by tightly wound kapton tape. Silver paste contacts were drawn as seen in the
photograph of a test sample. Adapted from[18l. (c) Spin pumping voltage Vsp and FMR intensity as
a function of the external applied DC field Hp¢ at 4 GHz. Both these measurements were performed
in the modulated modes offered by the CryoFMR system.

With this method, it is possible to observe the Vgp and as such ISHE through the
symmetric component of the signal. However, information about the DC voltage is lost
for both measurement modes, and as such, these methods do not allow the character-
isation of the SCC efficiency.

2.5.3.2 External Lock-in detection

An external lock-in was also employed to verify the measurement automatically per-
formed by the NanOsc system. The input to the external lock-in was the same as the
input into the front panel of the CryoFMR equipment. Both measurements with the ex-
ternal lock-in and the CryoFMR system, could not be performed at the same time. As
such, the external lock-in measurement was made while an FMR measurement was per-
formed by the CryoFMR. The external lock-in output was connected to the AUX input in
the CryoFMR system, which guarantees synchronisation of the FMR and Lock-in mea-
surements. Following the external Lock-in measurement, the modulated measurement
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mode was also employed to compare and verify both outputs. All these measurements
were performed as frequency sweeps, with the field kept constant at 200 Oe.

Figure 2.16 shows the signals obtained for the measurements described above for
the Py(10)/ST(100) sample. It is verified that both signals have the exact same depen-
dence with field, namely the derivated asymmetric Lorentzian, as expected when excit-
ing the resonance with a modulated field. It was verified that the signal measured by
either the internal (CryoFMR) and external lock-in have the expected field dependence,
confirming that measurements with only the CryoFMR are valid.

Figure 2.16 — Spin pumping measurement comparison between the CryoFMR system and an external
Lock-in.

2.5.3.3 Open voltage nanovoltmeter measurements

To obtain the DC values of Vgp, the previous two methods could not be employed, as
previously discussed. As such, an external nanovoltmeter had to be used to measure
the DC Voltage. As for the external lock-in measurements, the voltage input into the
CryoFMR was taken as the input for the nanovoltmeter. The measured voltage was then
collected by the AUX input of the CryoFMR system, guaranteeing the synchronisation of
the measurements. The measurements were performed while inducing the FMR of the
samples. A Keithley 2182A Nanovoltmeter was used to perform these measurements.

Figure 2.17 shows the measured DC Vgp and its comparison with the signal obtained
by the modulated mode offered by the CryoFMR system for the Py(10)/ST(100) sample.
The nanovoltmeter measurement appears as the direct asymmetric Lorentzian. Despite
this, the linewidth and resonance fields are extremely similar for both signals.

From the DC signal measured with the nanovoltmeter, the V,sye can be obtained
from the symmetric part of the Vsp signals. The symmetric part of the signal is calculated
by performing the fit to the data with an asymmetrtic Lorentzian, as described in equation
2.16. Vsym and Vsym correspond to the symmetric and asymmetric components of Vgp,
with AH and H,.s the linewidth and resonance fields of the ferromagnetic resonance, and
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Figure 2.17 — Spin pumping measurement comparison between the CryoFMR system and the nano-
voltmeter.

Vi a possible offset. With these nanovoltmeter measurement and analysis methods, the
SCC was measured as function of temperature.

(AHI2) +V H — Hres
(H=Hpes)? + (AHI2)2 7 (H=Hyes)? + (AHI2)?

Vsp = Veym + Vo (2.16)






CHAPTER 3

Design of a versatile Seebeck and
Electrical Resistivity measurement setup
for thin films

In this chapter ' design, implementation and testing of a versatile measurement setup
of the Seebeck coefficient for thin films at temperatures in the range [10 — 300] K is
performed. A dynamic differential method is employed to obtain a fast measurement of
the Seebeck coefficient as a function of temperature. Moreover, a steady and/or quasi-
steady state method can also be employed. Using the same apparatus, the resistivity
can also be measured by a two-probe method, within the same range of temperatures.
Finally, the details of the instrumentation and implementation are described and to val-
idate the reliability and accuracy of the setup, test measurements on certain materials
were performed.

3.1 Introduction

The thermoelectric effects (Seebeck and Peltier) are phenomena that convert heat into
electricity or vice-versal''®l, respectively. Even though these effects have been discov-
ered several years ago, contemporary thermoelectric materials are gaining more atten-
tion due to their possible applications in power generation, heat recovery and electronic
refrigeration, besides the common application to temperature measurements!120-124],
Moreover, by being effects solely based on non-equilibrium carrier transport, their study
also allows for insights into novel materials such as topological insulators!'2%!, 2D mate-
rials[126.1271 ' and magnetocaloric materials[28.12%1 These can be key materials for sev-
eral breakthroughs in, for example, energy harvesting and spintronics!'3%-131] among
others. All these applications and ground-breaking materials research create the need
of a reliable, fast and easy to perform measurement of the Seebeck coefficient (ther-
mopower) S, given by S = —limaT_0 ﬁ—‘%.

1Adapted from S. Ferreira-Teixeira, F. Carpinteiro, J. P. Aradjo, J. B. Sousa, A. M. Pereira, Versatile
Seebeck and electrical resistivity measurement setup for thin films, Review of Scientific Instruments, 92.4
(2021): 043904.191 S. Ferreira-Teixeira contribution to the publication: development of the measurement
procedures, and calibration and validation of the measurement setup. Responsible for the main manuscript
preparation.
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For applications in energy harvesting, the thermoelectric materials are also evalu-
ated by the figure of merit ZT, ZT = aTlk, with k the thermal conductivity and a the
power factor given by a = S?/p, with p the resistivity. Thus, the coupling of S and p
measurements is crucial. Having the power factor, the output power of thermoelectric
materials can be assessed without performing the complex measurement of the thermal
conductivity %1321, Moreover, by combining the measurements of these two transport
properties, insights into the band structure of the material can be obtained. By these
means, the study of novel exotic materials is attained by measuring these two proper-
ties, creating the demand for a simple resistivity and Seebeck coefficient measurement.

However, even though the measurement of the thermopower and of the resistivity
seem to be simple processes, obtained by applying a temperature difference or current
and measuring the generated voltage, the realisation and production of reliable results
is still difficult, especially as a function of temperature for low temperatures[32-138] Two
Seebeck coefficient measurement techniques have been widely studied and explored:
the differential and the integral method['3%. In the differential method, several small
temperature differences (ATs) are applied to the sample and the corresponding thermo-
electric voltage is obtained. Usually, this method is employed in a steady-state, where
each voltage measurement is only performed after a AT stabilisation, which is time con-
suming for measurements as a function of temperature['4%.141 These measurements
can also be performed in a quasi-steady state, without waiting for AT to stabilise. In the
integral method, one end of the sample is kept at a fixed temperature and the opposite
end temperature is varied continuously, with the Seebeck coefficient being calculated
from the generated voltage['42].

Most measurements of the Seebeck coefficient and resistivity of a thin film are also
achieved by drawing contacts on top of the thin film. This can be achieved either manu-
ally[143.144] or by using complex processes, such as lithography![45-148] and wire bond-
ing[135:137.149-151] ' By drawing manually, several issues can arise. The size of the con-
tacts is one of the biggest issues for measurements of metallic thin films’ resistivities.
The use of lithography solves this issue and allows the creation of differential thermo-
couples and local heaters for a Seebeck coefficient measurement. On the other hand,
lithography can also be too time consuming and expensive. Thus, the measurement of
these transport properties in thin films is still a challenge.

3.2 Principle and Setup

3.2.1 Measurement apparatus

The measurement apparatus is represented in Figure 3.1.(a). A closed cycle cryostat
(APD Cryogenics Inc. system, HC-4 MK1 compressor) with operating temperatures be-
tween 10 and 300 K is used. The measurement setup described in the next subsection
could also be used in other cryostats and/or ovens with operating temperatures between
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5 K and 473.15 K. The sample chamber is evacuated prior to any measurements to a
pressure of 9 x107% mbar using an oil diffusion pump backed up by a rotary mechanical
pump. At the end of the second stage copper cold head, the homemade sample holder,
which contains the measurement setup, can be mounted. Indium foil is used for better
thermal contact with the cold head. To this second stage, a Chromel/AuFe thermocou-
ple (TCA) and heater are attached and are connected to a Lakeshore 331 temperature
controller, which allows for a PID feedback control loop of the temperature of the second
stage and ultimately of the sample holder.

A primary radiation shield, polished to mirror finish both on the inner and outer sur-
faces, attaches to the second stage copper cold head. A secondary radiation shield is
mounted on the first stage of the cold head. All probe wires are twisted around the first
and second stages of the cold head and held with Teflon tape, to ensure good thermal
anchoring. This electrical feedthrough of the cryostat is connected to all the instrumen-
tation devices via a twisted air round cable.

Figure 3.1 — Setup and Sample Holder. (a) A photograph of the sample holder and the setup mounted
onto the cryostat without the radiation shields. (b) Detailed photograph of the setup. (c) Sketch of the
side view of the setup.

3.2.2 Measurement setup

A digital photograph and sketch of the measurement setup is represented in 3.1.(b),
and (c). The measurement setup is mounted on a copper sample holder. In this holder,
two copper blocks are assembled on top of GE varnish embedded shroud paper. This
guaranties a good thermal contact and at the same time electric insulation. The ATs
can be generated by Joule heating of a copper (Cu) 53 2 resistance inside the copper
blocks. Two probe wires are coupled to the blocks. One corresponds to the differential
thermocouples (Type T) of each block (TC1 and TC2), having as reference the copper
sample holder temperature. The other probes (Cu wires), one on each block, measure
the voltage generated across the sample and feed the current for resistivity measure-
ments. The sample is placed on top of the two blocks, which hold an empty space of 2.5
x 0.5 cm, corresponding to the maximum size of a sample to be measured. Two cop-
per bars held together by two screws each are also attached to hold the sample to the
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blocks and to ensure the electrical pressured contact of the sample with the probes. A
Chromel/AuFe thermocouple (TCB), having 0 °C as reference, is inserted into the sam-
ple holder after its installation in the second stage cold head. It measures the sample
holder temperature, which is the blocks and sample temperature if no ATs are applied,
due to the ensured good thermal contacts.

The voltage across the sample and the differential thermocouple voltage of one block
(TC2) is measured by a Keithley 2182 Nanovoltmeter, using Channel 1 and 2, respec-
tively. The differential thermocouple voltage of the other block (TC1) is measured by a
Keithley 182 Nanovoltmeter. The thermocouple voltage of the sample holder (TCB) is
measured by an Agilent 3458A 874 Digit Multimeter. The current for generating a tem-
perature difference and for the resistivity measurements is applied using a Time Elec-
tronics Current Source 9818. Using an IEEE 488.2 GPIB communication bus, all the
instruments interface with a computer, where custom developed NI LabVIEW programs
automate the procedures and collect the measurements results.

3.3 Measurement Procedure

The setup described in the previous section allows for the measurement of both the
Seebeck coefficient and Electrical Resistivity as a function of temperature in the range
[10 — 300] K.

3.3.1 Seebeck coefficient measurement

The Seebeck coefficient is measured in a two-probe arrangement, with the versatility of
measuring in a dynamic or a steady and/or quasi-steady differential method.

3.3.1.1 Dynamic measurement

For a faster and reliable Seebeck coefficient measurement, the dynamic method can
be used, except in the case of materials with phase transitions. In this method, the
temperature of the sample holder is varied at a constant rate of 0.5 K/min, with each
thermal cycle lasting 20 hours, and it is monitored by the TCA and TCB thermocouples.
A constant current is applied to the heating resistance of Block 1 to establishthe AT. The
temperature of Block 1, which is the temperature of one side of the sample, is measured
by the thermocouple TC1. In these conditions, the temperature of Block 2 is kept equal
to the temperature of the sample holder (TC2 = TCB) and varied at the same rate.
By applying a current, the temperature of Block 1 will always remain higher than TCB.
AT (equal to the difference between TC1 and TC2) does not remain constant during
the measurement, due to the temperature dependence of the thermal conductivity of
copper and of the sample. In Figure 3.2, the variation of AT as a function of the sample
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holder temperature is presented as an example for an applied current of 0.1 A and for
a measurement performed with a Specular Spin Valve (SV)["%2].

The voltage across the sample and the thermocouple voltages (TC1, TC2, TCA,
TCB) are instantaneously acquired at intervals of 2 s. The Seebeck coefficient is in-
stantly calculated to be the measured voltage divided by the instant temperature differ-
ence.

4.1 . . . . .
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3.7 1 .
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3.3 .
3.2 3
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Figure 3.2 — The applied temperature difference AT to a specular spin valve (SV) as a function of the
sample holder temperature T. The inset shows the generation of AT by applying a constant current
(0.1 A) to the resistance inside Block 1, changing its temperature TC1 to T+ AT. The temperature of
the Block 2, TC2, is kept equal to T.

3.3.1.2 Quasi-steady differential measurements

Using this setup, quasi-steady differential measurements of the Seebeck coefficient can
also be performed. In this method, the sample holder is kept at a constant temperature.
Currents are applied to the heater resistance inside the copper block, increasing the
temperature of that block while keeping the other block at the same temperature of the
sample holder. The voltages and temperatures are simultaneously acquired while the
applied current varies. In Figure 3.3.(a) the temperature difference and the generated
voltage are represented as a function of time during a quasi-steady measurement of the
SV. Figure 3.3.(b) presents the voltage across the SV as a function of AT at different
temperatures. The Seebeck coefficient is calculated from the slope of the linear depen-
dency of the voltage on the temperature difference, being also represented in Figure
3.3.(b).

3.3.2 Resistivity measurement

The resistivity is measured in a two-probe method. The current is fed through the two
probes, with a probe in each Block of Figure 3.1. The generated voltage is measured at
the terminals of the probes. If a 4-probe measurement is necessary, an extension can be
achieved by wire bonding two additional contacts into the sample. For measurements
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Figure 3.3 — Seebeck coefficient measurements by the quasi-steady differential method. (a) Temper-
ature difference and the generated thermoelectric voltage as a function of time. The voltage change
due to a variation of the temperature difference is clearly visible. (b) The Voltage across the sample
as a function of the applied temperature difference. The expected linear relationship is observed.

as a function of temperature, a constant current is applied. The current value is decided
by considering that the generated power should not be higher than 500 mW and the
resistance of the sample. The temperature is varied, either increasingly or decreasingly,
at a rate of 0.5 K/min. The value of the voltage and temperature of the sample holder
are acquired instantaneously every 2 s, corresponding to roughly acquiring values every
20 mK.

To verify the response of the system, different currents were applied to the SV sam-
ple, obtaining the corresponding |-V curves. The measured voltage and the applied
current as a function of time are represented in Figure 3.4.(a), showing the linear re-
sponse of the system, in accordance with Ohm-law. These are represented in Figure
3.4.(b) for different temperatures.
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Figure 3.4 — |-V curve resistance measurements. (a) Applied current and measured voltage as a
function of time. The voltage change due to a variation of the current is visible. (b) The |-V curve of a
specular spin valve, namely the voltage across the sample as a function of the applied current . The
expected linear relationship characteristic of an ohmic behaviour is observed.



FCUP
3.4 Validation of the measurement setup and method

3.4 Validation of the measurement setup and method

In order to study the reliability and accuracy of the experimental setup, Seebeck mea-
surements were performed, using the dynamical differential method, of commercial nio-

bium foil and of a Specular Spin Valve (SV), previously measured!'52:153],

3.4.1 Commercial Niobium foil

The S(T) of the niobium foil (Alfa Aesar, 99.8 - metals basis, annealed) measured utiliz-
ing this setup is represented in Figure 3.5.(a), as well as a reference measurement of
a polycrystalline rod of niobium (> 99.99) from John Matthey, annealed at 1100°C["%4].
At high temperature (T > 150 K), there is a total overlap between the measured and
reference values. By further cooling the sample, the temperature dependence of the
Seebeck coefficient follows the same trend, decreasing in magnitude and becoming
positive until reaching a maximum of 0.7 pV/K, and then decreasing until it has nega-
tive values again. The temperatures at which these behaviours occur for the reference
sample are different from the ones obtained with this measurement setup. This can be
due to different sample characteristics, namely the purity of the niobium measured('54]
or the degree of oxidation in the samples annealed at different temperatures.
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Figure 3.5 — Measurements of the commercial niobium foil and contact resistance of the setup. (a)
Seebeck coefficient as a function of temperature of the commercial niobium foil obtained using the
above described setup and compared with reference!%4l. (b) Contact resistance of the described
setup obtained by measuring the resistance of the niobium foil. The inset shows the resistivity of the
niobium foil measured with a four-probe method as a function of temperature. The contact resistance
was calculated using this measured resistivity.

To characterise the contact resistance of the setup, the niobium foil resistance was
measured using the setup and a four-probe arrangement as a function of temperature.
From the four-probe measurement, the resistivity pyp of the niobium foil was obtained,
and itis shown in the inset of Figure 3.5.(b). The obtained values are in accordance with
the expected commercial values. Having obtained the resistivity of the niobium foil, the
contact resistance was calculated following equation 3.1, where Ryp@setyp COrresponds
to the resistance of the Niobium foil measured using the setup, Ry is the resistance of
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the niobium foil, / is the length between the two contacts of the setup (1.5 cm), and w
and t are the width and thickness of the niobium foil. The obtained contact resistance is
thus represented in Figure 3.5.(b) as a function of temperature. A characteristic metallic
behaviour is observed, where the resistance decreases with cooling, being 4.04848 () at
room temperature. This value and the obtained behaviour are in accordance with what
is expected for a two-probe method using this type of contacts, namely the resistance
of the two copper blocks.

/

Recontacts = RNb@setup —Rnp = RNb@setup —PNb

— (3.1)

3.4.2 Specular Spin Valve

The measured S(T) of the Specular Spin Valve is presented in Figure 3.6.(a), normalised
to its value at 300 K. A comparison is performed with previous reported results!'%2,
Both measurements have the same temperature dependence and the Seebeck coeffi-
cient values are in accordance with each other, showing that the described setup can
be used to obtain precisely the Seebeck coefficient as a function of temperature. The
temperature dependence of the resistivity was also obtained using this apparatus. It
is represented as a function of temperature in Figure 3.6.(b), normalised to its value at
300 K. Previously reported results are also presented in this figure['®3]. Like the See-
beck coefficient, both curves have the same temperature dependence characteristic of
metals, with an increase of the resistance with heating, and the values of resistance
measured by the setup within a 3% error of the reference values.
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Figure 3.6 — Measurements of the Specular Spin Valve. (a) Seebeck coefficient normalised by its
value at Sy = S(300 K) as a function of temperature of the Specular spin valve obtained using the
above described setup and compared with reference 1471, which was measured using manual made
electric contacts and a differential method. (b) Resistivity normalised by its value at pg = p(300 K) as
a function of temperature of the Specular spin valve obtained using the above described setup and
compared with reference (48], which was measured using a standard 4 linear probe method.
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3.5 Conclusion

In this chapter, a setup developed for measurements of the Seebeck coefficient and Re-
sistivity of thin films as a function of temperature between 10 and 300 K was presented.
The apparatus and measurement setup were fully described, as well as the different pro-
cedures employed to perform the measurements. The Seebeck coefficient is measured
using a two-probe arrangement and either a dynamic or steady/quasi-steady differential
method, where resistive heaters create the temperature differences. A full measurement
between 10 K and 300 K of the Seebeck coefficient is achieved in 10 hours. The Re-
sistivity is obtained using a two-probe arrangement, with a contact resistance between
roughly 2 and 4 Q. The results obtained of commercial (niobium foil) and previously
measured material (Specular Spin Valve) have a great agreement (within 3%) with ref-
erences measured using a more complex and time-consuming measurement technique
and setup.






CHAPTER 4

Electronic conduction channels of
topological insulator sputtered Sb,yTe;
thin films

This chapter ' focuses on the study of the transport properties of sputtered Sb,Tes Tl thin
films. Sb,Tes belongs to the Bi>Ses family of semiconductors, which was discovered
to host the TSS in 200921, It has not been as extensively explored due to its smaller
band gap when compared to other members of the Bi,Se; family and distorted Tl surface
state['%%]. As such, unravelling the contributions to conduction remain challenging in this
material. By combining magnetoconductance and the Seebeck coefficient, we verify
that the conductance channel dominance and carrier type can be controlled by thin film
thickness in these nanocrystalline films. Moreover, we show that the Tl state survives
in all films robustly and independently of film thickness.

4.1 Introduction

Spinorbitronics has emerged in recent years as one of the developments that has the
potential to bring widespread uptake of spintronics, for logic and memory[20.156.157]
Spinobitronics is based on the spin to charge inter-conversion, exploiting the high spin-
orbit coupling (SOC) of certain non-magnetic materials, such as heavy metals, like Pt,
W and Tal#+1%8.159]  and, more recently, 2D Van der Waals structures, for example
Graphene/WS,. A new class of quantum materials, topological insulators (TIs) exhibit
a metallic topological surface state (TSS), hosting spin-momentum locking“¢!. By com-
bining the TSS properties with their high SOC, outstanding performances in spin to
charge inter-conversion have been achieved[®467],

The promise offered by Tls for spintronics applications, nonetheless, faces outstand-
ing challenges. The electrical conduction of a TlI material presents several parallel chan-

1Adapted from S. FerreiraTeixeira, A. Vanstone, A. L. Pires, W. R. Branford, J. P. Aradjo, L. F. Cohen
and A. M. Pereira, Electronic conduction channels engineered in topological insulator sputtered Sbo, Tes
thin films as a function of thickness, in preparation. S. Ferreira-Teixeira contribution to the publication:
fabrication of the samples, structural and morphological analysis, measurement of the resistivity, Seebeck
Coefficient, Hall effect and magnetoconductance and data analysis. Responsible for the main manuscript
preparation.
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nels, including bulk conduction, surface effects, and the TSS. These are hard to disen-
tangle, making it difficult to properly take advantage of the TSS and/or bulk properties.
Manipulation of the surface states and control of the dominant conduction channel have
been achieved in BiyTe3 "% and BiSbTez!'®! using gating. Alternatively, positioning
the Fermi level between the bulk conduction and valence bands, in the band gap, has
been achieved by controlling the stoichiometry of a Tl thin film during MBE growth[72].
Nevertheless, alternative methods to control the conduction channel dominance that
neither require external gate control nor highly sophisticated growth methods requiring
ultra-high vacuum technology would be desirable for scalable application.

In this chapter, Sb,Tes thin films with thicknesses ranging from 35 to 300 nm were
fabricated using ion beam sputtering deposition on glass substrates. Their morphology
and structure was inspected using the different microscopy and x-ray techniques, and
Raman spectroscopy. The conduction was investigated by measuring the resistivity and
Seebeck coefficient of the thin film as a function of temperature. Insights into the elec-
tronic and spintronic transport were obtained through magnetotransport measurements
at low temperatures, with conduction coming from the TSS being observed.

4.2 Morphology and structure of the sputtered films

4.2.1 Structural characterisation

Figure 4.1 shows the obtained SEM image of the 100 nm Sb,Te; thin film. There is
good surface coverage and the thin film is uniform at this magnification. Small defects
are observed which correspond to the amorphous glass substrate. The inset shows the
EDS spectrum, where elements corresponding to the fused silica glass are visible, as
well as the Sb and Te elements. The chemical stoichiometry of these elements was
calculated to be near the 2:3, which is the nominal composition of Sb,Tes. Thus, during
the sputtering process the chemical stoichiometry of the target is preserved. This shows
that IBS is able to deposit uniform thin films with the intended stoichiometry over a large
area, which is crucial for several device applications.

Figure 4.1 — SEM top image of the 100 nm Sb,Tej thin film , with the EDS spectrum of the same film
as an inset.
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The diffraction pattern from XRD analysis is presented in Figure 4.2. Two reflections
are observed at 24.7° and 51.7° in all thin films, which can be indexed by the planes (1
02) and (2 0 5), respectively!'%2l. These correspond to the Sb,Te; phase, with a rhom-
bohedral crystal geometry (R-3m). This shows that the thin films are polycrystalline.
The observed broadness of the peaks indicates that the thin films are constituted by
small size nanocrystallites (of the order of 10 - 20 nm, from Scherrer analysis). More-
over, there is a broad reflection centred at 26°, which is due to the amorphous glass
substrate.

Figure 4.2 — XRD patern of the Sb,Tej thin films with the identified peaks as solid lines.

The Raman spectrum is represented in Figure 4.3 for the films with thicknesses be-
tween 35 and 200 nm. There are two optical phonon modes of Sb,Te; active in the
range of 100 and 180 cm™". These are the EZ and Afg modes, at approximately 120
and 165 cm™, respectively['®3]. These two modes can be identified in all the thin films,
which corroborates the crystalline structure obtained from XRD and the 2:3 stoichiom-
etry. However, all samples also exhibit a new peak at approximately 140 cm™". This
peak has been previously attributed to a Raman active mode of Tel'63.164 having been
explained by the existence of segregated particles of Te within a polycrystalline Sb,Tes
matrix. In these sputtered films, these particles would be small, since no peaks corre-
sponding to Te are observed in the XRD patterns. The broadness of this Te-Te mode
also overlaps with the Aﬁg mode, turning the later into a more broad hump, as it was
observed in previously semiconducting Sb,Te; thin films['63l. However, it is noted that
the overall peaks are broad, which would signify that there is the presence of defects
or amorphisation, which corroborates with the XRD results. These defects could be the
aforementioned Te particles and their agglomeration and/or the nanocrystallite grains
also expected from the XRD analysis.

High resolution TEM (HRTEM) was also employed to provide insights into the atomic
structure. Two samples were analysed by HRTEM, namely the 100 and 35 nm films, with
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Figure 4.3 — Raman spectra of the SbyTejs thin films. The Sb,Teg Raman active Eg and A%g modes
are identified as solid lines, and the Te-Te mode as a dashed line.

the bright field images taken in-plane view shown on Figure 4.4.(a) and (b), respectively.
Both films show crystalline nanometer sized grains. The films are also revealed to be
constituted by two layers, namely a top layer with lighter contrast, of approximate 10
nm thickness in both thin films, and the bottom bulk of the film. The bulk displays large
grains that grow along the height of the thin films, with grain thicknesses of up to 80 nm
(in the 100 nm thin film) and sizes of 10 — 20 nm, which are in accordance with the XRD
Scherrer analysis (10 — 20 nm).

Inverted Fast Fourier Transform (FFT) was performed of the red squared areas of
Figure 4.4.(a) and (b). It is depicted as insets of these images and confirms that these
grains are crystalline for both thin films. The interatomic distances were calculated to
be approximately 3.6 and 1.5 A, which also correspond to the (1 0 2) and (2 0 5) peaks
identified from XRD, respectively. From FFT, it was also possible to verify that these
grains, even though they are crystalline, grew along the film thickness but at slightly
different small angles. In Figure 4.4.(c), the grains of the region shown in Figure 4.4.(a)
of the 100 nm thin film are marked with different colours in accordance with their orien-
tation, with the FFT marked with corresponding-coloured arrows in the inset of Figure
4.4 .(a). The space between these grains appears to, however, be amorphous. Itis thus
displayed that the films are constituted by nanocrystallites of different orientations within
an amorphous matrix. Moreover, these grains are also visible within the lighter top layer
previously identified, showing that it also has a degree of crystallinity. Despite this, the
concentration of these crystallites is smaller within this region.

Elemental maps from EDS analysis were also obtained for the 35 nm thin film. Figure
4.4.(d) depicts one of these maps, showing the distribution of the Sb and Te elements.
In Figure 4.5, the normalised quantity of these elements and the Si from the substrate
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Figure 4.4 — HRTEM analysis of the nanostructure of the Sb,Tej thin films. (a) and (b) HRTEM cross
section images of the 100 and 35 nm thin films, respectively. Both have as an inset the FFT analysis
of the red squared area with the corresponding identified interatomic distances, which match with the
two peaks identified in the XRD. (a) has a zoomed-out image of the 100 nm film as an inset, where
a more amorphous surface layer is observed. (b) also shows the size of one of the grains as well as
the measured thickness of the surface layer. The nanocrystalline grains of the 100 nm thin film area
shown in (a) are highlighted in colour in (c), with the colours corresponding to slightly different growth
orientations, also marked as arrows in the FFT analysis in (a). (d) shows an elemental map of Sb and
Te of the 35 nm obtained by EDS. A region richer in Sb is noticed at the bottom of the film.

Figure 4.5 — Quantity of Sb, Te and Si obtained through the EDS line scan of the 35 nm thin film
shown in the inset. The Si corresponds to the glass substrate. There is a higher concentration of Sb
at the bottom of the film in contact with substrate. A region with a higher concentration of Te is also
visible, corresponding to the a lighter area region shown in the inset.
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is shown along a line scan of the same film. These results demonstrate that there
is an accumulation of Sb at the bottom of the film, in contact with the substrate, and
that the remainder of the film has a roughly uniform distribution of these elements, with
small regions richer in Te. Since the overall EDS results show the presence of these
two elements in the 2:3 stoichiometry, this distribution within the film can be explained
considering the deposition technique. During the sputtering process, due to the higher
vapour pressure of Te comparing with Sb, there is diffusion of the Te deposited on the
first film layers through the rest of the film due to the impact of the highly energetic
material, leaving the bottom layers depleted of Te, as it is seen in Figure 4.5.(d). This
extra Te is thus dispersed in the rest of the film during the deposition, which explains
the identified Te-Te vibration mode in the Raman spectra.

4.2.2 Morphological characterisation

The morphology of the sputtered thin films was also analysed, since for a wide range of
applications, especially microelectronics, these materials need to be fabricated within
several nanostructures, such as thin film stacks, and thus good uniformity and thickness
control are of the utmost importance.

An analysis of the uniformity of the the 100 nm thin film was carried out by AFM.
The AFM image shown in Figure 4.6.(a) confirms the uniformity of the thin film as it was
noted in the SEM image. The root-mean-square (r.m.s.) roughness was calculated to
be of ~0.8 nm over a 2 x 2 um scanned region. A glass substrate was also analysed,
having yelded a r.m.s. roughness of 1 nm over the same size region. The thickness was
also inspected by cross-section SEM image of the 100 nm thin film, which is presented
in Figure 4.6.(a). The thickness was calculated, revealing a value of 100 £ 5 nm, which
is the intended value.

Figure 4.6 — (a) AFM and (b) SEM cross section images of the Sb, Tez 100 nm thin film. The calculated
thickness from SEM is shown.

XRR was employed to calculate the thickness of the different samples. The results
are shown in Figure 4.7, for the 35 to 100 nm thin films. The Fresnel reflectivity decrease
is seen as well as the Kiessig fringes, which demonstrates the thickness uniformity of
the thin films, corroborating the SEM and AFM results. The periodicity of the fringes
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is reduced with the increase in thickness of the films, with the inset on Figure 4.7.(d)
showing a zoom into the smaller fringes of the 100 nm film. The angles of the fringes
were measured, and the thicknesses were calculated following equation 2.3., with the
insets of each panel of Figure 4.7 showing this linear analysis. From the linear fits, the
thickness were calculated to be 35.1 + 0.2 nm, 51.8 £ 0.4 nm, 66.6 + 0.6 nm, and 98.3
+ 0.2 nm. These thicknesses are in accordance with the expected deposited values,
and the 100 nm thin film calculation is in accordance with the SEM cross-section value.
Thus, uniform thin films of Sb,Tes can be sputtered over a large area with precise control
of their thickness.

Figure 4.7 — XRR patterns of the Sb, Tej thin films: (a) ST(35), (b) ST(50), (c) ST(66) and (d) ST(100).
The insets show the linear analysis of the fringes’ order to equation 2.3, used to calculate the thick-
nesses, which are also shown. (d) also has as an inset a zoom into the Kiessig fringes.

4.3 Electronic transport properties

The resistivity p as a function of temperature is represented in Figure 4.8.(a), displaying
a semiconductor-like behaviour. The resistivity p increases with cooling for all thin film
thicknesses, being between 0.072 and 2.03 {2cm at 300 K and between 2.39 and 183.49
Qc at 15 K.
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Figure 4.8 — (a) Resistivity as a function of temperature of the Sb,Tes thin films. (b) Conductivity of
the 300, 100 and 35 nm thin films, with the fits to equation 4.1 as solid lines.

Another useful transport property to disentangle the different conduction contribu-
tions in topological insulators, especially in the absence of magnetic fields, is the See-
beck coefficient (S)[58:%9] which was measured as a function of temperature and is dis-
played in Figure 4.9.(a). S is positive for all the thin films at room temperature, with val-
ues ranging from 38 uV/K to 125 uV/K, similar to previously reported values for Sb,Tes
thin films!'48l and as expected for undoped Sb,Te;. As the temperature decreases, S
starts to decrease in the thinner films, eventually changing sign. S reaches very high
absolute values at the lowest temperatures for the thinnest films. From these results,
the temperature at which the change from positive to negative S occurs (T,,) can be
identified. Tp, decreases with the increase in film thickness, being close to room tem-
perature, 264 K, for the 35 nm thin film, and 80 K for the 100 nm thin film. For the 200
nm thin film, S is always positive within the range of temperatures studied, as it is found
in the bulk['63],

Figure 4.9.(b) shows the absolute values of S as a function of the temperature nor-
malised to the Tp, of each thin film. The behaviour of |S| with the normalised temperature
is approximately the same for the different thin films. This indicates that the transport
properties characteristics are common to all flms. They have a combination of n-type
and p-type conduction, with a thickness controlled T,, value. Thus, by changing the
thickness of these sputtered thin films, it is possible to change the type of dominant
conduction, from p-type to n-type. This is explained by considering the structure of the
thin films revealed by HRTEM. The surface layer has a roughly constant thickness for
the different films, being independent of the thickness of the whole film. Moreover, the
bulk layer is richer in Sb than the rest of the film. Thus, the different films have the same
conduction mechanisms coming from both their bulk and surface layer, with a contribu-
tion that depends on the ratio between the n-type surface layer versus the p-type bulk.
Thus, by changing the thickness of these sputtered thin films, we can control the input
into the overall conduction coming from the surface layer versus the bulk, and, as such,



FCUP
4.3 Electronic transport properties

the overall type of dominant conduction at a certain temperature, either p-type or n-type,
due to the manipulations of the Tp, value.

Figure 4.9 — (a) The Seebeck coefficient as a function of temperature of the Sb,Tes thin films, with
a zoom into the positive coefficient temperature ranges as an inset. (b) The absolute value of the
Seebeck coefficient as a function of the temperature normalised to Tpp.

Inspecting these two coefficients, the trend of the conduction with thickness and
as a function of temperature of these sputtered thin films, although semiconductor-like,
is complex and could not be described with a simple activation energy semiconductor
law. Moreover, it cannot be described by other used models, such as variable range
hopping!'®®l. A change in the majority charge carrier is also seen on the Seebeck co-
efficient, reinforcing the degree of complexity of the electrical transport. Two-layer con-
duction models have been employed to explain qualitatively other topological insula-
tors[%9.166.167] ~ As such, considering the structure of the thin film in two layers, a two-
channel model of semiconductor conductivity was employed to fit the data: a surface
term, which corresponds to a n-type semiconductor, and a bulk term being a p-type
semiconductor, both conducting in parallel. This difference in the type of conduction
can be explained by considering the concentration of Sb at the bottom of the film, which
would act as an acceptor. Equation 4.1 can be used to fit the data, where AEg and AEg
are the surface and bulk activation energies, respectively, as and ag are the exponents,
which are close to 1.5 and arise from the effective density of states function for an intrin-
sic semiconductor, and Ag an Ag, constants. All the conductivities curves were fitted to
this equation and in Figure 4.8.(b), the fits to the 35, 100 and 300 nm thin films can be
found. Figure 4.10.(a) depicts the model used, where the thin film can be divided into
three sections that conduct in parallel: a bulk section, with the Fermi level closer to the
bulk valence bands (BVB) of Sb,Tes, a surface section which has the Fermi level much
closer to the bulk conduction band (BCB) and the expected TSS of SbyTez. Thus, by
increasing the thickness of the thin films, there is more contribution from the bulk and
thus the conduction is dominated by the p-type state, which has a Fermi level closer to
the BVB. In equation 4.1 no contributions from the TSS were added, since at this range
of temperatures, no contributions consistent with a TSS could be observed.
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AE AE,
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In Figure 4.10.(b), the conductivity and Seebeck coefficient analysis are combined,
with the temperature T, being plotted as a function of the surface activation energy
AEgs. A correlation between these two parameters is observed, with the T, decreasing
with an increase in AEs. For the 35 nm thin film, which shows the highest T,, the
surface activation energy is 48 + 6 meV, increasing to 147 + 3 for the 100 meV, with a
Tpn equal to 80 K. This indicates that by reducing the thickness of the thin film, the energy
required to activate the surface conduction is lowered and thus the n-type conduction
is more dominant within the studied temperature range, which is in accordance with the
two-layer structure of the films.

Figure 4.10 — The electronic conduction of the Sb,Tes thin films. (a) Schematic representation of the
surface and bulk conduction model used, with the three resistances conducting in parallel, and where
the surface has n-type conduction, and the bulk has p-type conduction, with the type of conduction
becoming more p-type with an increase in thickness. (b) The temperature at which the Seebeck
Coefficient changes from positive to negative values, Tpp, as a function of the surface activation
energy AEg obtained from the conductivity fits to equation 4.1.

These results demonstrate that the interplay between the different types of conduc-
tion can be controlled by changing the thickness of the sputtered thin films without having
to resource to gate voltages or doping, having achieved a p-type thin film at all the stud-
ied temperatures (200 nm) or a n-type thin film at almost room temperature. Moreover,
the resistivity values are high when compared to similar Tls, even at high temperatures,
which are needed for applications such as the proposed MESO device!8l.

4.4 Magnetotransport

Magnetotransport measurements were carried out to further investigate the electronic
and also spintronics transport properties of the Sb,Tej thin films.
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4.4.1 Hall effect

The Hall coefficient of the ST(100) sample measured at 1 T as a function of temperature
is presented in Figure 4.11. It remains constant and positive from 300 K until approx-
imately 100 K, when it starts to decrease, and then becoming negative at 30 K. Two
regimes can then be identified. For temperatures higher than 100 K, the thin film be-
haves as p-type doped semiconductor with a constant acceptor sheet density of 2.15 x
10"% cm=2. For temperatures lower than 100 K, the hole density starts to decrease, and
the majority carriers are electrons. Below 30 K, the Hall coefficient is purely negative
and increases in magnitude, as the temperature is lowered. This behaviour is consistent
with the Seebeck coefficient shown in Figure 4.9. The change in sign of the Hall coef-
ficient in this type of materials has previously been explained by a parallel conduction
model of a VHR-Mott bulk insulator component and a metallicl'®®l. It has also been ob-
served in (BixSb1_y2Tes (BST) and (BixSb1_x2(TexSe1_x3 (BSTS) and attributed 671681
to the ageing of the sample when exposed to atmosphere which causes the surface to
be doped with electrons. This is consistent with our model proposed in the previous
section, schematically represented in Figure 4.10.(a).

Figure 4.11 — Hall resistivity of Sb,Tez 100 nm thin film as a function of temperature. A zoom into the
higher temperature positive resistance is shown.

4.4.2 Magnetoconductance

Figure 4.12.(a) shows the magnetoconductance (AG%(TB)) = % - ) as a function of ap-

plied perpendicular magnetic field of the 100 nm thin film. All measured temperatures
have a similar behaviour. At low magnetic fields, AG is negative, showing Weak An-
tilocalisation (WAL) effect cusps, and decreases until a certain applied field. For higher
fields, AG starts to increase and, for temperatures in the range [2 — 5] K, becomes
positive.
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Figure 4.12 — Magnetoconductance of the Sb,Tes thin films as a function of the out of plane applied
magnetic field for temperature in the range of 1.8 and 10 K: (a) ST(100), (b) ST(300) and (c) ST(35).
The fits to equation 4.2 are shown as solid lines. (d) Magnetoconductance at 6 K, for the 35, 100 and
300 nm films studied, with the corresponding magnetoconductance fits as solid lines.
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In materials with high SOC, the magnetoconductance AG can be described by
the Hikami-Larkin-Nagaoka (HLN) model, describing the WAL effect, combined with
a quadratic background term due to scattering[®!l, which are presented in equation 4.2:

2
e 1 A1 A 1
AG(B) = —a— —+———|=-In|——=
GB)=~ach ["’ (2 del? B) " (4eL§5 B)
w is the digamma function and Ly is the phase coherence length, which charac-
terises the mesoscopic electron interference, with e the electron charge, h the Planck

+ BB? (4.2)

constant and h the reduced Planck constant. The constant a describes the number
of coherent conduction channels present and it is 0.5 when a single 2D surface state
exists on a thin film (symplectic case) or 1 for a thin film with top and bottom 2D sur-
face states (orthogonal case)['®®l. a becomes 0 if the coherent conduction channels
are non-existing (unitary case). g is the quadratic term coefficient that can be due to
scattering and have a classical and quantum contribution[©®1].

The experimental data was fitted to this model, and the obtained fits are represented
as full lines in Figure 4.12.(a) for ST(100), (b) for ST(300) and (c) for ST(35) for all
the studied temperatures. Figure 4.12.(d) shows the magnetoconductance of the 35,
100 and 300 nm thin films at 6 K, with the corresponding fits as solid lines. The three
different thicknesses thin films have a similar behaviour, with the WAL cusp evident at
low magnetic fields and the quadratic component being dominant at higher magnetic
fields. The 100 nm and 35 nm thin films have similar WAL cusp magnitudes, whereas
the 300 nm thin film has a smaller WAL cusp.

The magnetoconductance parameters, a, Ls and g were obtained from the fits. The
temperature dependence of the a parameter is shown in Figure 4.13.(a). At the lowest
temperature, values close to 0.5 are obtained for the 35 and 100 nm thin films indicative
of the existence of a 2D surface state conduction channel coupled to bulk conduction,
where the electrons scatter off the surface channel into the bulk, creating an effective
conduction channel, corresponding to a symplectic case following time-reversal symme-
try[61.169 The o parameter decays exponentially for the 100 nm thin film as the film is
warmed, whereas the 35 nm thin film a value remain roughly constant. This situation is
also similar to the temperature dependence of the electrical resistivity and Seebeck co-
efficient. Here, parallel conduction between a bulk channel and a surface channel takes
place, as illustrated schematically in Figure 4.10. These measurements combined sug-
gest a scenario whereby in these polycrystalline Sb,Tes thin films, three different types
of conduction are present: a 2D surface state, a n-type surface conduction and a p-type
bulk conduction channel. The a values are also consistent with previous descriptions
of Sb,Tes thin films, with values of 0.6 and 0.01 being obtained and its temperature
dependences being influenced by transport disorder caused by the granular nature of
the thin films!'7%:1711. For the 300 nm thin film, the behaviour is different. The a values
are small, indicating that the coherent conduction of the 2D state on the surface is over-
shadowed by the bulk and surface semiconductor conduction. However, above 5 K,
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an exponential decay also starts to appear, similar to the behaviour of the 100 nm thin
film. This demonstrates that the coupling of the surface and bulk conductions is more
prominent in the thicker films, with the bulk overpowering the conduction.

Figure 4.13 — Magnetoconductance WAL parameters of the Sb, Tes thin films. (a) o parameter, which
describes the number of coherent conduction channels on the thin films surface, as a function of
temperature for the 35, 100 and 300 nm thin films. (b) Phase coherence length L of the three studied
thin films as a function of temperature, with the power law describing the temperature dependence as
a dashed line.

Concerning the coherence length Ly, represented in Figure 4.13.(b), values between
62 and 90 nm are obtained around 2 K for all the films. With heating, the coherence
length decreases to values between 25 nm to 35 nm, following a temperature power
law of T-07. The coherence length presents the same behaviour for the three differ-
ent thickness thin films, which shows that this is independent of the thin film thickness,
as expected for the WAL effect due to a TSS. On the other hand, the obtained values
are smaller than previously reported, with values of 400 nm presented for a MBE fab-
ricated 21 nm thick thin film, for example!'72. However, recently, it has been verified
that nanocrystallinity reduces the coherence length, with values between 20 and 80 nm
being reported for granular('’l and nanocrystalline films!'7% at temperatures close to
2 K, consistent with our obtained values. Moreover, the obtained power law is similar
to previously reported behaviours for Sb,Tes thin films and similar Tls!57:168.170.172] gnq
it is consistent with an expected predominant electron-electron scattering in 2D weakly
disordered systems as it is the case for the expected 2D Tl surface state. The TSS
is thus coupled to the p-type bulk and n-type surface conduction channels. The WAL
cusps coming from the TSS are observed at these low temperatures due to the freezing
of the other mechanisms, thus dominating the conduction.

Figure 4.14.(a) shows the quadratic parameter 8 as a percentage for all the studied
thin films, as a function of temperature. All the thin films follow a similar temperature
dependence, namely an exponential decay with heating, with values around 1 %/T?
around 2 K and 0.003 % /T2 at 10 K. Moreover, the values are similar for the different
thin films, which demonstrate that the effect is independent of the thickness and of the
same nature for all the studied thin films.
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Figure 4.14 — Magnetoconductance parameters a) quadratic component g8 as a function of tempera-
ture for the 35, 100 and 300 nm thin films. b) Spin-orbit relaxation length Lgq of the three studied thin
films as a function of temperature, with the power law describing the temperature dependence as a
dashed line. If the material has a high spin orbit coupling (SOC), the spin-orbit relaxation length is a
good approximation of the spin diffusion length Agp.

The nature of this quadratic component, as previously mentioned, can be due to
scattering, with 8 having a classical and quantum contribution!®'l. It can thus be given
by equation 4.3. The classical cyclotronic contribution depends on the Hall mobility py
and on the conductance at zero magnetic field G(0). The quantum part, originating from
spin-orbit and elastic scattering, depends on the magnetic fields Bso and Be, which are

given by Bsp = where Lgo is the spin-orbit relaxation length, and by Be =

h h
o1, o2’
where L, is the electron mean free path, being approximately 10 nm for the Sb,Tes
family of semiconductors[®'l.
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(4.3)

From this equation, it is thus possible to calculate the spin-orbit relaxation length.
This calculation was performed for only the 100 nm thin film, since the Hall mobility
could only be calculated for this sample. The results are shown in Figure 4.14.(b). Itis
27.3 + 0.1 nm at 2 K, decreasing with temperature until 7.736 = 0.004 nm at 10 K. A
temperature power law was fitted to the data, and the fit can be seen as a dashed line
in Figure 4.14.(b). It is verified that the Lgp is proportional to T-%-°7 within this range of
low temperatures, which is indicative of spin relaxation by lattice scattering via spin-orbit
coupling['”3]. This relaxation length, in materials where the predominant source of spin
scattering is the spin-orbit coupling, can be taken as a good approximation of the spin
diffusion length Agp[611741,

4.5 Conclusion

The transport properties of the Sb,Tes ion beam sputtered thin films show the presence
of the 2D Tl surface state and exotic temperature and thickness dependences that can
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be exploited. The thin film conduction can be subdivided into three types of conduc-
tion: a bulk p-type semiconductor, a surface n-type semiconductor layer and a 2D TI
surface state conduction. Usually, to control the type of conduction, gate voltages are
used, or the stoichiometry of the thin films must be controlled precisely. However, for
these sputtered thin films, the interplay between these types of conduction channels can
be controlled by film thickness, achieving a p-type thin film at all the studied tempera-
tures (200 nm) representative of the bulk or a n-type thin film where the surface layer
dominates in thin films, existing almost to room temperature (35 nm). Besides this inter-
play, the magnetoconductance shows the evidence of the 2D Tl state. The trademark
WAL cusps are visible in all thin films due to the TSS presence and dominance at lower
temperatures.

Moreover, when fabricated as a thin film, this family of materials are either epitaxial
and have very high conductivity values, which decrease with heating, or are amorphous-
like, with variable range hopping conduction and at lower temperatures the Tl surface
state conduction. In contrast, the nanocrystalline sputtered thin films studied here, show
semiconductor electrical conduction dominated by activation energies, with high resis-
tivity values even at high temperatures, and the presence of the Tl surface states. Thus,
even though the conduction of this sputtered Sb,Tej thin films is complex, the Tl surface
states are robust, paving the way for a wide range of technological applications requiring
a protected surface topological state using large area, scalable deposition methods.



CHAPTER 5

Thermo-magneto-electric properties of
sputtered ferromagnetic/topological
insulator bilayers

This chapter ! is dedicated to the analysis of ion beam sputtered FM/TI bilayers. These
nanostructures are made of permalloy (Py), which is a FM material widely used in spin-
tronics, and Sb,Tes. The structural and morphological properties of these bilayers are
analysed via x-ray diffraction and reflectometry, showing the uniformity of the film lay-
ers and the conservation of the structure of each material when fabricated as bilayers.
Through the transport properties, namely electrical resistance and Seebeck coefficient,
a conduction model explaining the shunting effect in these bilayers is proposed. This
model is further confirmed through the magnetoresistance of the bilayers, which at low
temperatures shows the magnetoresistance effects coming from the TSS of Sb,Tes.
From ferromagnetic resonance (FMR) measurements, the magnetisation dynamics of
these bilayers is compared with the Py dynamics and an increase in the Gilbert damping
is noticed, which considering the structural properties of the bilayers, can be explained
by spin pumping occurring into the Tl layer.

5.1 Introduction

Spintronics, aims to be one of the fields that answers the current technological demands,
by offering innovative devices that outperform the classical semiconductor electronics
on the scaling, power consumption and data processing speed?%l. One way the spin
and charge can be controlled is through the spin to charge interconversion (SCI), which
can be achieved by taking advantage of the strong Spin Orbit Coupling (SOC) of certain
materials. Due to this, a sub-field called Spinorbitronics has recently emerged, devoted
to the study and development of materials and devices based onthe SCI[156.157] Several

1Adapted from S. Ferreira-Teixeira, A. L. Pires, S. A. Bunyaev, W. R. Branford, J. P. Araudjo, G. N.
Kakazei, L. F. Cohen and A. M. Pereira, Insights into the thermoelectric conduction and magnetisation dy-
namics of sputtered ferromagnetic/topological insulator bilayers, in preparation. S. Ferreira-Teixeira contri-
bution to the publication: fabrication of the samples, structural and morphological analysis, measurement
of the resistivity, Seebeck Coefficient, and magnetoconductance and data analysis. Responsible for the
main manuscript preparation.
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advancements have been made, namely in the progress of data storage via non-volatile
magnetic memories['%%179 and logic devices, such as the MESO device recently pro-
posed!8l. At the basis of an SCI device is the SCI element, which in its most basic form
is a bilayer of a ferromagnetic (FM) material and a SOC material. As such, the study of
this element is key for the development of innovative devices.

Research into SOC materials is at the basis of improving the SCI element. The pro-
totypical SOC materials are the Heavy metals (HM), having been widely explored and
used, namely Pt, W and Tal*4158.15°]  However, Topological Insulators (Tls) have re-
cently gathered attention due to their unique properties(3%:1761 Being insulating in their
bulk, they host protected metallic surface states (TSS) that exhibit spin-momentum lock-
ing!'”7]. The combination of the TSS with their high SOC have led to outstanding highly
efficient SCI5467-69 based on either the Spin Hall Effect (SHE) and/or the Edelstein
Effect introduced in Chapter 1. Thus, the improvement of SCI elements constituted by
Tls is driving forward the development of novel devices.

Nonetheless, challenges still exist in the creation of FM/TI structures. Several is-
sues regarding the interface of the two materials have arisen, because they can dam-
age the flow of charge and/or spin currents. For example, the existence of magnetic
dead layers!'78179] and intermetallic alloying['®% can reduce the spin transparency of
the interface. This is harmful for the SCI, since the created or converted spin currents
are not able to flow from one layer to the other, which blocks the practical and efficient
application of SCI in the above mentioned data storage and logic devices. To prevent
this issue, the interface could be engineered, with this approach having been followed
by several groups. Bonell et. a/l'8!l introduced a spacer layer of several non magnetic
(NM) materials, such as Al, Ag and Te, and not only verified that material intermixing is
reduced but that there is a dramatic enhancement of the field-like torque created by the
Tl acting on the magnetisation of the FM layer, which can be explained by the suppres-
sion of spin memory loss. Another approach is by in situ deposition, where there is no
vacuum break between the deposition of each layer. This is achieved by using the same
fabrication system for both layers or having an interlocked system. Bi,Ses/Fe bilayers
have been fabricated using a single MBE system!'82]_ with a enhanced SOT efficiency
and large spin mixing conductance being obtained, which was attributed to a thinner
interfacial layer when compared to ex situ fabrication, enhancing the spin transparency
of the interface.

Another challenge stems from the mismatch of the electrical resistance of the FM
and Tl materials. As mentioned above, Tls are insulating or semiconducting materials,
having resistivity values orders of magnitude higher than the usual FM materials. Due to
this, shunting is expected to occur in the bilayer systems!83.1841 However, the shunting
effects in the electronic and spintronic properties of the FM/TI systems and their SCI
are not yet fully understood and described. With Tls offering great promising for SCI
applications, the complete understanding and solution of these issues is critical for the
creation of efficient devices based on Tls.
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To explore and disentangle these effects, ion beam sputtered FM/TI bilayers are
inspected in this chapter. The fabrication is performed in situ using the same IBS system
and without breaking vacuum between the deposition of each layer, which is expected
to improve the interface between the two materials. The structure and morphology of
the bilayer systems are examined. Moreover, the electronic properties were explored,
with a shunting model of the conduction being proposed, explaining how the charge
carriers flow in these nanostructures. The magnetisation dynamics was then probed at
room temperature, to analyse the flow of the generated spin current.

5.2 Morphological and Structural Properties of the FM/TI
bilayers

Figure 5.1 shows the cross-section SEM images of the bilayers. For the Py(50)/ST(50)
and Py(100)/ST(100) samples, each layer of the structures can be identified, having a
smooth interface within the measurement capabilities of SEM. The thicknesses were
obtained, being 48 + 5 and 55 + 5 nm for the Py and ST layer, respectively, for the
Py(50)/ST(50) sample. They were 91 + 5 and 95 + 5 nm for the Py and ST layer, re-
spectively, of the Py(100)/ST(100) samples. These are the nominal values within the un-
certainty. The images also show that each layer is uniform, leading to a good uniformity
of the overall bilayers. For the remaining samples, with films of different thicknesses, it
was not possible to individually identify each layer, due to the SEM limitations. In spite
of this, the total thicknesses of the bilayer structures are in agreement with the expected
values: 108.7 + 5 nm for Py(10)/ST(100), and 110.1 = 5 nm for Py(100)/ST(10). The
structures are also overall uniform.

XRR was employed to calculate the thickness and analyse the overall structure of the
bilayers. Figure 5.2 shows the XRR curves of the Py(10)/ST(100) and Py(100)/ST(10)
bilayers. The Fresnel reflectivity decrease is seen as well as the Kiessig fringes corre-
sponding to each layer, with the thicker film in each bilayer having a smaller oscillation
period. This demonstrates the good uniformity of each thin film layer and of their inter-
face, in accordance with what was observed in the SEM images for the other bilayers.
By measuring the fringe angles of the two layers, the thicknesses can be calculated fol-
lowing equation 2.3. This linear analysis is presented as the respective insets of Figure
5.2. From the linear fits, the Py and ST thicknesses were calculated to be 8.54 + 0.07
nm and 102.83 + 0.08 nm, respectively, for the Py(10)/ST(100) and 97.60 + 0.08 nm
and 11.9 + 0.2 nm for the Py(100)/ST(10).

XRR was also performed on the bilayers with layers of the same thickness, with
the results being shown in Figure 5.3. For the Py(50)/ST(50) sample, two sets of su-
perimposed fringes are detected. Being the thickness of each layer similar, the two
oscillations corresponding to each layer overlap and each fringe appears to have two
smaller fringes. These superimposed Kiessig fringes have a similar behaviour to a beat-
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Figure 5.1 — SEM cross sectional imaages of the bilayers: (a) Py(50)/ST(50), (b) Py(100)/ST(100),
(c) Py(10)/ST(100), (d) Py(100)/ST(10).

Figure 5.2 — XRR of the bilayers: (a) Py(10)/ST(100), (b) Py(100)/ST(10). The inset are the linear fit
analysis of the fringes’ order following equation 2.3, showing the respective calculated thicknesses.
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ing effect of two interfering sound waves. The detected wave is a superposition of the
x-rays reflected at the interface between the ST and Py layers and at the bottom of the
Py layer. These two reflections, corresponding to different layers, yield different intensi-
ties at different angles, according to their thickness. When interfered, they produce the
beating pattern observed. This also demonstrates the good uniformity of each layer, as
it was also seen in the SEM image. The average thickness for each layer was also cal-
culated using equation 2.3 and one of the set of fringes, with the inset of Figure 5.3.(a)
showing the analysis. The thickness of 47.1 + 0.1 nm was obtained for both sets of
fringes. These values are in accordance with the thicknesses obtained from SEM.

The XRR pattern of the Py(100)/ST(100) bilayer is depicted in Figure 5.3.(b). Only
one set of Kiessig fringes can be identified. For thicknesses higher than roughly 100
nm, it is not possible to detected any fringes. With the Sb,Tes layer having a thickness
of roughly 100 nm, it is not possible to detect the signal corresponding to the Py layer.
The analysis was thus performed to this single set, having yielded a thickness of 89.0
+ 0.2 nm. As for the previous bilayer, the thicknesses obtained from XRR and SEM are
in agreement.

Figure 5.3 — XRR of the bilayers: (a) Py(50)/ST(50), (b) Py(100)/ST(100). The inset are the linear fit
analysis of the fringes’ order following equation 2.3, showing the respective calculated thicknesses.

Figure 5.4 shows the XRD pattern of all the bilayers and the 100 nm thin films of
Sb,Tes and Py and the identified reflections as lines. The bilayers show two reflections
at 24.7° and 51.7° (solid lines). These are also seen in the pattern of ST(100) and can
be indexed by the planes (1 0 2) and (2 0 5) of the Sb,Tes phase, with a rhombohedral
crystal geometry (R-3m)['62l, This indicates that the structure of Sb, Tes in the bilayers is
identical to that of the single thin films and as such the TSS should still be present. Three
other peaks are seen in both the bilayers and the Py(100) films. These correspond to
the NiggFeog FCC phase (dashed lines), with the peak at 44° corresponding to the (1 1
1) plane, the peak at 92° to the (3 1 1) plane and the peak at 96° to the (2 2 2) plane['8],
The intensity of the peaks coming either from ST or Py depends on the thickness of each
layer, with for example the intensity of the Py peaks being smaller for the Py(50)/ST(50)
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bilayer than the Py(100)/ST(100).

Figure 5.4 — XRD patterns of the bilayer structures and of the Py and ST thin films, both with a
thickness of 100 nm. The solid lines identify the two ST observed peaks, whereas the dashed lines
are the Py peaks. The peaks marked by an asterisk correspond to sample holder peaks and the broad
peak centred at 26° is from the glass substrate.

5.3 Electronic Properties of the FM/TI bilayers

5.3.1 Resistivity and Seebeck Coefficient

The resistance as a function of temperature of the bilayers and Py thin films is shown
in Figure 5.5.(a). The resistance of all these samples increases with heating, which is
expected for the temperature dependence of the resistance of Py(['8] and as previously
measured for Py thin films ion beam sputtered on Si/SiO, substrates using the same IBS
system!'®7]_ This indicates that the conduction is dominated by the Py film of the bilayers.
Furthermore, the resistance of the Py(10) is higher than the Py(100). However, the
decrease in thickness is not enough to explain this effect, since it should only be 10 times
higher. This can be explained by the increase of the resistivity with a reduction of the
Py thin film thickness, which occurs due to a combination of grain boundary and surface
(Fuchs size effect) scattering['88.189 with the results being consistent with previous
measurements of thin films of Py fabricated with the same system[87],

In all the range of measured temperatures, the resistance also increases with the
presence of the Sb,Tes layer. For example, both bilayers with a 100 nm thick Py
layer have similar values of resistance, with the Py(100)/ST(10) resistance being slightly
higher. This is justified by the decrease in thickness, which increases the resistance,
but also by the resistivity of the Sb,Tes layer increasing with a reduction in thickness, as
presented in the previous chapter. The resistance of the other bilayers is higher, both
due to a combination of the decrease and increase of the thickness of the Py and ST
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layer, respectively. Moreover, for the lowest Py thickness bilayer, Py(10)/ST(100), an
increase in resistance at the lowest temperatures, below 40 K, is also noted, showing
the presence of conduction through the Sb,Tes due to the highest ratio between the
thickness of Sb,Tes and Py layers.

Figure 5.5 — Resistance of the bilayers (a) as a function of temperature and (b) at 290 K as a function
of the Py thickness. The solid lines in (a) are the fits following equation 5.1 to the resistance of the Py
films and bilayers. The dashed line in (b) corresponds to the resistance dependence on the inverse
of the Py layer thickness. The resistivity of the ST(100) and ST(50) thin films is shown as the inset in

(b).

The resistance of Py can be explained considering different scattering phenom-
enal'%. Since Py is constituted by transition metals, scattering between the s-d elec-
trons is expected, which leads to a cubic dependence on temperature of the resistivity of
Py. A quadratic dependence on temperature can also appear due to magnon-electron
interactions at low temperatures relative to the Curie temperature of the Py’ As
such, the resistance of the Py films can be described by equation 5.1, with Ry being the
residual resistance not dependent on temperature, occurring due to electron scattering
with defects (impurities, grain boundaries, interfaces) and alloy disorder['8¢! and Q and
C the quadratic and cubic temperature dependence coefficients. The resistance of the
single Py thin films and of the bilayers were fitted to this equation and the fits are shown
as solid lines in Figure.5.5.(a).

R=Ry+QT?+CT® (5.1)

Equation 5.1 describing the resistance of the Py thin film, also describes well the
bilayers resistance, and the obtained parameters are shown in Figure 5.6. Focusing on
the samples with a Py thickness of 100 nm, the residual resistance increases due to
the Sb,Tes layer, as it would be expected due to the added source of resistance from
conduction occurring through this layer. Moreover, this residual resistance is higher for
the bilayer with 10 nm film of Sb,Tez than with 100 nm, which can be explained by
the reduced thickness and increase in resistivity of the Sb,Tes layer. Considering the
resistance coefficients, the cubic coefficient is approximately zero, which indicates that
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scattering between the s-d electrons is negligible. On the other hand, the quadratic
coefficient increases for the bilayers. This shows that the magnon-electron interaction
is enhanced with the existence of the Sb,Te; layer.

Considering the samples with 10 nm of Py, the fit to the Py(10)/ST(100) was not
performed to the full range of temperatures studied due to the increase in the resistance
at low temperatures previously noted and attributed to the Sb,Tes 100 nm layer. This fit,
nonetheless, described well the resistance of the bilayer at the highest temperatures.
From the two fits, it is calculated that the residual resistance and quadratic coefficient
decrease for the Py(10)/ST(100) bilayer from the bare film values, which is the opposite
behaviour of the Py(100) bilayers. The residual resistance decrease can be explained
considering that the Py(10) sample is not capped and as such, there could be oxidation
of the surface leading to an increase of the non-temperature dependent resistance. This
was not seen in the Py(100) film since the surface contribution to the resistance of this
film is smaller due to the film having a higher thickness. The opposite behaviour of the
quadratic coefficient when compared with the Py(100) bilayers, however, shows that for
the 10 nm thin film, the Sb,Te3 decreases the magnon-electron scattering.

Figure 5.6 — Permalloy resistance parameters. (a) The residual resistance Ry and (b) quadratic
component Q calculated from the fits of equation 5.1 to the resistance of the Py thin films and bilayers.

To fully explain the conduction in these bilayers, Figure 5.5.(b) shows the resistance
of the bilayers at 290 K as a function of the thickness of the Py layer, in logarithmic scale.
A dependence of the resistance on the inverse of the Py layer thickness is observed. Itis
also independent of the thickness of the Sb,Tes layer. The inset shows the resistivity of
the ST(100) and ST(50) thin films. As discussed in Chapter 4, the Sb,Tej resistivity pst
decreases with cooling, having high values even at room temperature. This is in contrast
with the Py resistivity ppy, with ps1 being between four or five orders of magnitude higher
than the pp, at room temperature, with this difference increasing with cooling. As such,
this demonstrates again that the conduction is dominated by the permalloy.

Figure 5.7 shows the Seebeck coefficient S as a function of temperature for the bi-
layers and the Py thin films. The Seebeck values are negative, as expected for metals.
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They decrease in magnitude with cooling from between -20 and -30 ¢V/K at room tem-
perature to -2 uV/K at 20 K, similar to previously reported values for Py[192-1%4]  Thjs
is in contrast with the Seebeck coefficient temperature dependence of ST determined
in the previous Chapter. The Sb,Tej thin films’ Seebeck coefficient is positive at room
temperature, being approximately 150 uV/K, and decreases with cooling until becoming
negative and reaching values around -1000 pV/K at 20 K. These values are orders of
magnitude higher than the Py values. However, in the bilayer system, the Seebeck co-
efficient is identical to Py films coefficient. This is indicative that most of the conduction
is happening through the Py layer and not the ST layer.

Figure 5.7 — Seebeck coefficient of the bilayers. (a) S as a function of temperature. (b) The effective
Fermi level calculated from the Seebeck linear fit at low temperatures as a function of the Py thickness.

At low temperatures, below 50 K, the S curves of both thin films and bilayers have a
linear dependence on temperature. In metals, this linear dependence can be described
by equation 5.2'%11. Following this equation, linear fits were performed to the Seebeck
coefficient of the thin films of Py but also to the bilayers. From the fits, the effective
Fermi energy E; was calculated, and it is plotted as a function of the Py layer thickness
in Figure 5.7.(b). A linear dependence can be observed, being independent of the thick-
ness of the ST layer. Thus, it corroborates the resistance results, where it was verified
that most of the conduction occurs though the Py layer in the bilayer systems.

n2 [ K2
S=-7 (e—;:) T (5.2)

For temperatures between 50 and 200 K, however, there is a deviation from this
linear behaviour. A bump is observed at these temperatures, which has been previ-
ously attributed to phonon drag in transition metal structures!'%l. This effect is more
noticeable for the thinner Py film and bilayers, showing that it has a dependence on the
thickness of the films. On the other hand, at the highest temperatures (250 - 300 K), a
linear behaviour returns. Linear fits were performed and the slope is independent of the
thickness of the Py (and also of the presence and thickness of Sb,Tes). Considering
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this, the effective Fermi energy thickness dependence can be explained by the phonon
drag. At room temperature, the Seebeck coefficient linear behaviour is independent of
the thickness. However, with cooling, the phonon drag, which is dependent on the Py
thickness, deviates the curves from the expected linear dependence. Thus, at the low-
est temperatures, because the Seebeck at 0 K must be equal to zero, the slopes of the
retrieved linear dependence are different and have the thickness dependence shown in
Figure 5.7.(b). As such, the curves of the Seebeck coefficient depict surface versus bulk
effects in the Py, with the phonon drag being more prominent in the thinner Py layers.

The simplest model of transport in a bilayer system would be a parallel conduction
model, which would be dominated by the Py conduction due to the difference in re-
sistivities. However, when calculating the bilayer resistances from the resistivities of
each material, the calculated conductance following the parallel resistances model is
always higher than the bilayer conductance. Moreover, the Seebeck coefficient is also
dominated by the Py layer and does not show anything similar to the ST temperature
dependence of the Seebeck coefficient. As such, the simple parallel conduction model
does not explain the bilayers conduction. Due to the high difference in resistivity, shunt-
ing effects are expected to occur, with the current being directed towards the metallic
layer to avoid the Sb,Tes layer. From this concept, the conduction could be taking place
through three resistances in series: the Py layer resistance, and two volumes within the
Sh,Tes layer of equal cross sectional area A and a length equal to the Sb,Tes layer
thickness tsy, as seen in the inset of Figure 5.8. This model would allow for a min-
imisation of the conduction paths via the Sb,Te; layer and thus effectively reduce the
overall resistance of the bilayer. Thus, considering the effective volume that conducts,
the bilayer resistance is described by equation 5.3 where L is the length between the
contacts, w the width of the samples, tp, the thickness of the Py layer, and pp, and pst
the resistivities of the Py and Sb,Tes layers, respectively.

R= ey * 2057y (53)

This model shows that the resistance is proportional to the inverse of the Py layers
thickness, corroborating the results shown in Figure 5.5.(b). It can also explain why there
is no contribution from the Sb,Tes layer to the Seebeck coefficient since the Sb,Te;
conductions paths do not experience any temperature differences. From this model,
using equation 5.3, it is possible to calculate the cross-sectional area of the conduction
paths in the Sb,Tes layer. This area, as a function of temperature, is presented in Figure
5.8. It increases with cooling for the four bilayers, which signifies that the second term
in equation 5.3, the resistance coming from the Sb,Tes layer, reduces with cooling.
This shows that due to the increase in the pgr with cooling, the shunting effect is more
prominent. Moreover, the area enlarges when the Py layer thickness is higher, which
corresponds to a lower resistance of the Py layer, and/or the Sb,Tes layer thickness
decreases, having a higher resistance, i.e. when the ratio between the resistance of the



FCUP
5.3 Electronic Properties of the FM/TI bilayers

Figure 5.8 — The calculated cross-sectional area A of the SbyTez shunting conduction path as a
function of temperature. The inset shows the shunting conduction path model proposed for these
bilayers.

ST layer and Py layer increases, the area of the conduction path also increases.

5.3.2 Magnetoresistance

To further understand the electronic transport and the shunting effects in these basic SCI
elements, magnetoresistance measurements were performed of the Py(10)/ST(100)
and Py(100)/ST(100) samples as a function of temperature and in different field and
current configurations: out of plane (OP) magnetic field, and in plane magnetic field,
either perpendicular (IP: I L B) or parallel (IP: I || B) to the applied current.

5.3.2.1 Temperature dependence of the Magnetoresistance

Figure 5.9 shows the magnetoresistance (MR) curves of the two samples at room tem-
perature and in the three configurations measured. The magnetoresistance is defined
as MR(B) = %. For each geometry of the field and current, the curves of the two
different samples have a similar appearance. They all present a maximum or minimum
at zero magnetic field, saturating or decreasing upon application of the field. This be-
haviour is consistent with previous reports for the MR of Py[187:1%1  As such, the MR, like
the other transport properties analysed here, shows that the conduction is dominated
by the Py layer.

The MR of a FM material closely follows its magnetisation!'87:1%l_ Since the coer-
cive field of Py is of the order of 1 mT!'%l for the easy axis, the magnetisation saturates
at small applied magnetic fields, which changes the resistance status. For example,
for the IP: | 1 B measurements, in saturation, the magnetisation is perpendicular to
the current, resulting in a low resistance. For the in plane measurements, the MR at 0
T is either the maximum of the minimum of the curve for the perpendicular or parallel
field measurements, respectively, which is consistent with the anisotropic magnetore-
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sistance (AMR)['87]. The zero-field state is a state of either high or low resistance, as
the magnetisation is parallel or perpendicular to the current due to the anisotropy. The
OP measurements, however, do not saturate as opposed to the IP MR. This indicates
that the preferred orientation of the magnetisation is in plane for both Py thin films, which
is consistent with previous Py thin films with in plane orientation of the magnetisation,
having a saturation field of approximately 1.05 T for the OP direction!'®l. Moreover,
OP MR shows an approximate parabolic behaviour with the field. This is expected con-
sidering AMR and when the magnetisation rotates coherently['®6l. The peaks observed
at 0 T illustrates that there was a small misalignment of the magnetic field with the OP
direction, which induces a small IP rotation of the magnetisation, leading to peaks as in
the IP-MRI["96],

Figure 5.9 — Magnetoresistance of the bilayers (a) Py(10)/ST(100) and (b) Py(100)/ST(100) for the
three different orientations of the magnetic field field with the applied current at room temperature.

The magnetoresistance was also measured at other temperatures. The dependence
on the magnetic field was approximately maintained with cooling, being the same as
shown in Figure 5.9. The temperature dependence of the MR magnitude was calcu-
lated and it is depicted in Figure 5.10, for a field of 1 T. The magnitude of the thicker
Py bilayer is roughly one order of magnitude higher, with this dependence on the thick-
ness of the Py film having been reported('®6l. However, both samples show a similar
behaviour, namely the MR magnitude increasing with a decrease in temperature. This
has been observed previously and it is due to the magnetisation temperature depen-
dence, which at this range of temperatures for Py, follows the Bloch-law!['®7]. In spite of
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this, at the lowest temperatures, the MR has a sharp increase for the IP-MRs and de-
crease for the OP-MR for both samples. This could be due to the presence of the Sb,Tes
layer, since it is at this temperatures that the magnetoconductance of the Sb,Tes films
becomes significant, as discussed in Chapter 4. To fully understand this increase, the
magnetisation dependence on temperature ought to be explored.

Figure 5.10 — Temperature dependence of the magnetoresistance of the bilayers (a) Py(10)/ST(100)
and (b) Py(100)/ST(100) for the three different orientations of the magnetic field with the applied cur-
rentat1T.

5.3.2.2 Magnetoresistance at low temperatures

To fully disentangle the conduction at the lowest temperatures, where the TSS conduc-
tion of Sb,Tes should be active, Figure 5.11 shows the dependence of the resistance
with the applied magnetic field for the IP configuration with the field applied perpendic-
ular to the current for both measured bilayers at 2 K. The Py(10)/ST(100) has the same
form as the MR at 300 K. However, the Py(100)/ST(100) MR does not saturate, with the
resistance increasing with the magnetic field. This behaviour is similar to the magne-
toresistance of Sb,Tes, namely the Weak Antilocalisation (WAL) effect correction at low
fields, which was thoroughly analysed in Chapter 4.

To verify if this exotic magnetoresistance is present due to the Sb,Tes TSS conduc-
tion, the magnetoconductance was analysed and it is shown in Figure 5.12. The ob-
tained data was smoothed and symmetrised and the peak of the Py MR was removed,
with the result being shown in Figure 5.12.(a) for both the 2 K and 4 K magnetocon-
ductance. The data were fitted to equation 4.2, which includes the WAL term and the
quadratic background. The a and g parameters cannot be calculated since the conduc-
tance has the contribution of the Py layer, being much higher than Sb,Tes. However,
L4 can be calculated since it is not a proportionality constant. The values obtained were
62.5+0.7 nm at 2 Kand 58 + 1 nm and at 4 K, which corresponds to a error of 7% and
14% from the values calculated from the single Sb,Tez 100 nm thin film measurements.
The values are in agreement, which indicates that the MR behaviour is being influenced
by the the Sb,Tes layer, i.e. dominated by the topological surface state of Sb,Tes.
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Figure 5.11 — Magnetoresistance of the bilayers (a) Py(100)/ST(10) and (b) Py(10)/ST(100) bilayers
with an in plane applied magnetic field perpendicular to the applied current at 2 K.

In contrast, the MR performed under different geometries and of the Py(10)/ST(100)
bilayer does not show such behaviour, being dominated again by the Py conduction.
This agrees with the aforementioned interpretation regarding the shuting model pro-
posed to explain the transport properties under the absence of B. When considering B
applied in plane but perpendicular to the applied current, the field is perpendicular and
out of plane to the current flowing in the Sb,Te; layer, due to the conduction paths cre-
ated by the shunting in the Sb,Tes layer, as shown in Figure 5.12.(b). It is also at this
geometry (out of plane field) when these effects are more prominent and were measured
in Chapter 4. However, this contribution from the Tl state of the Sb,Tes layer is negligi-
ble in the Py(10)/ST(100). Figure 5.8 shows that the cross-sectional area of the Sb,Tes
conduction path is smaller in this bilayer, which can explain why the MR contribution is
also smaller.

5.4 Magnetisation dynamics at room temperature

Having explored the transport properties of the bilayers, their magnetisation dynamics
was studied through Ferromagnetic Resonance (FMR) measurements. VNA-FMR, as
described in Chapter 2 was employed to obtain the magnetisation dynamics parameters
of the bilayer structures and also of the proposed capped samples.

5.4.1 FM/TI bilayers

Figure 5.13.(a) shows the resonance frequency as a function of the applied DC field for
the four Py/ST bilayers at room temperature, obtained from the FMR absorption peaks.
The resonant frequency and field should follow the Kittel formula given by equation 2.5.
The data were fitted to this equation and the obtained fits are plotted as solid lines on
Figure 5.13.(a). From these fits, the Saturation Magnetisation Ms and the anisotropy
field H, were obtained. The gyromagnetic ration y was fixed for all the analysis to the
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Figure 5.12 — The shunting effect on the magnetoresistance. (a) The magnetoconductance at the
lowest temperature of Py(100)/ST(100) and the respective fit to the expected ST contribution to the
magnetoconductance, which is given by equation 4.2. (b) A schematic of the magnetoresistance
measured with an in plane field perpendicular to the applied current. The shaded area corresponds
to the volume that conducts considering the shunting model proposed in the previous section. From
this model, it can be seen that for the ST layer conduction path, the magnetic field is effectively out of
plane.

value of 2.96 MHz/Oe, which corresponds to the Py value!'%l. The obtained parameters
are displayed on Table 5.1.

Figure 5.13 — Magnetisation dynamics of the bilayers. (a) FMR frequency as a function of the reso-
nance magnetic field for all the studied bilayers. The solid lines are the Kittel fits to the experimental
data. The inset shows the FMR measurements geometry. (b) Linewidth of the FMR peaks as a
function of the frequency. The solid lines are the linear fits to the data used to calculate the Gilbert
damping.

From the absorption peaks, the Gilbert Damping can also be obtained. Following
equation 2.7, the linewidth AH of the peaks is proportional to the resonant frequency,
with the slope being proportional to a. Figure 5.13.(b) depicts the field linewidth as a
function of the frequency, with the linear fits to equation 2.7 as solid lines. The obtained
damping values are on Table 5.1, and are between 7 and 9x1073, being close to other
reported values, which confirms the good quality of the Py layers[199200] | general,
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they are also higher for the sample with a thinner Py film, which is in agreement with
previous reports, where it was showed that the damping is inversely proportional to the
thickness of the Py[199],

5.4.2 Reference FM capped thin films

To fully characterise the magnetisation dynamics of the bilayer samples and quantify
the influence of the Sb,Tes layer on Py, reference values for the damping ought to be
obtained. This can be achieved from measuring single Py thin films. However, single Py
thin films are prone to several defects, such as oxidation, which even in small amounts
can affect greatly the damping. As seen in Chapter 2, the damping is a very important
parameter, needed to fully explain the magnetisation dynamics of these materials and
structures. Taking this issue into consideration, several Py cappings were investigated
by FMR.

Figure 5.14 — Capped FM Py thin films magnetisation dynamics, namely the linewidth of the FMR
peaks as a function of the frequency. The solid lines are the linear fits to the data. The Gilbert
damping for each nanostructure is also shown.

The linewidth as a function of the resonance frequency is displayed in Figure 5.14 for
the three capped Py 10 nm thin films. The Al capped Py has the highest linewidth values,
whereas the Ta capped sample showcases the lowest. All the capped films have higher
values than the Py(10)/ST(100) bilayer, except for the Ta capped sample. The linear fits
were performed to the linewidth frequency dependence, being presented as full lines.
The high AH values can be partially attributed to the intrinsic linewidth contribution AHj,
which is given by the intercept at the origin. This intrinsic parameter does not depend
on the frequency, being related to inhomogeneities present in the FM or caused by the
interface. Since the Py thin films were grown under the same conditions, on the same
substrate and have the same thickness for all the nanostructures present in Figure 5.14,
the Al and MgO/Ta capping have negatively influenced the magnetisation dynamics of
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Sample Mg (Oe) Hy (Oe) a (1079)
Py(10)/Ta 8923 +2 | -7.41 +0.07 | 7.47 + 0.06
Py(10)/ST(100) | 8233 +7 2.0+ 0.7 95+0.3
Py(50)/ST(50) | 9600 + 15 4+1 7.40 + 0.08
Py(100)/Ta 9663 + 7 8.1+0.3 7.8+0.3
Py(100)/ST(10) | 9720 + 6 04+04 8.1+0.3
Py(100)/ST(100) | 9607 + 6 45+05 85+0.2

Table 5.1 — Magnetisation dynamics parameters of the FM/TI bilayers at room temperature.

the Py layer. The deposition of the MgO layer on top of the Py film could have oxidized
it, which would lead to the observed increase. On the other hand, the deposition of the
Al capping can also lead to intermixing between the Py and Al at their interface, as it
has been previously observed for sputtering of Al[22!] which also negatively affects the
magnetisation of the Py layer. As such, the presence of alumina from Al intermixing and
oxidisation could also explain this increase. For the Py/ST bilayer and the Ta capped
sample, the intrinsic contribution is roughly the same, which indicates that this capped
sample can be taken as the reference sample.

The damping of the capped samples was calculated form the slope of the linear
dependence of AH on the frequency, and it is shown in Figure 5.14. As for the intrinsic
linewidth, the damping of the Al and MgO/Ta capped samples is the highest, being the
same within uncertainty. It is also higher than both the bilayer and Ta capped sample.
However, the Py film capped with Ta has the lowest value, being even lower than the
bilayer value. Considering the expected effect of the presence of the Sb,Tes layer on
the Py magnetisation dynamics, namely the presence of spin pumping into the ST layer,
which would increase the damping, the behaviour observed with these two samples is
expected. Considering the lower damping value and the intrinsic linewidth discussion,
the optimal reference sample from the available ones is the Ta capped sample, and as
such, the Ta capping was the approach for also the Py(100) thin film.

On Table 5.1 the parameters of the magnetisation dynamics of both the Py/ST bi-
layers and the reference samples are thus summarised. The saturation magnetisation
Mg has similar values for the same thickness of Py, having lower values for the thinner
Py samples. The anisotropy field H is also similar for samples with the same Py layer.
It is negative for 10 nm of Py, being higher in magnitude for the capped sample. On
the other hand, it increases becoming positive for thicker Py samples, showcasing the
change in the anisotropy of the films with a reduction of the Py thickness. For the 100
nm Py nanostructures, the capped sample also has the higher value.

Furthermore, o is substantially higher in the bilayer systems with ST than the ref-
erence samples, with an increase in 27% for the Py(10)/ST(100) bilayer, for example.
There are several mechanisms that lead to a greater damping, from intrinsic mecha-
nisms of the ferromagnetic material itself, to extrinsic contribution due to structural in-
homogeneity and grain boundaries, among others (132001 Another mechanism is an
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added magnetic relaxation channel via spin pumping. From the morphological charac-
terisation previously discussed, the extrinsic contribution to the damping increase in the
bilayers should be minimal, whereas the reference values obtained herein confirm the
good quality of the Py. As such, an increase due to spin pumping is the most likely, as
it has been previous observed in Tl systems[202:203] gnd other bilayers systems[200.204],
This implies that a spin current is being inject into the ST from the Py layer, which, as
previously reported in Tls, could be transformed in a charge current via the inverse spin
hall effect (ISHE)©%29% and/or the inverse Rashba-Edelstein effect (IREE)0.71.208]

5.4.3 Generated spin currents

From the results of the previous section, and as described in Chapter 2, the generated
spin current Jg can be calculated from the parameters present in Table 5.1, namely Mg
and a. The spin current is created in the Py layer and can then be injected intot he
adjacent layer, which in this case is SbyTes. It is described by equation 2.14, and it is
proportional to the spin mixing conduction g'!, which is given by equation 2.13. The
spin mixing conduction depends on the difference of the Gilbert damping of the bilayer
system and of the reference sample, which from the previous section is taken as the Ta
capped sample.

Figure 5.15 displays the g'\ and Js calculated for each bilayer with the correspond-
ing reference FM sample. Both the spin mixing conduction and spin current increase
with the thickness of the Py layer and of the ST layer. The increase due to the Py
thickness can be explained by considering that the spin current is generated due to the
precession of the magnetisation. Since the thicker Py samples have a higher saturation
magnetisation, this increase in the current can be attributed to it. Regarding the ST
thickness dependence, it can be explained if ST is a good spin sink, i.e. the injected
current propagates into the Sb,Tes layer, where, if SbyTes is an efficient spin sink, it can
be absorbed. This was previously noted in trilayer system of FM/TI/FM with the Tl being
Bi,Se; by VNA-FMR and XFMR[2%7]. As such, this could explain the increase with the
Sb,Tes layer thickness. The obtained values for g'!, between 9x 10'® and 4 x 10'°® m2,
are also higher or comparable with previously reported values for FM/TI nanostructures
based on BiySe3812971 at room temperature.

5.5 Conclusions

We have successfully fabricated bilayers of Py and ST topological insulator thin films
using ion beam sputtering deposition. The fabricated bilayers are uniform, and the struc-
ture of each material’s layer is maintained from the single thin film form. As the TSS of
the ST layer was previously observed in thin films deposited on glass, this indicates that
it should also be present in these bilayers.
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Figure 5.15 — The spin mixing conduction and generated spin current of the Py/ST bilayers.

The electrical conduction is dominated by the metallic Py layer, as observed through
the magnetotransport and Seebeck coefficient. From the electrical resistance and con-
sidering the temperature dependence of the Seebeck coefficient, a shunting conduction
model was proposed. Herein, the conduction does not follow a simple parallel resis-
tance model, but is equivalent to three resistances in series, namely the Py layer resis-
tance and two more conduction paths on the ST layer. This model showed that as the
temperature decreases, the cross-sectional area of the ST conduction paths increased,
thus reducing the overall resistance, which corresponds to an increase in the shunting
effect. Moreover, an increase in the ratio between thickness and resistance of each
layer also promoted an increase of the shunting effect. Despite the conduction being
dominated by the Py layer due to shunting, at low temperatures, the WAL contribution
to the magnetoresistance from the ST TSS was observed, further proving the shunting
model introduced and confirming the presence of the TSS as foreseen from the struc-
tural properties.

The magnetisation dynamics of the bilayers was also analysed via FMR and com-
pared with reference capped Py samples. These results showed an overall increase in
the Gilbert damping with the presence of the ST layer, such as an increase of 27% for
the Py(10)/ST(100) sample. Considering the structural properties, this increase must be
due to spin pumping occurring into the ST layer, indicating that ST could be a material of
interest for the development of devices based on the SCI and that this bilayer structure
could also be taken as the basic SCI element. The spin pumping effect in these bilayers
is the subject of the next chapter (Chapter 6).






CHAPTER 6

Spin to charge current conversion for
energy-efficient logic devices

This chapter " will focus on the research conducted on the spin to charge conversion in
Sb,Tes as well as its efficiency for applications in logic devices, such as the magneto-
electric spin-orbit (MESO) logic device!®l. Sb,Tes is a TI material, which has not been
thoroughly explored due to its smaller band gap and distorted Tl surface state[%%] and
as such it is not yet clear if it is a noteworthy spin-orbit coupling (SOC) material. The
spin to charge conversion (SCC) of Sb,Tes was evaluated through spin pumping ex-
periments in sputtered Py/Sb,Tes on glass as a function of temperature from room to
cryogenic temperatures. By combining the low temperature studies with the electronic
transport measurements and structural characterisation of Chapter 4 and 5, we aim to
understand the underlying physical effects of the spin to charge conversion in Sb,Tes
at room temperature. The results herein obtained present Sb,Te; as a prominent SOC
material, paving the way for future progress in beyond CMOS logic devices.

6.1 Introduction

Spintronics has seen advancements in the last few decades due to the generation and
manipulation of spin currents based on ferromagnets. By combining these effects that
revolutionised our use of technology with new developments, such as Spinorbitronics,
novel devices can be devised. Spinorbitronics is based on efficient spin to charge
interconversion (SCI) due to high spin orbit coupling (SOC) in non-magnetic materi-
als[%6.1571 The charge to spin conversion can be achieved via the two effects previously
mentioned:

1. The spin Hall effect (SHE) converts a charge current into a transverse spin current
in the bulk of a material 1.

1Adapted from S. Ferreira-Teixeira, A. Vanstone, A. L. Pires, W. R. Branford, J. P. Araujo, L. F. Cohen
and A. M. Pereira, A sputtered topological insulator with optimised spin to charge current conversion for
energy efficient logic devices, in preparation. S. Ferreira-Teixeira contribution to the publication: fabrication
of the samples, partial measurements of the FMR and Spin pumping, and data analysis. Responsible for
the main manuscript preparation.
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2. The Edelstein Effect (EE) occurs in Rashba systems where the spin degeneracy is
lifted in surfaces or interfaces, with the spin becoming locked with momentum, due
to SOC. Atwo-dimensional (2D) charge current flowing in such a system generates
a transverse spin density through the EE, which, by diffusing into an adjacent
three-dimensional (3D) system, generates a spin current3].

The spin to charge conversion (SCC) can be achieved through the reciprocal effects,
namely the Inverse Spin Hall Effect (ISHE) and Inverse Edelstein Effect (IEE)[?°:34,

The SCls are described by certain figures of merit, which can be optimised for greater
conversion efficiency. The spin Hall angle 8sy of the SHE/ISHE effects defines this
conversion, whereas, due to the 2D nature of the EE/IEE conversion, the IEE length
Aiee is the parameter to optimise. By taking the product of sy and the spin diffusion
length Agp, the SCC can be evaluated by taking Ajee or 8syAsp as figure of merit[208],
For the efficiencies to be improved, research and development of novel SOC materi-
als is necessary. Heavy metals, which exhibit SHE/ISHE, are the staple SOC materi-
als, having been widely investigated[%8-20%1 and employed 41592101 with moderate 65y
values. New types of structures are also being developed, like van der Waals, such as
Graphene/WS,[*6l and oxide heterostructures, such as SrirO3/SrRuO5 47, with promis-
ing performances, similar to Heavy Metals. A novel set of materials are also the Topo-
logical Insulators (TIs)?'"l. They are a new class of quantum materials, which exhibit
a metallic surface state with spin-momentum locking!®2177]. Due to its high SOC, this
Tl property can be combined with the SHE/ISHE and EE/IEE effects in the bulk and
surface, respectively, allowing for exceptional 85482121 and Aze71:213], Bi,Ses is one
of the widely studied Tls, having already been employed to switch ferromagnets[®].
(Bi;Sb),Tes (BST) Tls have also yielded outstanding performances!5472],

By employing these materials and controlling the SCI effects, wide applications are
foreseen. The generation of spin currents via SCC by SHE and EE can be used to
manipulate ferromagnetic materials through the Spin Orbit Torque (SOT), allowing for a
wide range of applications in data storage['9%:175.214] | ogic devices can also be devel-
oped based on SOC materials that could improve the current standards and go beyond
CMOS technology!?'®l. Manipatruni, Nikonov!®l have recently introduced a Magneto-
electric Spin-Orbit (MESO) non-volatile device which promises lower switching voltage,
enhanced logic density and superior switching energy than the current CMOS technol-
ogy. To achieve these MESO performances, the SOC material is required to be highly
resistive (o > 10 mQcm) and have an equivalent A,z higher than 5 nm. Despite the
well-established performances of Heavy Metals and the promising properties of novel
structures, their outputs are not yet qualified for the MESO device. Tls could be the
SOC material employed, having higher resistivities. However, their performance is not
yet optimal and most studied Tls are currently crystalline and fabricated in single-crystal
substrates by using Molecular Beam Epitaxy[®467.72.212] This prevents fabrication scal-
ability and real performance analysis for widespread MESO applications. This chapter
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is devoted to the study of the SCC in Sb,Te; sputtered nanostructures through spin
pumping measurements.

6.2 Temperature dependence of the magnetisation
dynamics

6.2.1 Ferromagnetic resonance as a function of temperature

The magnetisation dynamics was studied as a function of temperature through FMR.
The derivatives of the absorption peaks obtained at 8 GHz and for different temperatures
in the range [2 - 300 ] K are represented in Figure 6.1.(a) for the Py(10)/ST(100) bilayer
and (b) the reference capped sample (Py(10)/Ta(3)), as discussed in Chapter 5. It can
be remarked that there is a shift in the resonance to lower values with cooling for both
samples. However, the range of resonance fields Hs is higher for the bilayer sample,
with higher fields at room temperature but lower H,.s at the lowest temperatures than
the capped sample. Moreover, the peaks also appear to be wider for the bilayer sample
at all temperatures, being indicative of spin pumping occurring at all temperatures, as
previously discussed for room temperature in Chapter 5.

Figure 6.1 — Ferromagnetic resonance absorption as a function of temperature for (a) the
Py(10)/ST(100) bilayer and (b) reference capped Py(10 nm) sample (Py(10)/Ta(3)). The solid lines
correspond to the derivated asymmetric Lorentzian fits, given by equation 2.11

The peaks were fitted to the derivated asymmetric Lorentzian of equation 2.11, and
the fits are also presentin Figure 6.1.(a) and (b) as full lines. From the fits, the resonance
field H,es and linewidth AH were obtained and their frequency dependence can be found
in Figure 6.2 and Figure 6.4, respectively.

The frequency dependence on H,s is shown in Figure 6.2.(a) and (b) for the bilayer
and capped sample, respectively. It follows the expected behaviour described by Kittel,
with the full lines being the fits made to the Kittel equation (equation 2.6). Moreover,
as it was previously noted, the resonance field decreases with cooling. From the Kittel
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Figure 6.2 — Resonance field Hyes frequency dependence for (a) the Py(10)/ST(100) bilayer and (b)
reference capped Py(10 nm) sample. The fits to Kittel equation (equation 2.6 are shown as solid lines
for the different temperatures.

fits, the saturation magnetisation of the permalloy Mg and the anisotropy field H, were
calculated and are represented in Figure 6.3 for both samples. The bilayer temperature
dependence of these parameters is the same as the capped sample, confirming that
the capped sample can be taken as a suitable reference, as it was verified in the pre-
vious Chapter. The Mg decreases under heating, arising from thermal fluctuations, as
it has been observed for Py thin films FMR measurements['®9. It is also in accordance
with the magnetoresistance (MR) dependence on temperature discussed in the previ-
ous Chapter, which corroborates that the MR depends on the Mg. The anisotropy field
is negative until approximately 20 K. By further cooling, the anisotropy field increases
exponentially as it has been reported, becoming positive at the lowest temperatures,
indicating that there is a change in the preferential direction of the thin film magneti-
sation[216:2171 'which is in accordance with the decrease observed in Ms at the lowest
temperatures.

Figure 6.3 — (a) Magnetisation Mg and (b) Anisotropy field H, dependence on temperature.

The linewidth AH is present in Figure 6.4.(a) and (b) as a function of temperature
for the bilayer and capped sample, respectively, showing a linear dependence on fre-
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qguency, as described by equation 2.7. It generally increases with cooling, as it was also
previously noted, except for temperatures below 10 K, when it decreases. Moreover,
the bilayer linewidths have higher values than the reference sample for the whole range
of temperatures studied here. As it was explored in the previous Chapter, this can be
due to the presence of spin pumping into the Tl Sb,Tes layer. However, it is also due
to an increase in the inhomogeneuous linewdith AHy. AHy increases with cooling for
both samples, but it reaches much higher values for the bilayer. From the XRR re-
sults explored in Chapter 5, this increase could be explained by the interface between
the Sb,Tes and Py layers, as it was discussed in the previous Chapter structural and
morphological analysis.

Figure 6.4 — The Ferromagnetic resonance linewidth AH as a function of the frequency for (a) the
Py(10)/ST(100) bilayer and (b) reference capped Py(10 nm) sample. The linear fits of the different
temperatures are shown as solid lines.

Linear fits were performed to the linewidth frequency dependence and are also rep-
resented on Figure 6.4, as solid lines. Following equation 2.7, the Gilbert damping was
calculated, and it can be found on Figure 6.5 as a function of temperature for both the
bilayer and reference sample. The damping is higher at all temperatures for the bilayer
than for the capped Py reference sample. This behaviour is related with an additional
damping source, which can be due to intrinsic mechanisms of the ferromagnetic material
itself or to extrinsic contributions due to structural inhomogeneity and grain boundaries
of the Py, among others. Another mechanism that can lead to an increase in the damp-
ing is an added magnetic relaxation channel via spin pumping!'132001 which as been
previously observed in Tl systems!292:203] gnd other bilayers systems (2002041 Thus, the
increase in damping from the reference value is expected to occur due to spin pumping.

Despite the difference in values, a similar temperature dependence of the reference
and bilayers damping is seen. Until approximately 40 K, the damping increases with
cooling. Below this maximum, the damping decreases following the reference sam-
ples behaviour except at the lowest temperatures. In this regime, the bilayers exhibit
a damping increase by further cooling. This increase is 20 % from 8 K to 2 K for the
Py(10)/ST(100) bilayer. This added damping increase with cooling indicates that spin
injection is further enhanced at these temperatures. As it was previously discussed in
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Chapter 4 for sputtered Sb,Tes, at low temperatures, the Tl states are prominent and
as such, this enhancement could be caused by their presence.

Figure 6.5 — Temperature dependence of the Gilbert Damping for the the Py(10)/ST(100) bilayer and
reference capped Py(10 nm) sample (Py(10)/Ta(3)).

6.2.2 Characterisation of the generated spin currents

The spin current Js created in the Py layer can be injected into the Sb,Tes layer due to
the magnetisation precession of Py as analysed in Chapter 2. This spin current can be
determined through the FMR behaviour of the bilayers, being given by 2.14. It is pro-
portional to the spin mixing conduction g'! (equation 2.13), which is in turn proportional
to the difference between the damping of the bilayer and of the Py reference sample.
The spin mixing conduction g'! is represented in Figure 6.6.(a) as a function of tem-
perature. It indicates the global spin transmission in the bilayer system from the Py
to the Sb,Tes layer. It has a value of (1.13 = 0.06) x 10'® m=2 at room temperature,
increasing with cooling until 40 K, reaching a value of (3.3 + 0.1) x 10'® m=2. With fur-
ther cooling it decreases, until reaching its minimum value between 8 and 10 K. It has a
slight increase for the lowest measured temperatures, being (2.0+0.2)x 10" m=2 at4 K.
These values are comparable with previously reported values for Bi;Ses/Py bilayers!®']
at room temperature, for example, and two to three times higher at lower temperatures.
The temperature dependence of g'! is similar to the damping behaviour of the bilayer
seen in Figure 6.5, having a maximum at 40 K, and then an increase at low tempera-
tures. Since g\ is proportional to the difference between the damping of the bilayer and
the reference sample, this indicates the spin mixing through the interface between the
Sb,Te; and Py layers is increased with cooling, specially around 40 K and at the lowest
temperatures. As previously noted, at low temperatures, the presence of the TSS state,
verified through the magnetoconductance, could be improving this intermixing. More-
over, for the 100 nm thin film of Sb,Tes, below 80 K, the type of conduction changes,
with electrons becoming the maijority charge carrier. This change could possibly aid
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the transmission of the spins through the interface, leading to the sharper increase in
cooling observed in g'! below 80 K.

Figure 6.6 — (a) The Spin mixing conduction g'¢ and (b) the spin current Js as a function of temper-
ature.

With g'! calculated, the spin current Js was obtained and it is shown in Figure 6.6.(b)
as a function of temperature. It has a different behaviour when compared to g''. Itis ap-
proximately constant from room temperature until 100 K, with a value of (5.5+0.2) x 10°
Am—. Below 100 K it decreases until 10 K, when it reaches its minimum value of
(3.6 + 0.5) x 108 Am=2. As it was seen in the o and g'! temperature dependences,
it then increases with cooling, having a value of (4.4 + 0.4) x 10° at 4 K. This behaviour
with temperature can be explained due to Js being proportional to g\ and having ap-
proximately a dependence on the inverse of Ms.

6.3 Spin pumping in the FM/TI bilayers

Having the magnetisation dynamics characterised as a function of temperature, the spin
to charge conversion in Sb,yTe; can be examined by spin pumping experiments. As
discussed in Chapter 2, in a spin pumping experiment, like in the FMR experiments, an
RF magnetic field h; excites the magnetisation dynamics of the system, inducing the
precession of the magnetisation M in the Py layer. This precession at the resonance
field creates a 3D spin current Jg that is injected into the above Sb,Tes layer. Due to
the strong spin orbit coupling of Sb,Tes, the spin current can be converted to a charge
current through the Inverse Spin Hall effect (ISHE) of the bulk. This current can be
detected through the measured voltage Vgp and calculated from the symmetric part of
the output signal.

Figure 6.7.(a) shows the obtained Vgp signal at 300 K and 2 K and at 4 GHz with neg-
ative and positive applied magnetic fields for the Py(10)/ST(100) bilayer. The symmetric
part of the measured signals at positive and negative field has opposite signs, which is
the expected behaviour if the spin current is converted into the charge current through
ISHE, due to the different spin directions[®2218. Moreover, the signal has an opposite
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Figure 6.7 — Spin pumping as a function of temperature in the Py(10)/ST(100) bilayer. (a) Spin pump-
ing voltage Vgp as a function of the applied magnetic field for positive and negative fields, measured
at 4 GHz and at 300 and 2 K. The asymmetric Lorentzian (equation 2.16) fits to the peaks are shown
as full lines. (b) The ISHE voltage V,sye normalised to the width of the sample as a function of tem-
perature.

sign to the field, being positive for negative applied magnetic fields and vice-versa.

Besides the ISHE contribution, the measured signal can have three other sources:
the anisotropic magnetoresistance (AMR) and anomalous Hall effect (AHE) of the Py
layer, and the Seebeck effect[®1.71:205] |n this measurement configuration of a 90° de-
gree angle between the rf and applied magnetic fields[?%%], the AMR and AHE signals
have an asymmetric Lorentzian shape[®'l. Moreover, the Seebeck effect is an odd func-
tion of the applied magnetic field. Considering all these components, the measured
data was fitted to the sum of the symmetric and asymmetric Lorentzian function, given
by equation 2.16, and shown as solid lines in Figure 6.7.(a). To calculate V,syge, the
possible Seebeck effects are removed by averaging the positive and negative magnetic
field symmetric component of Vsp, Vsym:

Vsym(+H) — Vsym(—H
Vispe = sym( )2 sym(—H) 6.1)

Figure 6.7.(b) shows the calculated Vs normalised by the width of the sample as
a function of temperature. Visyg/w is —=9.9 + 0.3 yV/mm at room temperature and it in-
creases in magnitude with cooling. It has a local peak, between 50 and 60 K, but with fur-
ther cooling, it continues to increase until reaching its maximum value of =35 + 2 yV/mm
at 2 K. This dependence is similar to the behaviour of the damping and the spin mixing
conduction previously observed. With cooling from 10 K until 2 K, V,sye has a sharp
increase, increasing 45.8%. This is also similar to the behaviour at low temperatures of
the damping, indicating that it is directly connected to the damping and to the increase in
the injection of the spin current into the ST layer, as seen in the spin mixing conduction.
This increase also occurs when the Tl surface state conduction is active, and thus the
influence of the TSS could also explain this increase at low temperatures.

To further estimate the spin to charge conversion efficiency, spin pumping measure-
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ments of the Py(100)/ST(100) bilayer were also carried out at room temperature and at
4 GHz, being shown in Figure 6.8.(a), for positive and negative applied magnetic fields.
As for the Py(10)/ST(100) sample, the positive and negative field signals have opposite
signs, with the positive magnetic field signal producing a negative signal. However, the
signal is much more asymmetric than the thinner Py bilayer signal. V,sye/w was also
calculated, being —4.42 + 0.06 uV/mm. It is approximately half the value obtained for
the Py(10)/ST(100) bilayer, which can be explained by the lower bilayer resistance and
also by the lower value of the spin current calculated in Chapter 5.

Figure 6.8 — Spin pumping at room temperature. Spin pumping voltage Vgp as a function of the ap-
plied magnetic field for positive and negative fields, measured at 4 GHz for (a) the Py(100)/ST(100)
bilayer and (b) reference capped Py(10 nm) sample (Py(10)/Ta(3)). The asymmetric Lorentzian (equa-
tion 2.16) fits to the peaks are shown as full lines. The calculated normalised V,gyg/w is also shown
for the two samples.

Spin pumping on the reference Py capped sample (Py(10)/Ta(3)) was also evaluated
at room temperature and 4 GHz and it is shown in Figure 6.8.(b). It follows the same
trend as observed for the Sb, Tes bilayers, with opposite signs for opposite applied mag-
netic fields. The signals are symmetric as for the Sb,Tes bilayer, which indicates that
the magnetoresistance effects from the Py thin film layer are negligible. The calculated
Visue/w is —6.43 + 0.03 pV/mm. It is smaller than the Py(10)/ST(100) voltage, butitis a
significant value. Since Ta is a well known Heavy metal, the observed signal could be
due to the ISHE of the Ta capping, as previously observed 219219,

6.4 Spin to charge conversion efficiency of Sh,Te;

To characterise the SCC of Sb,Tez based on ISHE, the spin hall angle 85y can be calcu-
lated from V,sye. Considering equation 2.15, all the dependencies of V,sye have been
obtained except for the spin diffusion length Agp. To directly measure this parameter,
several bilayer structures with different thickness of the Sb,Tes layer would need to be
fabricated, optimised and their spin pumping measured. However, an estimation of Agp
can be obtained from the magnetoconductance measurements presented in Chapter
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4. In materials where the predominant source of spin scattering is the spin-orbit cou-
pling, the spin diffusion length Agp is dominated by the spin orbit relaxation length Lgo.
From this consideration, it can be assumed that these parameters are approximately
equal®?0]. Since Sb,Te; has high spin orbit coupling, the spin orbit relaxation length
can be taken as Agp, as previously noted for Bi,Se3®'l. The Agp calculated from the
magnetoconductance fits discussed in Chapter 4 is presented in Figure 6.9.(a) as a func-
tion of temperature. At 2 K, its value is approximately 27 nm, almost twice as high than
previously reported values at low temperatures®'l. Agp decreases to approximately 7.7
nm at 10 K. A temperature power law was fitted to the data, and the fit can be seen as a
full line in Figure 6.9.(a). Itis verified that Agp is proportional to T-2-°7 within this range of
low temperatures. Previous reports show a decrease of the Agp with heating for similar
materials!®'l, but a similar temperature dependence as the one observed here has not
yet been reported to the best of our knowledge. The decrease with heating demon-
strates that a propagating spin current is dissipated faster by heating the sample from
2 K to 10 K. Thus, an injected spin current into Sb,Tes propagates more into its bulk
by cooling, as the inset of Figure 6.9.(a) shows. This is in accordance with the FMR
damping behaviour at low temperatures, with the increase of 20 % of the damping from
8 Kto 2 K and it explaines the increase seen on Figure 6.6 of Jg at the lowest tempera-
tures. It can also explain the sharp increase at low temperatures of V|syg, since Vigye is
approximately proportional to Agp, for this 100 nm Sb,Tes layer. With these considera-
tions, the ISHE generated electric field E;sye is overall decreased with heating, leading
to the decrease in the voltage picked up through the spin pumping voltage, which is
represented in the inset of Figure 6.9.(a).

With the spin diffusion length calculated, the spin hall angle 65y of Sb,Tes can be ob-
tained as a function of temperature from the Py(10)/ST(100) bilayer results and also at
room temperatures from the Py(100)/ST(100) measurement. The spin diffusion length
Asp for temperatures higher than 10 K is assumed to be constant, taking the value
of 5 nm, which has been obtained for similar TIs'l. Thus, 65y takes the value at
room temperature of —0.0033 + 0.0004 and —0.003 + 0.002 for the Py(10)/ST(100) and
Py(100)/ST(100), respectively. This value is equal within the uncertainty as expected
since the Sb,Te; film is the same on both bilayers.

The temperature dependence of the apparent spin hall angle 8gy obtained from the
Py(10)/ST(100) measurements is depicted in Figure 6.9.(b). By cooling the sample, 05y
increases monotonously with this behaviour having been previously observed in a sim-
ilar system!®'l. However, it has a local maximum peak at 50 K. This corresponds to the
maximum of the damping and also of the spin mixing conduction and Vsye. Thus, it
can be concluded that this peak observed in these two parameters is due to the ISHE
of Sb,Tes. After the local peak, the 65y value at 40 K is smaller but, with further cool-
ing, it increases, reaching its maximum value of —0.018 + 0.008 at 20 K. At the lowest
temperatures it has a sharp decrease, which is due to the increase seen in Agp.

Performing a comparison between the herein obtained results with the current state



FCUP
6.4 Spin to charge conversion efficiency of SbyTes

Figure 6.9 — Spin to charge conversion properties of SboTes. (a) Spin diffusion length Agp calcu-
lated from the magneconductance results discussed in Chapter 4 as a function of temperature with
a schematic of the spin and electronic transport in the Py/Sb,Tes bilayers at low temperatures as
an inset. (b) the spin Hall angle 8gy as a function of temperature calculated from the spin pumping
measurements.

of the art, Figure 6.10.(a) shows the 6gy for different materials, such as Tls, Heavy
Metals and new novel SOC materials like 2D TMDCs materials and STO, among others,
and the values obtained in this work. A wide range of spin Hall angle values can be
seen, with the Tls having surpassed the widely studied and employed heavy metals,
reaching values as high as 52 for a more metallic TI?'2l. The latest results show that
novel materials also have a very good performance, reaching a value of 0.79122'] higher
than the typical value for heavy metals. Our outcome for sputtered Sb,Tes positions it
among the typical Tls, with 8sy being similar to other Tls.

However, concerning the technological applications, the spin Hall angle is not the
only parameter of importance for SOT applications. For materials with the Inverse Spin
Hall effect, the product of the spin hall angle times the spin diffusion length Agp is a
parameter to be optimised. This product is equivalent to the Inverse Edelstein Effect
length A,ee in materials where IEE is the predominant effect2%8l. Furthermore, the re-
sistivity of the different SOC materials is also an important parameter. The figure of merit
of these materials can thus be taken as he equivalent Az and the resistivity. Taking
these parameters into consideration, Figure 6.10.(b) shows the Ashby plot of 8syAsp
or Aiee as a function of the resistivity p of the analysed materials from different reports.
The Heavy metals have the lowest resistivities and lengths. Novel Materials and Tls
are well equated, having a wide range of length values. However, Tls have the highest
resistivities. The Sb,Tes studied in this work presents the highest resistivity, position-
ing it quiet well for applications such as the MESO device proposed by Intell®l. For an
optimal performance of this device, a resistivity higher than 10 mQcm and a A,z higher
than 5 nm is needed, corresponding to the grey shaded area in Figure 6.10.(b). Itis then
verified that the studied Sb,Tes is a well positioned material towards future applications.

This promising efficiency of Sb,Te; could be explained based on its structure. DC et
al.1%8l have demonstrated that the charge to spin conversion efficiency is improved due
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Figure 6.10 — State of the art of SOC materials. (a) Spin Hall angle 85y at room temperature for dif-
ferent types of materials: Topological Insulators (TIs) (orange)[53.67-69.72,212,218,222] 'Hegyy Metals
(Blue)[210.219.220.223] 5ng other materials (TMDCs, STO, etc...)[47:219.221.224] (green). The lines in
red depict 65 at room temperature of Sb,Tes obtained in this work for both bilayers at room tempera-
ture. (b) Ashby plot of 8 times the spin diffusion length Agp (the equivalent to the IEE length A;zg) or
Ak of several materials and of their conductivity: Topological Insulators (orange)[53.61.67-72,213,222]
Heavy metals (blue)[209.210.223] 'and other materials[221:225]. These parameters can be taken as the
figure of merit of SOT materials. Very high resistivities and lengths are needed for applications in logic
devices like the MESO device, corresponding to the shaded area.

to quantum confinement. This quantum confinement can occur in grains of sputtered
thin films, with DC et al. having verified that this effect is enhanced by reducing the
grain size. Our ion beam sputtered SbyTes thin films have grain sizes of roughly 20
nm as observed by the TEM and XRD crystallie determination discussed in Chapter
4. These grains can enhance the intrinsic and expected spin to charge conversion
of SboTes;. Moreover, the temperature dependence of the resistivity is indicative of a
semi-amorphous semiconductor behaviour, being caused by the amorphous and grain
structure of the thin films. Thus, the grain structure of the sputtered thin films also
improved the resistivity, leading to the obtained promising results.

6.5 Conclusions

Through spin pumping measurements, the study of Sb,Te; as a SOC material, when
combined with ferromagnetic Py thin films, was achieved. The magnetisation dynamics
of a Py(10)/ST(100) bilayer was obtained as a function of temperature for low tempera-
tures, having yielded high Gilbert damping resonance values when compared to capped
Py samples, which is indicative of the occurrence of spin pumping into the Sb,Tes. More-
over, the behaviour at low temperatures could be explained by the activation of the
TSS conduction at the cryogenic temperatures previously discovered in the sputtered
Sh,Tes thin films. The spin mixing conduction and spin current were calculated, with
values being close to reported values for similar bilayers. The spin current temperature
dependence showed, however, that it is roughly constant at high temperatures, with an
increase at low temperatures, which can be explained by the temperature dependence
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of the bilayer and capped sample damping and saturation magnetisation.

The inverse spin Hall effect was observed through the spin pumping measurements.
The corresponding voltage, V|sye, which corresponds to the charge current converted
from the spin current, was obtained as a function of temperature for the Py(10)/ST(100)
bilayer and at room temperature for the Py(100)/ST(100) bilayer. V,sye roughly in-
creases with cooling, reaching its maximum value at the lowest measured temperature.
From these measurements, the apparent spin Hall angle was calculated, also showing
an increase with cooling, which could also be explained by the change in the electronic
properties of the Sb,Tej thin films.

The SCC efficiency was obtained for the studied Sb,Te; bilayer, with competitive
values being achieved, specially when considering applications in logic devices, such
as the MESO device proposed by Intel. The results presented and discussed in this
Chapter discovered that sputtered Sb,Tes is a material of interest for SOT applications,
opening the door to further studies and implementations of this Tl for spinorbitronics
applications.






CHAPTER 7

Sputtered topological insulator
nanostructures towards flexible
spintronics devices

This chapter ' 2 is devoted to the development of flexible nanostructures with the end
goal of spinorbitronics flexible devices. First, the structural and electronic transport prop-
erties of flexible thin films of Sb,Te; are analysed. The thin films are deposited by ion
beam sputtering, a technique already present in the semiconducting and spintronics in-
dustry. The depositions occurred on Kapton ® polyimide substrates, which is a flexible
material. The effects of the sputtering plasma voltage and thickness on the structural
and transport properties are discussed, namely its resistivity and Seebeck coefficient.
Through the combination of these studies, the influence of the fabrication parameters on
the thin films and the different contributions to the electronic conduction are unravelled,
paving the way for further research into flexible Tls and their implementation in flexible
spinorbitronics devices.

Following these studies, the structural and electronic properties of flexible FM/TI/FM
trilayers are dissected. Preliminary studies of their magnetisation dynamics, employing
not only the usual VNA-FMR technique, but the layer specific XFMR, were also used to
gain insights into the propagation of spin currents and their effects on neighbouring FM
materials.

1Adapted from S. Ferreira-Teixeira, A. L. Pires, J. P. Araujo and A. M. Pereira, Structural and transport
properties of sputtered topological insulator thin films towards flexible spintronics devices, in preparation.
S. Ferreira-Teixeira contributions to the publication: structural and morphological analysis, measurement
of the resistivity and Seebeck Coefficient, and data analysis. Responsible for the main manuscript prepa-
ration.

2Adapted from S. Ferreira-Teixeira, A. L. Pires, S. A. Bunyaev, G. N. Kakazei, J. P. Aratjo and A.
M. Pereira Mediation of the magnetisation dynamics through a topological insulator on flexible FM/TI/FM
sputtered nanostructures., in preparation. S. Ferreira-Teixeira contributions to the publication: sample
fabrication, structural and morphological analysis, measurement of the resistivity and Seebeck Coefficient,
and data analysis. Responsible for the main manuscript preparation.
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7.1 Introduction

The Era of the Internet of Things (IoT) demands adaptable and alternative devices,
which can be achieved by using flexible and stretchable electronics. By integrating
electronic systems with flexible substrates, materials, and structures, a wide range of at-
tractive applications can be realised, from wearable devices to flexible displays [#26-230],
To fully attain a wide usage, innovative spintronic devices should also be developed
based on flexible materials to obtain novel data storage and logic devices. Towards this
goal, several efforts have been made, such as studying the strain effects on perpendic-
ular magnetic anisotropy!?3' and exchange bias!?®?, and the development of memory
elements!233],

In the last few years, a lot of research within spintronics has been dedicated to
Spinorbitronics, which is based on the spin to charge interconversion, exploiting the
high spin-orbit coupling (SOC) of certain non-magnetic materials. These materials are
commonly heavy metals, like Pt, W and Tal#4158.159  Moreover, 2D Van der Waals
structures, for example, Graphene/WS, 8] have also been explored. A new class of
quantum materials, topological insulators (TIs), which exhibit a metallic topological sur-
face state (TSS), and host spin-momentum locking!'””!, have also shown outstanding
spin to charge inter-conversion performances®*%71. One set of materials which exhibit
the TSS is the BiyTez family of semiconductors, having been discovered in 2009 as Tl
materials 2.

Due to the demand of adapting and creating flexible devices, the control of spin
currents via SOC has already been the subject of studies for the development of flexible
spintronics [234-2361 Fe/Pt/Fe trilayers were grown on flexible mica substrates and their
SCI was investigated, having observed a tunable charge to spin conversion with the
application of compressive strain, with over 50% enhancement of the spin hall angle
being obtained for a 6.26% strained film[?34. Pt/Co bilayers were also investigated,
having shown that the frequency of the ferromagnetic resonance can be tuned using
purely mechanical strain, with the device being reversibly manipulated over 10* cycles,
which demonstrates robustness for flexible devices 235,

Despite these efforts and developments, these studies focused only on Heavy Met-
als, namely Pt. As such, the integration of Tls in flexible SOC devices has not yet been
explored. Though they have gained great attention due to their Tl properties, these
materials have also been extensively studied as thermoelectric materials[?37-239_ With
the end goal of implementation of flexible thermoelectric devices, advancements in the
structural and electronic properties of flexible Tl materials have been obtained[10:240-242]
However, these studies have not yet been translated into the exploitation of Tls for SCI
applications, and thus the creation of spinorbitronic flexible devices based on Tls needs
to be developed.

In this chapter, insights into the realisation of flexible Tls are achieved through the
structural and electronic studies of sputtered Sb,Tes thin films on kapton flexible sub-
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strates. The interplay between the thickness and structure of the thin films will be ex-
plained through transport measurements and XRD characterisation, which yields what
should be the optimal fabrication parameters and what are the transport characteris-
tics of the optimised film. The flexible TI thin films are then implemented in flexible
trilayer FM/TI/FM nanostructures to study what is the role of the Tl in the spin pumping
and transmission of spin currents in a stack structure. FMR is employed to verify the
dependence of the magnetisation dynamics of the FM materials on the TI layer, with
preliminary results showing that the Tl can act as an efficient spin sink.

7.2 Flexible Sb,Te; topological insulator thin films

7.21 Structural and Morphological characterisation

The flexible Sb,Tes thin films were fabricated using ion beam sputtering, in depositions
of one hour. The thickness of the thin films is shown in Figure 7.1.(a) as a function of
the beam voltage Vgeam used for deposition. The thickness of the thin films increases
linearly with Vgeam, at a rate of 0.75 nm V-'h~"!, being 192 and 555 nm for the thin films
deposited with 500 and 1000 V, respectively.

Figure 7.1.(b) displays the XRD diffractograms obtained for the different thin films
presenting several diffraction peaks. The peak at 14.38° marked with an asterisk is due
to the Kapton substrate. The broad plateau until roughly 35° also comes from the amor-
phous contribution of the polymeric chain of the Kapton substrate, being most prominent
for the lower Vgeam thin films, which is explained by their lower thickness.

Figure 7.1 — Structural characterisation of the flexible thin films. (a) The thickness of the thin films
as a function of the beam Voltage for a deposition of one hour. (b) The XRD diffractogram of the
flexible Sb,Tej thin films deposited at the different voltages. The peak marked with * corresponds to
the substrate.

The other observed peaks can be attributed to different reflections of the SboTe;
phase, with a rhombohedral crystal geometry (R-3m)['62. The peak angles and the
corresponding attributed planes are the following: 22.8°, (1 0 1); 26.0°, (1 0 2); 41.9°, (1



FCUP
Sputtered topological insulator nanostructures towards flexible spintronics devices

1 0); 46.8°, (0 1 14); 51.7°, (2 0 5); 53.7°, (0 2 7); 76.1°, (0 1 23). From the wide range
of indexed planes, it can be concluded that the thin films are polycrystalline.

Since the only variation between measurements are the thin films thickness and
beam voltage Vgeam, With the substrate and measurement conditions being the same,
the intensity of the peaks can be directly compared between different samples. With this
consideration, the biggest reflection occurs for the (1 0 2) plane, with the smaller Vgeam
thin films having the higher intensity even when considering the substrate background.
Moreover, the (0 2 7) peak is more prominent for the films deposited with smaller Vgeam
whereas the intensity of the (2 0 5) peak increases with Vggam,. The two peaks at 41.9°
and 46.8° have the lowest intensity, with the (1 1 0) reflection being sharper for the films
deposited with higher Vgeom. The last identified peak, indexed by the (0 1 23) phase,
is sharper than other peaks and has the highest intensity for the 800 V deposited thin
films, decreasing both for higher and lower voltages. These changes in intensity and
peak width indicate that by increasing the Vggam, the intrinsic structure of the thin films
is changing, with certain directions beings favoured over others with a higher or lower
VBeam-

Fits to the diffractograms were performed for all the studied samples and for angles
higher than 35°. These can be found in Figure 7.2. For angles below 35°, the influence
of the substrate, which cannot be properly removed, does not allow to perform these
fits.

Figure 7.2 — XRD diffractograms of the flexible Sb,Tej thin films with the background subtracted and
the respective fits as a solid red line.

From the fits, Scherrer analysis as described in equation 2.2 of Chapter 2 was em-
ployed to obtain the grain sizes d of each peak, except the (1 0 1) and (1 0 2). In Figure
7.3, the sizes obtained for the fitted peaks are shown as a function of Vggam, with the (1
1 0) grain size being shown in Figure 7.7. These range from 3 nm to 20 nm, depending
on the peak and beam voltage. The peak with the highest grain size corresponds to the
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(1 1 0) reflection and the lowest to the (0 2 7) reflection. These results show that the
flexible films are constituted by nanocrystallites of different crystalline orientation, with
varying sizes.

Considering the structural analysis present here and the structure of the Sb,Tej thin
films deposited on glass discussed in Chapter 4, it can be inferred that these flexible
films are also constituted by the nanocrystalline grains of different orientation within an
amorphous matrix. Moreover, it can be expected a similar Vg, influence on the struc-
ture as an increase in thickness. By depositing for a longer time, i.e. a higher thickness
film, there was diffusion of Te through the film. In contrast, here the deposition time of
the flexible films was always one hour. However, by increasing the Vgeam, the energy of
the incident materials is higher. Thus, the Te diffusion effect could be enhanced, due to
the higher energy and consequently higher temperature of the film after the impact of the
materials. These effects can explain the different observed directions in the XRD and
their change with Vgeam. As such, a change in Vgeam changes the structural properties
of the films, namely the orientation and size of the nanocrytalline grains.

Figure 7.3 — The grain sizes of the flexible Sb,Tej thin films as a function of the Beam voltage Vggam
obtained from the FWHM of the corresponding XRD peaks by using Scherrer’s analysis. The dashed
lines are guides to the eye.

7.2.2 Electronic properties

The resistivity p as a function of temperature is shown in Figure 7.4.(a). The resistivity
increases with cooling for all samples, having a semiconducting behaviour. The p values
range between 8.34 x 102 and 1.2 Qcm at 280 K and 3.43 x 10~" and 2.49 Qcm at 15
K. These p values are much higher than previously reported values for Sb,Te; 1482431
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being similar to insulating/semiconducting BSTS5%.167] BTSI'66] and Sn-BSTS[2441,

The thin films deposited with lower Vg.om present a larger increase in p at lower tem-
peratures, roughly below 50 K. This could be explained considering the dependence of
the thickness of the film on Vpgeam. In Chapter 4, the Sb,Tes films deposited on glass
substrates showed that the resistivity generally increases for thinner films. Thus, since
lower Vgeam films also have lower thicknesses, this effect should indeed be more promi-
nent for lower Vgeam films. This sharp increase results in a variation of roughly three
orders of magnitude for the lower Vggan films, whereas the 900 and 1000 V film p in-
creases only one order of magnitude with cooling.

To further understand the Vpgqam influence on the conduction, Figure 7.4.(b) shows
the Vgeam dependence of p at 280 K and 15 K. There is an increase of three orders
of magnitude with a decrease in temperature for Vgeom smaller than 800 V. For higher
VBeam, the increase with temperature is smaller, becoming less than one order of mag-
nitude at 1000 V. Each temperature also has a similar Vge,, dependence. First, p
decreases from 500 to 600 V. Then it increases until its maximum value, either at 700
V at 15 K or 800 V at 280 K. By further increasing Vigeam, p becomes smaller, having its
lowest value at 1000 V.

This behaviour could be explained by a combination of thickness and structural ef-
fects. By increasing Vgeam from 500 to 600 V, the structural properties are not effec-
tively altered while the thickness is increased, as discussed in the previous subsection.
As seen in Chapter 4, thicker films have lower resistivity values. By further increasing
VBeam, the thickness also increases but the structural properties are altered. As seen
from the XRD analysis, the structure does not change monotonously with Vgeam, with
for example the (0 1 23) peak having the highest intensity for the 800 V films. Moreover,
the grain sizes associated with each reflection also have a change of behaviour at 800
V, either increasing (reflection (0 1 14)) or remaining roughly constant (reflection (0 1
23)) for higher beam voltages, as seen in Figure 7.3.

Figure 7.4 — Electrical resistivity of the flexible SbyTes thin films. Resistivity as a function of (a)
temperature for the thin films deposited at the different Vggzy, and (b) Vgeam at 15 K and 280 K. The
dashed lines are a guide to the eye.
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The Seebeck coefficient S was also measured as a function of temperature, being
displayed in Figure 7.5.(a). This transport property can be an effective tool to disentan-
gle the different conduction contributions in Tls thin films in the absence of magnetic
fields8%91 S is positive for all the thin films at room temperature, having values be-
tween 52.5 yV/K and 78 uV/K at 280 K, which are within previously reported values for
Sb,Te; thin films[148:243] and as expected for undoped Sb,Te;. By cooling the films,
the highest Vgeam samples show a nonlinear T dependence of S, with an increase until
reaching a maximum value around roughly 260 K. This behaviour has previously been
ascribed to hole carriers being generated in a valence band of a semiconductor via ther-
mal excitations of electrons to an upper impurity trapping level®®l. From the structural
properties, we can see that due to the polycrystalline nature of the films, the different
grain sizes can create additional bands, which could create this effect.

Figure 7.5 — Seebeck Coefficient of the flexible Sb,Tes thin films. (a) The Seebeck Coefficient as a
function of temperature for the thin films deposited at the different Vgg,,,. The temperature at which the
transition from p-type conduction (positive Seebeck values) to n-type conduction (negative Seebeck
values) Tpn is marked for the sample deposited at 800 V. (b) Seebeck coefficient as a function of
VBeam at 28 K and 280 K. The dashed lines are a guide to the eye.

With further cooling, S starts to decrease, eventually changing sign for the lower
VBeam films while always being positive for the 900 and 1000 V films, as reported for
bulk Sb,Te3!['63! and previously for the thicker Sb,Tes films in Chapter 4. The sign of S
indicates what are the majority charge carriers. As such, at high temperatures, the posi-
tive sign shows that holes are the majority charge carrier and that all the films are p-type
semiconductors. However, when it becomes negative for the lower Ve, films, elec-
trons become the majority charge carrier. Thus, there is a change from p-type to n-type
conduction. This has been previously observed in BSTS thin films, where the change
in sign of S and majority charge carriers is attributed to surface conduction, which is
n-type, versus bulk conduction being p-typel®®l. Previous measurements of the Hall co-
efficient have also seen similar changes in charge carriers on BSTS and BST, which
were also explained by n-type surface conduction and a p-type bulk['66.167] |n Chapter
4, this was also observed for the Sb,Tes films fabricated with the same method on glass
substrates, which was explained by a parallel model of a surface n-type conducting in
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parallel to the bulk p-type.

Upon becoming negative, S reaches the highest absolute values at the lowest tem-
peratures for the films fabricated with 500, 700 and 800 V. However, the 600 V film,
which also shows the change in sign, reaches much smaller values when compared to
the other films, having a behaviour closer to the 900 and 1000 V films. This is in accor-
dance with the behaviour of p, where the resistivity of the 600 V is closer to that of the
900 V and 1000 V films.

Figure 7.5.(b) shows the Vgeam dependence of S at 280 K and 28 K. Like previously
mentioned, at 280 K, S is positive for all films. However, at 28 K, it is only positive for
the 900 and 1000 V films, with the 600 V value being negative but extremely small when
compared with the other films. Moreover, S behaves like p at both temperatures when
considering its Vgeam dependence. First, it decreases in magnitude from 500 to 600 V,
but then increases until the maximum, which occurs at 800 V for both temperatures. It
then decreases again until reaching the lowest values for the 900 and 1000 V. This can
also be described by a combination of thickness and structural changes similar to the
behaviour of p with Vgeam.

To better understand the electronic conduction in these flexible thin films, the model
of the conductivity for the thin films deposited on glass substrates presented in Chapter
4 was employed. This model describes the conduction of Sb,Tes films as three resis-
tances conducting in parallel: the p-type semiconductor bulk, a n-type semiconductor
surface and the TSS, previously observed through magnetoconductance in the sput-
tered thin films on glass. In this model, for the measured temperatures in this work, the
electrical conductivity is described by equation 7.1, where AEg and AEg are the surface
and bulk semiconductor activation energies, respectively, as and ag are the exponents,
which are close to 1.5 and arise from the effective density of states function for an intrin-
sic semiconductor, and As and Ag, constants. At these temperatures, no traces of the
TSS conduction were and are observed and as such, it is not included in this equation.
All the conductivities of the flexible thin films were fitted to this equation. The fits de-
scribe well the data and can be found in Figure 7.6.(a), where the conductivity of the thin
films is presented as a function of temperature. From the conductivity fits, the different
parameters were calculated. The obtained surface activation energy AEg is plotted in
Figure 7.7 as a function of Vge,m, having values between 84 and 150 meV. It is worthy
to note that a value of 140 meV as activation energy in the semiconducting/insulating
Sn-BSTS sample has been reported 241, showcasing that this flexible Sb,Tes thin films
conduction follows a similar mechanism to the extremely insulating Sn-BSTS semicon-
ductor films.

7= As (keT)* ox (<322 | + Ap (ke T)® exp (-2 | +on (7.1)

Concerning the Seebeck Coefficient, the critical temperature at which the change
from positive to negative S occurs (Tp,) can be identified, as seen in Figure 7.5.(a) for
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Figure 7.6 — Analysis of the transport properties of the flexible Sb,Tes thin films. (a) The electrical
conductivity of the flexible thin films as a function of temperature and the respective fits to equation
7.1 as solid lines. (b) The absolute value of the Seebeck coefficient as a function of the temperature
normalised to Tpp.

the 800 V sample. Figure 7.6.(b) displays the absolute values of S as a function of the
temperature normalised to Tp,. |S| has a similar T, dependence for the different films,
which shows that the conduction effects are common to all films. Moreover, by changing
VBeam and the thickness, control of T, and of the type of conduction is achieved.

Figure 7.7 shows Ty, as a function of Vgeam, having been assumed a Tp, equal to
13 K for the 900 and 1000 V, since, if it exists for this samples, it will have a value
between 0 and 26 K. Previously, Tp, has been reported to decrease with an increase in
thickness!?44! and this tendency was also observed in Chapter 4. This is identified for
the films fabricated with 500 and 600 V, but it does not show this behaviour for the other
thin films.

Since the different structural and transport properties cannot be fully explained con-
sidering just the thickness of the films, in Figure 7.7 the grain size obtained from XRD
of the (1 1 0) peak is also shown. It is remarkable to note that similar tendencies are
observed for the surface activation energy AEs, Ty, and the grain size d(110). These
tendencies are the same as previously seen and discussed for p and S. They decrease
in value from the 500 V to the 600 V deposited thin films. Then, they increase until
reaching the maximum between 700 and 800 V, which is the area signalled in grey in
Figure 7.7. With a further increase in Vggam, the films’ parameters decrease. From this
an explanation similar to the p and S discussion above can also be valid here. Thick-
ness plays the most important role in the thin films fabricated with Vggam below 600 V.
Here, the structural properties are very similar, as seen through the grain size of the (1
1 0) reflection, for example, which even though it does reduce from 500 to 600 V, it has
a very similar value when compared to the other films. As such, the thickness of the film
has the greatest influence on the transport properties for these smaller Vggapm.

However, the situation changes by increasing Vgeom. In Chapter 4, it was noted
that for thicknesses higher than 200 nm, Sb,Te; films have very similar behaviours,
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closer to the bulk. Moreover, the grain size d(1109) has a variation between 67 and 75
% from the peak value at 800 V and its value at 600 and 1000 V, respectively. Thus,
the crystalline properties have the greatest influence for the films fabricated with Vgeam
higher than 600 V. As previously discussed, by increasing Vgeam, certain XRD peaks
increase in intensity while others become less prevalent, with the (0 1 23) peak reaching
a maximum intensity at 800 V, for example. Moreover, the grain sizes also change
behaviour between 700 and 800 V. Thus, the type of nanocrystallites and their respective
size control the electronic conduction in this flexible sputtered Tl thin films.

Figure 7.7 — Structural and transport parameters of the Sb,Tes thin films. The Surface activation
energy AEg (blue squares), obtained from the resistivity, the critical temperature at which the change
from p to n-type temperature occurs, Tpn (orange circles), obtained from the Seebeck Coefficient, and
the grain size d11q) of the (1 1 0) XRD peak (green triangles) as a function of Vgesp,. The dashed
lines are guides to the eye and the grey area marks the Ve, Values at which the maximums of these
parameter occur.

These results show that the type of conduction required for the development of
Spinorbitronics flexible devices based on Sb,Tes Tl can be directly chosen by the sput-
tering conditions, by controlling both the thickness and Vge.m. For certain applications,
such as the MESO device recently proposed®l, high resistivities are needed for an op-
timal output performance, and thus the films deposited with Ve, between 700 V and
800 V are more suitable. However, to reduce shunting effects in charge to spin conver-
sion elements[?*%] a lower resistivity of the SOC material is needed, and thus thicker
films and/or films deposited with higher Vg, should be used. Another interesting ap-
plication is also for thermoelectric device design. As previously discussed, SboTes is
one of the prototypical thermoelectric materials and as such its transport properties are
also of interest for the development of flexible thermoelectric devices. From these two
applications and their diverse requirements, ion beam sputtering is a versatile technique
that allows for the fabrication of flexible Sb,Tes thin films which could be employed in
the future of flexible devices.
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7.3 Flexible FM/TI/FM trilayers

Having flexible TI thin films, the fabrication and analysis of nanostructures for SOT ap-
plicatiosn can be envisaged. Trilayer nanostructures of ferromagnetic materials and
Sb,Tes as the Tl material, with a FM/TI/FM structure, were sputtered on flexible sub-
strates. The flexible trilayers allow for the analysis of the generation of the spin current,
as discussed in Chapter 6, but also their transmission through the Tl layer and their inter-
action with the second FM layer, further developing the creation of novel spinorbitronics
devices.

The thickness of the FM materials was chosen to be the typical thicknesses used
for the magnetisation dynamics studies, namely 10 nm. The Sb,Tes deposition voltage
for these flexible trilayers was 700 V because it was noted in the previous section that it
yields the highest values of resistivity of the flexible thin films, which is needed for appli-
cation such as the MESO device. Moreover, the thin films deposited on glass discussed
in the previous Chapters were also fabricated at 700 V. The thicknesses of Sb,Tes were
chosen considering the temperature dependence of the conduction of the Tl thin films,
with a thickness of 30 and 60 nm having been chosen.

7.3.1 Structural and Morphological Characterisation

Figure 7.8 — XRD diffractogram of the CoFe thin films.

The sputtered trilayers have Py and CoFe as the FM materials. The CoFe and Py
thin films were fabricated using previous optimised sputtering parameters obtained at
IFIMUP. The structural properties of the Py sputtered thin films and layers were explored
in Chapter 5. The structure of the CoFe thin film layers is presented here. Figure 7.8
shows the XRD diffractogram of the CoFe 10 and 100 nm thin films deposited on glass.
Three peaks can be identified in the thicker film, which correspond to the CosgFesg FCC
phase!?#6l. These are shown as solid lines of Figure 7.8 and correspond to the (1 1 1)
peak at 44°, the (3 1 1) peak at 91° and the (2 2 2) peak at 96°. It has the same structure
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as the Py thin films. The (1 1 1) peak at 44° and the (2 2 2) peak at 96° can also be
identified in the 10 nm thin film, with the (1 1 1) peak being broader for this thinner film.

The XRD analysis of the trilayers is shown in Figure 7.9.(a) for the Py/ST(30)/CoFe
trilayer deposited on glass and (b) on Kapton. The (1 0 2) and (2 0 5) peaks of the
Sho,Tes layer are identified on both samples at 26° and 51.7° as solid lines. On the tri-
layer deposited on Kapton, the (1 0 1) peak of Sb,Te; can also be seen at 22.8°. The
peak at 44° on both bilayers corresponds to both the Py and/or CoFe layer. On the
Kapton trilayer, the peak at 92° of these two materials is also observed, with the peaks
of these materials being shown as dashed lines. Moreover, the flexible trilayer also
presents a peak corresponding to its substrate, Kapton, marked as an asterisk, and a
peak corresponding to the (1 1 1) plane of the aluminium capping at 38.5°[247] shown as
a dotted line. From these results, it can be concluded that the different materials main-
tain their structure when deposited as a trilayer structure. On the XRD diffractogram of
the trilayer deposited in PET, only peaks corresponding to the substrate were identified.

Figure 7.9 — XRD diffractogram of the trilayer samples deposited on (a) glass and (b) Kapton sub-
strates.

XRR was employed to study the trilayer morphology. First, XRR was performed on
the trilayer deposited on the glass substrate, due to it being a rigid substrate, allowing
for a first analysis of the deposition of the capped trilayer system. The XRR pattern of
this sample is shown in Figure 7.10.(a), where several Kiessig fringes can be observed:
smaller in period which correspond to the SbyTes high thickness layer, and broader
fringes, encompassing roughly three of the smaller fringes, which can correspond to
the both the Py and CoFe layers, due to these layers having the same thickness. The
fringe order analysis was performed to these two sets to calculate the corresponding
layer thicknesses. The fringe order and corresponding linear fit of the two sets of fringes
is represented in Figure 7.10.(b). The circle data blue points correspond to the Sb,Te;
layer, having yielded a thickness of 36.6 + 0.2 nm, while the triangle grey data points
correspond to the FM layers, having an average thickness of 10.7 + 0.4 nm. Fringes
corresponding to the Al capping were not identified. This analysis shows that the tri-
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layer materials can be grown in this stack nanostructure with good morphology and well
defined independent layers, with good interfaces.

Figure 7.10 — XRR of the trilayer sample deposited on glass. (a) XRR pattern and (b) linear fit analysis
of the fringes’ order following equation 2.3, with the respective calculated thicknesses.

XRR was also performed on the flexible trilayers. However, due to the flexible nature
of the substrate, the reflections are less intense, which makes the analysis via XRR of
the trilayer structure difficult. As such, no proper signal was obtained by measuring the
trilayers deposited on Kapton. However, for the PET trilayers, viable reflectivity patterns
were obtained, being represented in Figure 7.11.(a) for the P:Py/ST(30)/CoFe trilayer
and (b) P:Py/ST(60)/CoFe. On both samples, the XRR shows a high Fresnel reflectivity
decrease. For the thinner Sb,Tej film trilayer, only one set of fringes can be observed,
with only seven fringes being noted. The inset of Figure 7.11.(a) shows the linear fit
analysis, which produced a thickness of 30 + 1 nm, corresponding to the Sb,Tej layer.
Focusing on the XRR pattern of the P:Py/ST(60)/CoFe sample, two sets of fringes can
be roughly estimated, namely four small fringes corresponding to the Sb,Tes layer, and
four wider fringes, which, as in the sample deposited on glass, correspond to one or both
the FM layers. From the linear fit analysis, represented in the inset of Figure 7.11.(b),
thicknesses of 62 + 4 nm and of 11.2 + 0.2 nm were obtained which correspond to the
Sb,Tes layer and the Py and/or CoFe layers, respectively. As for the glass sample, no
fringes corresponding to the capping are visible

7.3.2 Electronic properties

The resistance of the trilayer systems was measured as a function of temperature, be-
ing depicted in Figure 7.12, as well as the resistance of the Py(10) and CoFe(10) thin
films on glass substrates. The resistance increases with heating for all the samples,
following the same tendency as the FM thin films. This was the behaviour observed in
the Py/Sb,Tes bilayers, which indicates that all the conduction is carried by the metallic
layers. However, since the trilayers are capped with a 7 nm film of Al, this should be
the main contribution to the conduction, which is also observed, since the temperature
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Figure 7.11 — XRR of the trilayer samples deposited on the flexible PET substrate. (a) XRR pattern
of the P:Py/ST(30)/CoFe trilayer with an inset of the linear fit analysis of the fringes’ order with the
calculated thickness. (b) XRR pattern of the P:Py/ST(60)/CoFe trilayer with an inset of the linear fit
analysis of the fringes’ order with the calculated thicknesses.

dependence does not follow either the Py or CoFe behaviour.

Furthermore, the resistance is higher for the trilayers with the thinner Sb,Tes layer.
This is anticipated considering the simple conduction parallel mode, with a decrease in
the thickness increasing the resistance. It can also happen because the resistivity of
the Tl material increases with a reduction in thickness, as it was discussed in Chapter
4 and on the first part of this Chapter.

There is also a substrate influence. The trilayers deposited on PET have a higher
resistance than their counterparts deposited on Kapton. This can indicate that the struc-
ture of the layers is altered when deposited on PET, but no definite conclusions can yet

be given, since the XRD measurements yielded no results due to only peaks of the PET
substrate being identified.

Figure 7.12 — Resistance of the trilayer samples and bare Py and CoFe 10 nm thin films as a function
of temperature.

The Seebeck coefficient of the trilayers was also measured as a function of tem-
perature, which is shown in Figure 7.13. The Seebeck coefficient of the Py(10) and
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CoFe(10) thin films is also shown. As for the bilayers in Chapter 5, there is no con-
tribution to the Seebeck coming from the Sb,Tes layer, with the thermopower being
negative within the range of temperatures studied and decreasing in magnitude with
cooling. The temperature dependence is similar to the Py and CoFe thin films, but the
values are much smaller in magnitude, especially at room temperature. Aluminium also
has negative thermopower at this range of temperatures, but has much smaller values,
with S being roughly -2.6 xV/K at room temperature[?48l. Since the transport properties
are measured through the Al capping, it is expected that the conduction is dominated by
this film, which is observed in the Seebeck dependence on temperature of these capped
trilayer samples.

Moreover, there appears to be no dependence of the Seebeck coefficient on the
Sb,Tes layer thickness, which further confirms that the measured thermopower is domi-
nated by the Al capping. Concerning the substrate dependence, the samples deposited
on PET have slightly smaller values of the thermopower. However, at the lowest tem-
peratures, all the curves overlap, and appears to be no influence on both the substrate
and thickness.

Figure 7.13 — Seebeck coefficient of the trilayer samples as a function of temperature.

7.3.3 Magnetisation dynamics

The magnetisation dynamics of both FM materials of the trilayer samples was measured
at room temperature through VNA-FMR. Figure 7.14.(a) displays the absorption peaks
of the Py/ST(30)/CoFe trilayer deposited on Kapton, obtained at Hpc of 1312.05 Oe in
a frequency sweep. Two peaks are observed at different resonance frequencies. From
previous FMR characterisation, one is identified as the Py layer resonance and the other
as the resonance of the CoFe layer. The CoFe resonance peak has an higher intensity,
which is due to it being closer to the origin of the induced RF field, since the sample is
placed face down on the CPW. The data was fitted to a sum of asymmetric Lorentzians
(equation 2.10) with the fit being presented as a full line. From the fits performed to the
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Sample | K:Py/ST(30)/CoFe | K:Py/ST(60)/CoFe | P:Py/ST(30)/CoFe | P:Py/ST(60)/CoFe
P({)Z')S 7693 + 9 8130 = 50) 6850 = 20 6920 = 20
Py Hy
(06) 05+07 7+3 342 1242
Py o
(10-9) 1 + 1 11+ 1 21+ 2 22.9+0.9
C"(':o‘:;‘"s 15500 + 50 14600 + 200 15830 + 30 15300 + 90
CoFe Hy 42 30 + 10 18 + 1 21+3
(Oe)
C(:gi)“ 1.8+ 0.8 19+ 2 132+ 0.6 15.8 + 0.6

Table 7.1 — Magnetisation dynamics parameters of the flexible FM/TI/FM trilayers at room tempera-

ture.

data at different applied magnetic fields, the resonance frequency and linewidth were

calculated.

Figure 7.14 — Ferromagnetic resonance of the K:Py/ST(30)/CoFe ftrilayer. (a) representative ferro-
magnetic resonance absorption measured by VNA-FMR in frequency sweep at a Hpg of 1312.05 Oe.
(b) Resonance frequency fres as a function of the applied magnetic field Hp¢ for both the Py and CoFe
resonances. The fits to the Kittel equation 2.5 are shown as solid lines.

Figure 7.14.(b) shows the frequency of the Py and CoFe resonances as a function of
the applied field, for both positive and negative applied magnetic fields. The frequency
dependence on the field is well described by the Kittel equation (equation 2.5), as it can
be seen by the fits represented as solid lines. From the fits, the saturation magnetisation
Ms and anisotropy field Hy were calculated, being shown in Table 7.1.

Focusing on the Py parameters, the deposition of the Py layer directly on top of the
flexible substrate affects the saturation magnetisation, reducing it when compared to the
Py reference value of the Py capped sample deposited on glass, presented in Chapter 5.
This effect is greater for the PET substrate, with Mg decreasing roughly 1500 Oe, from
the reference value. The roughness of PET and Kapton substrates has been reported to




FCUP
7.3 Flexible FM/TI/FM trilayers

be 46 and 44 nm[2#°], respectively, whereas the roughness of the glass substrates was
obtained in Chapter 4 to be 1 nm. As such, the decrease in the saturation magnetisation
can be explained by the roughness of the flexible substrates. The anisotropy is negative
for the trilayers with the thicker Sb,Tes.

Considering the dynamics of the CoFe layer, Mg also decreases when compared
to reference values of a previous report of capped sputtered CoFe[?%0. However, in
contrast to the Py case, this decrease seems to be independent of the flexible substrate
used, but dependent on the thickness of the Sb,Tes layer, since both samples with a
Sb,Tes thickness of 30 nm have a Mg higher approximately 500 Oe than the 60 nm
samples. This could be explained by the presence of interface defects or magnetic
dead layers at the interface between Sb,Te; and CoFe. However, it was verified in
Chapter 4 that there is no change in the structure of the Sb,Tej thin films with different
thicknesses. Thus, a structural effect is probably not the cause.

From the calculated linewidth, using equation 2.9 and 2.7, the damping correspond-
ing to each layer could be calculated and it is also presented in Table 7.1. The damp-
ing of each FM material in the trilayer system is always higher than reference values,
namely the ones reported for Py in Chapter 5 and approximately 6 x10~3 for CoFe[259],
As discussed in the previous chapters, this can be due to extrinsic effects, such as the
interface between each layer, and the presence of spin pumping. From the decrease of
the saturation magnetisation in the Py layer, the increase in damping could also occur
due to interfacial effects between the Py and the substrate. However, the Py damping
increase is extremely high, with an increase of 47% for the kapton trilayers and 180%
for the PET samples, from the reference value of the capped sample, whereas the mag-
netisation only decreases by 18%. The cause of this extremely high damping increase
could thus be the presence of spin pumping into the Sb,Te; layer and the interaction of
a transmitted current flowing through the Sb,Tes layer. For the CoFe layer, the damping
parameter has an even higher increase when in the trilayer structure, increasing with
the thickness of the Sb,Te; layer. Since the variation of the saturation magnetisation is
much smaller for CoFe, this increase could be due to spin pumping into the Tl layer.

Previous FM/TI/FM trilayer studies, namely a CoFe(30 nm)/Bi,Ses (4 - 20 nm)/Py(30
nm) trilayer, showed a similar situation, where the damping of both magnetic layers in-
creased with the thickness of the Tl layer[2%7], Typically, in a trilayer, the damping drops
exponentially with the spacer thickness, since scattering within the non-magnetic layer
is a much less efficient sink for angular momentum than direct absorption by the second
FM[2%1]. The opposing behaviour noted here thus suggests that not only the Tls in gen-
eral, and Sb,Tes in particular, are very efficient spin-sinks but that the pure spin current
can penetrate some distance into the TI. This propagation of the spin current inside the
Tl, as observed in Chapter 6, is converted to a charge current, and the scattering of
the conduction carriers within the bulk of the Tl could provide a mechanism for efficient
absorption of the pumped angular momentum 2071,

From the previous results, it was verified the damping increase with thickness of



FCUP
Sputtered topological insulator nanostructures towards flexible spintronics devices

Sb,Tes, which can be due to spin pumping occurring out of the FM layers. However,
the ability of a Tl to absorb and transfer the pure spin current cannot be inferred from
these measurements. By taking advantage of the material specific detection of the pre-
cession of the magnetisation that XFMR allows to probe, the spin transfer phenomena
can be explored due to the high sensitivity of the phase of the magnetisation preces-
sion across the resonances. As such, preliminary XFMR measurements of the dynamic
signal corresponding to the precession of each FM element of the K:Py/ST(30)/CoFe
sample were performed.

The dynamic signal as a function of the delay between the incident x-rays and the RF
magnetic field are shown in Figure 7.15 for the three elements, with the Ni signal having
been increased x100. The measurements had to be performed in reflection, with an
out of plane field, since the dynamic signal had to be collected at grazing incident X-ray
beam, which an in-plane field blocks. However, the field range in this geometry is not
optimal, since no resonance was crossed. Thus similar dynamic signals are obtained
at all the applied magnetic fields, with the signal in Figure 7.15 being a representative
measurement.

Figure 7.15 — Preliminary measurement of the x-ray detected ferromagnetic resonance of the
K:Py/ST(30)/CoFe trilayer.

The Ni signal has the lowest amplitude, which is explained due to the geometry of
the measurement, with the sample being placed down on the CPW. On the other hand,
the dynamic signal of Fe and Co have the highest amplitude, since it is the layer on
top of the sample. Concerning the phase of the signals, the Fe and Co signals are in
phase, whereas the Ni signal has a different phase. Thus, there is a phase change in
the signal between the layers, which could be indicative of off resonance precession
being induced on the Py layer, as it was previously observed for the FM/TI/FM layer
with Bi,Ses as the Tl material?°”l. This would indicate that there could be a coupling
between the two layers being mediated by the Sb,Tes layer. However, to fully verify
this hypothesis, the XFMR measurements would need to be optimised. Measurements
across the resonances of both layers would need to be performed to infer how the spin
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current is being transmitted through the Ti, if and how it is being injected into the second
FM layer, and its influence on the precession of the FM Py layer.

7.4 Conclusion

Sb,Tes Tl thin films were successfully sputtered on flexible Kapton ® polyimide sub-
strates, having transport and structural properties dependences on both thickness and
fabrication parameters. The flexible films are polycrystalline, constituted by nanocrystal-
lites of different orientations, with sizes ranging from 3 to 20 nm. By changing the plasma
beam sputtering voltage Vgeam, the relative size and orientations of these nanocrystal-
lites can be controlled, with 800 V emerging as a critical value Vgeam, at which the
thickness versus Vgeam influence on the films’ properties changes.

The transport properties of the flexible thin films are intriguing, with the films being
highly resistive, having a semiconducting behaviour. Moreover, a change in the majority
charge carriers with a temperature variation was observed through the Seebeck coef-
ficient, being characterised by a critical temperature Tp,. This temperature is greatly
influenced by the nanocrystalline nature of the films, as the electrical resistivity is. This
conduction could be explained by the previously employed model in Chapter 4 of three
resistances conducting in parallel, namely a bulk p-type semiconductor, a surface n-type
semiconductor and the TSS. Through the control of the fabrication parameters allowed
by ion beam sputtering, the studied flexible Sb,Tes Tl thin films can be fabricated having
in consideration a wide range of applications, paving the way for the future development
of logic and data storage flexible spintronic devices based on the spin to charge inter-
conversion, while also being an attractive option for certain applications requiring flexible
thermoelectric devices.

Flexible FM/TI/FM trilayer nanostructures were then fabricated based on the flexi-
ble Sb,Tes thin films. The structural properties showed that the phase of the different
materials is kept when fabricated on flexible substrates and as a stack trilayer structure.
From XRR, the morphology was also explored, having been distinguished the different
layers of the structure.

The magnetisation dynamics of the trilayers was probed by VNA-FMR and prelimi-
narily by XFMR. It was seen that by introducing the Sb,Tej thin film in the FM/FM stack,
the damping of the FM materials increases, which is indicative of Sb,Te; being a great
spin-sink, with the spin current being able to propagate far in the Tl. From the spin to
charge conversion previously observed in Chapter 6, this shows that Sb,Tez can offer
a mechanism for efficient absorption of pumped angular momentum. Dynamic FMR
signals of the trilayer structure were also observed via the preliminary XFMR measure-
ments. A phase change of the signal of the layers was identified, which could be due to
dynamic coupling between the FM layers being mediated by the Sb,Tes layer. However,
the measurements must be continued for a full exploration of this effect.






CHAPTER 8

Conclusions and Perspectives

8.1 Conclusions

Throughout this thesis, topological insulator nanostructures towards novel spinorbitron-
ics devices for data storage and logic were investigated, considering the demand for fast
information processing with ultra-low power consumption. Out of this endeavour, many
scientific relevant insights to the community and society in general have been attained
and are summarized in the following points.

Examining the fabrication of thin film nanostructures, thin films of topological in-
sulator Sb, Te; were fabricated using ion beam sputtering, which is a fast and scalable
technique already present in both the semiconductors and spintronics industry, which
was unveiled to be reliable for the fabrication of these films. It was shown that the topo-
logical surface state (TSS) conduction is present in all these sputtered TlIs due to the
existence of the weak antilocalisation (WAL) cusps in magnetoconductance measure-
ments, being well-defined at low temperatures (2 - 10 K). By adjusting the fabrication
parameters, such as the beam voltage or thickness, the possibility of tailoring the band
structures by tuning the electronic properties was enabled, allowing the control of the
type of conduction. This achievement was the ground work for the physical studies car-
ried out throughout this thesis, since it demonstrated that the sputtered nanocrystalline
thin films had the TSS, which could make them good candidates for spinorbitronic de-
vices.

Multilayer-magnetic-nanostructures, such as bilayers (FM/TI) and trilayers (FM/TI/
FM), were fabricated obtaining structures with crystalline layers and with the desired
magnetic properties, i.e. identical to those of the individual thin films. The electronic
and spintronic properties of these nanostructures were fully probed, which granted us
a better understanding of their conduction, by calculating several transport parameters
and coefficients that describe it in the detail. From this knowledge, physical models
were created to describe the conduction of the single Tl thin films and of the FM/TI sys-
tems. The former allowed us to gain knowledge of how the conduction occurs in the
sputtered Tls, with the later having critical significance for the realisation of the basic
SOT elements and their inclusion in devices.

The inverse spin hall effect (ISHE) that generates the spin to charge conversion on
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Sb,Tez was also inspected, in the temperature range [2 - 300] K. An effectively spin to
charge conversion through the generation of the ISHE voltages was observed. Three
main parameters of SOT devices, namely the spin diffusion length Agp, the spin cur-
rent Jg, and the spin hall angle 85y were determined. Considering applications at room
temperature, gy was calculated to be -0.0033, with the figure of merit for logic applica-
tions, 6syAsp, being 0.0165 nm. By combining the high resistivity of the sputtered thin
films, and the comparable 8syAsp, logic devices, such as the magnetoelectric spin-orbit
(MESO) device proposed by Intel could be realised based on sputtered Sb,Tes Tl films.
The sputtered bilayers have thus shown to be valuable SOT elements for logic devices,
with the detailed study of their electronic properties promoting further improvements in
the creation of novel SCC elements.

In the light of the ongoing progress of technological applications and the future trends
on the field of spintronics, flexible nanostructures were also produced, which can lead
to the advancement of the emergent flexible spintronics field. These exhibit crystalline
and magnetic properties similar to those obtained in bilayers and trilayers on hard sub-
strates. The generation and flow of the spin currents were probed in these flexible
nanostructures, with Sb,Te; emerging as an effective spin sink material.

Through an innovative measurement setup of transport properties and the imple-
mentation of spin pumping experiments, not only were the conduction contributions
disentangled, including the topological surface state observed in the Sb,Tes thin films,
but the spin to charge conversion of Sb,Tes was studied as a function of temperature
and its efficiency for logic devices characterised.

The results of this thesis gave insights into the advancement of the field of spinor-
bitronics based on TIs and the developing world of flexible electronics. Moreover, it
produced significant contributions to the emergent thematic line of Quantum Materials
at IFIMUP and LapMET, being a step forward for future research in this field.

Lastly, Sb,Tes has also emerged in this thesis as an alternative SOC material, until
now not fully considered. It had not been properly explored yet, but the results herein
show that it displays essential material properties, which can also be tuned and opti-
mised, for the advancement of fast information processing, bringing us closer to the
realisation of devices such as MESO logic.

8.2 Perspectives

In this section, future perspectives will be addressed, first within the framework of this
thesis and at a later part on a more general note, by considering the results attained
here.

Considering the fabrication of nanostructures, fabrication of other Sb,Tes thin
films can be performed and optimised. Temperature control during deposition, such as
the substrate temperature, can be implemented, which could increase the crystallinity
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degree of the films. Doping and other stoichiometries are also used to control the con-
duction in these materials, and such studies could be implemented for these materials.
Moreover, ion beam sputtering can be employed to fabricate other Tl systems. Ferro-
magentic/TI bilayers can be produced with other FM materials, such as the typical CoFe
and CoFeB, which are also widely used in spintronics, due to their magnetic anisotropy.
Other materials can also be employed which could optimise the SCC, such as the fer-
rimagnet YIG (Yttrium iron garnet, Y3Fes045), which has been used in bilayers with
TIs[2%2] due to being an insulator, reducing the shunting effects for data storage appli-
cations.

Engineering of the FM/TI interface could also be achieved with the ion beam sput-
tering, by introducing spacer layers of nonmagnetic and more conductive materials,
which could assist the flow of the spin current through the interface, as it was previously
demonstrated!181],

To fully characterise the SCC on the flexible systems, bilayer structures could also
be sputtered on the flexible substrates already studied in this thesis. Further Tl optimisa-
tion could also be attained by adding steps to the fabrication process, such as annealing
of the thin films. This type of procedure has been previously employed in our group for
thin films of Sb,Tes with the end goal of thermoelectric applications, and great control
of the structure was achieved for flexible substrate thin films.

As a major perspective, different classes of nanostructures could also be created
based on the Tls studied here. Antiferromagnetic spintronics is gaining a lot of atten-
tion nowadays, due to the shorter time scales of AFM materials, which can be potentially
used in ultrafast devices. AFMs have been combined with heavy metals for the detec-
tion of generated spin currents through spin pumping measurements2532541  With the
observation that the sputtered Sb,Tes of this thesis exhibit the inverse spin hall effect,
they could be combined with AFM materials for applications of SCC at high-frequencies.

Considering the flexible TI thin films, magnetoconductance of the flexible Tl films
could be measured, to verify the existence of the TSS and calculate the conduction
parameters, such as the Agp of flexible flms. Moreover, the interface of the Py/ST
bilayers could be probed by TEM, to have insights into the morphology of the inter-
face, which is important for a full characterisation of these bilayers as SOT elements.
Moreover, the temperature dependence of the inverse spin hall effect could also be
studied for the other bilayers, or any other fabricated bilayer, which could help identify
which would be the optimised pair of FM/TI for the SCC applications. The spin pump-
ing measurements could also be performed on the above-mentioned flexible bilayers.
The XFMR measurements initiated in this thesis can be optimised and finished, to fully
characterise the flow of the spin current in the trilayer stack.

Addressing the charge to spin conversion through the spin hall effect could also
be analysed. By performing magneto-optic Kerr effect (MOKE)®71 or pump-probe mea-
surements, the inverse of SCC could be characterised, which is at the basis of magnetic
memories applications.
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Focusing on future technological applications, magnetisation state read-out de-
vices have been created based on SOC materials, using focused electron beam. How-
ever, it is expected that the usage of Tls in this device could further improve them 2%,
Thus, the sputtered Tls used in this thesis could be employed within this device. More-
over, the basic SOT elements studied here could also be integrated with the other ele-
ments of the proposed MESO device®l. The material properties for a certain efficiency
of the MESO device were calculated, and as discussed in Chapter 6, our sputtered Tls
have the needed resistivity and comparable SOT efficiency values, and as such, the
integration of the basic SOT elements with the remaining MESO components and the
realisation of this logic device could be further advanced.
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