POLITECNICO DI MILANO
DEPARTMENT OF PHYSICS
DOCTORAL PROGRAMME IN PHYSICS

GROUP-1V TELLURIDES AS A PLAYGROUND FOR
ENHANCED PERFORMANCES IN SPIN AND
ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY

Doctoral Dissertation of:
Luca Nessi

Supervisor:

Prof. Matteo Cantoni

Tutor:
Prof. Riccardo Bertacco

The Chair of the Doctoral Program:
Prof. Marco Finazzi

2020/2021 — XXXIV






Acknowledgements

I thank the Nanomagnetism group of Physics department of Politecnico di Milano for
hosting me as Ph.D. student and in particular Prof. Matteo Cantoni, Prof. Riccardo
Bertacco and Dr. Christian Rinaldi for the support and the supervision during my studies.

I thank CNR-IOM for the fundings that supported my scholarship and my activities,
and the team of the APE beamline at Elettra synchrotron of Trieste.

Finally, I thank Prof. Pietro Gambardella and his team for welcoming me as a visiting
student in their group at ETH Ziirich laboratories and IDEA League for the IDEA League
Student Grant 2021, won with the project Towards full electric control of magnetism by
spin-orbit torque in devices based on the Ferroelectric Rashba Semiconductor GeTe.






Summary

PINTRONICS attention in the last two decades was devoted to look for methods
to manipulate the magnetisation of ferromagnets alternative to external magnetic
fields. The idea to integrate spin functionalities in electronic devices was lead

by dimensions scaling and elimination of magnetic stray fields which magnetic writing
heads impose severe limitations for. Moreover, with an all-electric system, it is possible
to guarantee high energy efficiency. This was initially achieved by spin-transfer torque,
1.e., exploiting spin-polarised currents to transfer momentum to orient the magnetisation
of ferromagnetic films in magnetic memories. Recently, a new way to control magnetism
emerged. It is called spin-orbit torque which, instead, exploits non magnetic materials
with large spin-orbit coupling to generate spin currents to be injected in the ferromagnetic
layer. A great effort in terms of research in material science was done to identify new
appropriate classes of materials for such a scope. This process involved wider areas of
fundamental physics and gave the possibility to develop new measurement techniques.

Among all, in 2013, ferroelectric Rashba semiconductors (FERSC) were discovered to
possess very intriguing spin properties which can be tuned by means of the ferroelectric
polarisation and could represent a valid candidate for spintronic devices. The father com-
pound of this class is germanium telluride, already well-known as phase-change material.
In the last years, its properties were widely studied and the interplay between spin trans-
port and ferroelectricity was very recently demonstrated, also at room temperature. This
represents an important goal in order to make this material interesting for applications. In
general, group-1V tellurides are eligible members for such a class, but the experimental
research on other compounds different from GeTe is still unexplored.

This thesis presents two case studies: SnTe and GeTe. Indeed, also SnTe was very
well-known to belong to another class of materials, namely topological crystalline insu-
lators. This work tries to shed a new light on this material and to investigate its physics
looking for properties which make it a FERSC materials, exploiting the possibility of
doping this compound with germanium. This study was conducted from a fundamental
point of view, optimising the growth and doping process and performing spectroscopic
experiments. The results obtained showed the possibility to observe at room tempera-
ture bulk Rashba bands and, indirectly, ferroelectricity. Moreover, opportunely tuning
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the Ge concentration, it was demonstrated the possibility to continuously modulate such
properties.

While SnTe needed still a fundamental characterisation as a FERSC, previous studies
on GeTe allow to exploit it into devices and study its spin transport properties. GeTe
films are studied in this work, unveiling the signature of a rich spin texture and showing
the presence of non-reciprocal charge transport, validating the glimpsed opportunity to
exploit them into devices.

Since the fundamental investigation of such materials passes for a spectroscopic anal-
ysis which is unequivocally the most direct way to retrieve their band structure, spin
and angle-resolved photoemission spectroscopy was the main technique exploited in this
work. Even if the state-of-art of technology in this kind of measurements made a lot of
progresses in last years in what regards spin detection, it remains a very time-consuming
technique because of the low sensitivity in measuring the spin degree of freedom and the
pointwise nature of the current set-ups. In this thesis, a new conception of spin detection
is proposed and realised through a prototype device based on a matrix of magnetic free-
standing membranes grown on graphene. The deposition process of magnetic materials
on ultra-thin graphene monolayers was optimised together with an investigation on the
mechanical reliability of such a system. Then, these membranes were characterised both
mechanically and from the magnetic point of view.

This could represent a new way to reconstruct the spin dependence of electronic band
structure and, thanks to the intrinsic bidimensionality of such a device, a way to drastically
speed up this spectroscopic technique and increase its performances. The study of FERSC
and other new classes of materials which sustain complex spin textures could benefit
from this device which would guarantee an increased resolution of the measurements and
a much smaller duration of the experiments under similar conditions of signal-to-noise
ratio.
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CHAPTER

Introduction

In his Nobel lecture, given in December 1946, Wolfgang Pauli described how the bases
for a theory of the ‘hidden rotation’ of the electron were designed in his mind together
with the exclusion principle. This idea laid the foundations of modern quantum physics.
In the autumn of 1924 1[...] proposed the assumption of a new quantum theoretic property of the electron,
which I called a ‘two-valuedness not describable classically’. [...] The physicists found it difficult to
understand the exclusion principle, since no meaning in terms of a model was given to the fourth degree
of freedom of the electron. The gap was filled by Uhlenbeck and Goudsmit’s idea of electron spin, which

made it possible to understand the anomalous Zeeman effect simply by assuming that the spin quantum
number of one electron is equal to 1/2. [3]] [6]

Actually, even when the electron spin was still unknown, the interplay between spin
and orbital degrees of freedom was already studied and it intrigued condensed matter
scientists since the beginning of the century [7]. Only in the late Twenties, relativistic
quantum mechanics really gave the insights for the microscopic comprehension of spin
and of spin-orbit coupling (SOC). In modern material science, this is now understood to
be ubiquitous and to underlying a wide spectrum of phenomena, e.g., magnetocrystalline
anisotropy, anomalous Hall effect, Rashba effect, topological states, Majorana fermions
[8,19,(10, 11]], involving all kind of materials, from semiconductors, to standard metals, to
insulating oxides, to more exotic state of matter.

The boost received by the development of new technologies in governing thin films de-
positions and in tayloring the composition of new materials opened new horizons rapidly
passing from spintronics (i.e., spin-electronics) to spin-orbitronics (i.e., electronics which
exploits spin-orbit interaction-based effects). This new field has intensified its interest in
materials with strong SOC, glimpsing the possibility to engineer them by integrating the
conventional electronics with spin functionalities. The most challenging proposals cover
the fields of storage and computing. The former deals with the replacement of magnetic
fields in writing information in magnetic memories (typically composed by nanomagnets
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Chapter 1. Introduction

with a writeable magnetisation [12]]) which suffer of scaling and relative slow operations
via current-induced spin torques produced by injecting a spin current into a ferromag-
netic material, moving to fully electrically controlled systems [13] From the computing
perspective, the aim consists in the replacement of CMOS technology with a scalable
spintronic logic device that operates via spin—orbit transduction for an all-in-one platform
with enhanced performances in terms of scalability and energy consumptions, paving the
way towards exploiting it in new computing paradigms such as artificial intelligence, as
proposed by Intel in 2019 []1} [16].

In the framework scientific and technological challenge, the work which follows deals
with a new class of materials, namely ferroelectric Rashba semiconductors (FERSC),
strongly promising for these applications and, in general, for spin-orbitronics. They are a
recently discovered family of materials [17] and they are object of an investigation which
spans from a more fundamental perspective of material science and solid state physics,
even stimulating the development of new instrumentation technology in order to deeply
characterise them, to a very applicative field, in which they are raised to new materials for
beyond-CMOS computing [ 1f].

The challenge faced in this work is twofold. The study of the properties of FERSC and
the tayloring of their functionalities oblige to cope with the state-of-art of performances of
spectroscopic experiments: the engineering of materials electronic band structures goes
hand in hand with the validation through spin- and angle-resolved photoemission spec-
troscopy (SARPES) experiments. Hence, a fundamental investigation of FERSC materi-
als (in particular, GeTe and SnTe) is presented, including the growth process, the structural
and the spectroscopic characterisation. At the same time, the proof-of-concept of a new
paradigmatic way to access to the spin resolution of energy bands is sketched and realised
by exploiting graphene-based free-standing magnetic membranes.

In this introductory chapter, the breakthrough introduced by FERSC is discussed in
terms of their multi-functional properties and their potential applications in spin-orbitronics.
Then, the role of spin detection in spectroscopic experiments and its importance in mod-
ern material science is faced as well, and the necessity of a new technological solution is
briefly discussed.

1.1 Motivations

1.1.1 Ferroelectric Rashba semiconductors
Phenomenology

Rashba effect is a momentum-dependent splitting of the energy bands according to their
spin polarisation [10, |18]], generated by the presence of SOC and a structural inversion
asymmetry (SIA). In particular, it generates bands which have the peculiarity of the so-
called spin-momentum locking, i.e., the angle between the momentum and the spin of the
electrons is constant and fixed. This property gives a unique opportunity to control the
spin transport in materials or heterostructures that sustain it.

ISpin torques can be differentiated into two families, spin transfer torques (STT) and spin-orbit torques (SOT). While in the
former a spin-polarised current flows into the ferromagnetic material, in the latter the spin current absorbed by the ferromagnet is
generated from a current which flows in the material with large SOC. In the present discussion, the interest is in the second set
of torques. They guarantee better performances in terms of shorter switching times, endurance of the devices (since the charge
current does not directly flow into the ferromagnetic junction) and employment of different class of magnetic materials (e.g., magnetic
insulators [|14] and antiferromagnets [15]).



1.1. Motivations

Giant bulk Rashba effect actually was not born with FERSC. In 2011, the polar semi-
conductor BiTel was proved to display large splitted bulk Rashba bands [19, 20]. The
fundamental role of ferroelectricity and the actual discovery of FERSC is more recent
[17,21]. In 2013, with density functional theory (DFT) calculations a giant bulk Rashba
effect was found to be sustained by electronics bands in ferroelectric GeTe. It was also
shown that the chirality of the spin texture of such an effect was strictly related to the fer-
roelectric polarisation vector direction, both theoretically and experimentally [22]. After
that, several other materials joined this new class. In particular, oxide perovskite BipWOg
[23] and in general group IV monochalcogenides [24]], e.g., SnTe.

The peculiar features of FERSC are summed up in figure|[I.1] Their properties can be
listed as:

* Ferroelectricity consists in the displaying of a fixed polarisation vector even without
the presence of an external electric field. As in the case of ferromagnets, the fer-
roelectricity is displayed up to a critical temperature, known as Curie temperature
(for the case of GeTe is predicted to be ~ 720 K). This is due to a lattice distorsion
which provokes the space inversion symmetry breaking of the crystal which is the
fundamental ingredient to have:

* Rashba bulk bands splitting, i.e., the spin splitting of energy bands according to the
momentum of electrons. Two sub-bands are created which carry an opposite spin
chirality (as pictorially shown in the bottom-left circle).

* They are typically narrow-gap semiconductors (ego, = 0.8eV for GeTe) and they
can be epitaxially grown on silicon and hence they are compatible with standard
electronics.

Applications

Exploiting again the comparison with ferromagnets, a metastable state such as the non-
zero remanent polarisation in ferroelectrics, naturally makes FERSC interesting for mem-
ory elements [25]]. Furthermore, the intrinsic link between polarisation and chirality of the
spin texture makes them valuable candidates for spin-to-charge conversion processes. In
particular, the generation of a spin current from a charge one can be a direct consequence
of the presence of Rashba bands through the so-called Rashba-Edelstein effect (REE) [26]]
or can be produced by the presence of large SOC through spin Hall effect (SHE) [27]
As previously discussed, the control of the magnetisation through an electric current
via current-induced spin torques represents a very hot topic nowadays. The prototypical
heterostructures ferromagnet (FM)/normal metal (NM), hystorically made by Co/Pt [30],
can be replaced by the structure FM/FERSC. Thanks their ferroelectric behaviour, this can
overcome the lack of electric tunability of the writing process in FM/NM, i.e., the possibil-
ity to taylor the conversion process (between charge and spin) in magnitude and sign. This
was demonstrated for two-dimensional electron gases (2DEG) at the LaAlO3/SrTiO3 in-
terface [31] and also for more complex heterostructures involving ferroelectric materials
and heavy metals [32]. FERSC represent a unique possibility to join the non-volatility of

2 Actually, there is a plethora of phenomena which allow to generate spin currents in materials, they can arise in several situations,
e.g., by pumping with polarised light [28]] or by applying thermal gradients [29]. For the cases treated in this work one can rely on two
phenomena, namely the Rashba-Edelstein effect and the spin Hall effect.
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Ferroelectricity
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Figure 1.1: Ferroelectric Rashba semiconductors display the coexistence of ferroelectricity, giant bulk
Rashba effect and they are typically narrow-gap semiconductors. Both the spin and the charge transport
are influenced by ferroelectricity.

such a mechanism to a semiconductive platform which is — on the contrary with aboved-
mentioned systems — easily integrable with standard silicon electronics.

A deeper investigation is needed both from the fundamental and the applicative point
of view. In this thesis these two aspects will be faced, firstly dealing with materials beyond
the prototypical father compound (GeTe), in particular focusing on SnTe, then trying to
exploit GeTe, whose fundamental properties have been already quite well understood both
theoretically and experimentally, in a device deeply studying their physics.

1.1.2 Spin- and angle-resolved photoemission spectroscopy: state-of-art of technol-
ogy

The motivations presented in the previous section imply the capability to deal with the
spin degree of freedom of electrons and to manage their transport in solids. It becomes
of fundamental importance the knowledge of the electronic distribution in such materials,
together with the relation between spin and momentum of the carriers. As mentioned
above, SARPES represents the most powerful tool which allows a complete investigation
of the set of quantum numbers useful to describe electronic bands in solids. Moreover,
the surface sensitivity of such a technique makes it a highly demanded tool to investigate
nanostructures. The actual limiting factor in this kind of experiment is the poor efficiency
of spin detectors which makes the measurements incredibily time-consuming.

Several mechanisms were exploited in spin detectors in order to retrieve the spin po-
larisation of an incoming beam of electrons. They span from Mott scattering [33]], based —
again — on spin-dependent scattering caused by SOC, to very low energy electron diffrac-
tion (VLEED), which relies on exchange interaction-based scattering in ferromagnetic
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1.2. Thesis outline

materials [34, 35, 36].

Two factors actually matter in speeding up such an experiment. One is the capability
to measure a large asymmetry A, given a certain spin polarisation P, which is quantified
by a parameter called Sherman function S defined as S := A/P and a figure of merit
(FOM) defined as n := S?I/I, (where [ is the intensity of scattered electrons, while I
is the intensity of incident ones). The other one is the possibility to work with several
channels in parallel, namely to acquire electrons with different k& vectors at the same time.
Nowadays, VLEED represents the state-of-art of spin detectors. The Sherman function
is S ~ 0.40 with respect to the one in Mott scattering which is ~ 0.1 — 0.2, the FOM
is drastically larger, passing from 1 x 10~ for Mott detectors to ~ 2 x 1072 for VLEED
[35]. The development of a multichannel VLEED (MCVLEED) achieved in ref. [37],
allowed to push the efficiency of the detection ~ 5 x 10° times larger than a Mott detector.

Nevertheless, MCVLEED solution implies a great effort in managing the deflection
of electrons with a suitable system of electrostatic lenses, which makes the experimental
apparatus very complex. In 2017, Overgaard et al. proposed in ref. [38] a solution based
—as VLEED is — on exchange interaction, but exploiting transmission of electrons instead
of reflection (in the following this methodology will be called very low electron energy
transmission spin detection (VLEETSD)). The idea is briefly sketched in figure [1.2] (a).
This translates in the development of free-standing magnetic membranes, recalling to
the seminal works of Siegmann and co-workers [39, 40]]. The transmission of electrons
depends on the relative direction between their spin and the membrane magnetisation.
The idea was implemented building up a matrix of membranes which can allow for a
multichannel detection, as for the case of MCVLEED. The crucial role of lithography is
evident: in order to fabricate such a device, it is necessary to exploit processes commonly
used for microelectromechanical systems (MEMS), with sacrificial layers and selective
etching processes. The whole workflow becomes far from straightforward and the device
presents al lot of drawbacks. Despite these difficulties, this two-dimensional spin detector
is calculated to push forward the efficiency of the detection, with a FOM of ~ 1 x 10?
(in figure[I.2](b) is plotted the FOM of different detectors employed nowadays (VLEED,
SPLEED, MOTT) with respect to the operational energy, compared to predicted new two-
dimensional one).

From the previous discussion, it is very clear that the route for a new efficient way to
do spin detection is drawn, but a practical realisation is still missing. This is the challenge
which is tackled in the work that follows.

1.2 Thesis outline

This chapter gave a general introduction to a very new field of research which lays its
foundations in fundamental physics, but has strict applications to material science and
modern electronics, linking them indissolubly. The most important results which moti-
vated this work were reviewed, trying to underlining how spin-orbitronics is affecting the
work of many scientists, from spectroscopists to engineers. The aim of this thesis is am-
bitious: it tries to cover this chain, drawing a line between two extremities, using a novel
platform, such as group-1V tellurides as a playground.
The work is organised as follows:

* Chapter[2] gives a general theoretical overview on ferroelectric Rashba semiconduc-
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Spin detectors

Technique Figure of merit (FOM) (1) Sherman func- | Operation Ref.
tion (S) voltage
Mott ~3.0x 107 0.1 —0.2 100 — 150kV | [33]
Mott ~ 1.6 x 10~ 0.15—0.25 20 — 25kV 41
SPLEED{ not reported 0.27 + 0.03 100V [42]
VLEED 7.0 x 1074 0.2 4-6V (34]
VLEED 22 %1073 023-0.3 13.5V [43]
VLEED 3.3 x 107 0.5 6V [36]
2D SPLEED 1.7 (# of channels not reported) 043 26V [44]
MCVLEED 57.7 (with 6,786 channels) 0.225 6V (37]
VLEETSD 67.2 (with 11,106 channels) 0.41 2—-10V (38]]

Table 1.1: Performances of state-of-art spin detectors with different detection techniques, namely: Mott,
SPLEED, VLEED and VLEETSD. For further comparison, see figure([I.2](b).

“SPLEED stays for spin-polarised low energy electron diffraction. These kind of detectors operates through SOC interaction-
based scattering too, but the energy of the electrons impinging on them is an order of magnitude higher with respect to VLEED

detectors.

(@)

(b) 102 &

Tup * Tdown 10t

magnetic
material

Figure of merit (n)

100
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Figure 1.2: (a) Sketch of the physical principle underlying the idea for new generation spin detectors,
based on the idea presented in ref. [38|]. The transmission of an electron beam impinging on a magnetic
ultra-thin target depends on the relative direction between the spin of the electrons and the magneti-
sation vector of the active layer; (b) Comparison between state-of-art spin detectors, according to the
operation voltage used and the respective figure of merit 1.



1.2. Thesis outline

tors and their principal properties, namely ferroelectricity, bulk Rashba physics and
spin-momentum locking, focusing on GeTe and SnTe, as pratical examples;

* Chapter [3|provides an introduction to spin filtering properties of magnetic thin films
and their application in modern spin detectors, reviewing the state-of-art of this kind
of technology;

* Chapter [ describes the main experimental techniques employed during the thesis,
i.e. the deposition and fabrication techniques of magnetic membranes, the set-ups
for their magnetic characterisation and for their spin filtering characterisation; the
fabrication of GeTe-based devices and the set-up for magnetoelectric transport mea-
surements; the deposition of SnTe films and their spectroscopic characterisation;

* Chapter [5] focuses on the spin and angle-resolved photoemission spectroscopy ex-
periments made on Ge-doped SnTe. The optimisation of the growth and the doping
of thin films is discussed and the demonstration of the presence at room temperature
of bulk Rashba bands and ferroelectricity is provided;

* Chapter [6] moves from the motivations arisen in chapter [5|to present the design of a
two-dimensional spin detector employable in SARPES experiments based on ultra-
thin free-standing magnetic membranes using from 2 to 8 graphene monolayers as
mechanical support. All the workflow of deposition and characterisation is covered;

* Chapter [/| deals with a more applicative topic, after a fundamental investigation on
SnTe compounds and a technological proposal of a new spin detector concept pre-
sented in previous chapters, it reviews transport experiments made on GeTe-based
samples, the father compound of group-IV tellurides, glimpsing the possibility to
have an electric probe as a counterpart to spectroscopic experiments to have infor-
mation about the spin texture of this kind of materials. In this sense, bilinear mag-
netoelectric resistance phenomenon is found to be of the order of 0.02% at 1.3 T;

* Chapter [§|draws the conclusions of the work and gives some future perspectives.






CHAPTER

Ferroelectric Rashba semiconductors: a theoretical
introduction

This chapter is organised to provide a general overview on FERSC, in particular focusing
on the properties investigated in chapters [5|and [7] In section [2.1] ferroelectricity is briefly
discussed, while in section [2.2]the theory of Rashba effect is presented. Section [2.3|deals
with spin-to-charge interconversion phenomena and related effects when these materials
are employed in heterostructures. Finally, section[2.4]presents the two materials of interest
of this thesis, namely GeTe and SnTe, reviewing their properties and the studies performed
so far regarding their physics.

2.1 Ferroelectricity

Ferroelectricity deals neither with iron nor with magnetism but, when it was discovered
in 1920 [45}46] in Rochelle salts, it resembled very much ideas of ferromagnetism. The
presence of a spontaneous polarisation vector which can be reversed by an external ap-
plied electric field instigated the curiosity in understanding new phase transition phenom-
ena and to study what can be seen as an electric counterpart of ferromagnetism. In the
Forties, the ferroelectric perovskite BaTiO3 was discovered [47]]. It displayed a robust fer-
roelectricity with a simpler crystal structure than Rochelle salts. This encouraged more
theoretical works and the discovery of new materials showing similar features. The ap-
plication to devices came soon: ferroelectric oxides became ceramics used for capacitors
and they are even now key materials for this industry. In the Eighties, the possibility
to produce thin films boosted their applications in integrated circuits [48] and in 2000
the first text about the ferroelectric memories appeared, opening the path to ferroelectric
random access memories. In the last twenty years the interest in ferroelectric materials
grew exponentially, developing an ad hoc quantum theory based on Berry phase [49, |50],
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Chapter 2. Ferroelectric Rashba semiconductors: a theoretical introduction

exploiting them in memories [25] and combining different disciplines and phenomena,
such as ferroelectricity and magnetism leading to the world of multiferroics [51,|52], up
to the discovery of exotic phenomena, such as polar skyrmions [53]]. Ferroelectricity is a
structural property of materials always accompanied by piezoelectricity and pyroelectric-
ity. This link makes them also interesting for microelectronic devices such as microelec-
tromechanical systems (MEMS), sensors, transducers and actuators [54,|55]. Because of
their continuously tunable resistance, ferroelectric materials are also employed in neuro-
morphic computing applications, which is nowadays a very active field of research [56].

2.1.1 Phenomenology and theory of ferroelectricity

The presence of a remanent polarisation and a coercive field are the key properties which
identify a ferroelectric material (they are depicted in figure[2.1(b)). Again in analogy with
ferromagnetism, a phase transition can be observed between a state with a spacial symme-
try breaking due to polarisation and a non polar state which is symmetric and paraelectric.
The temperature which this transition happens at is called Curie temperaturﬂ

The polarisation is defined as the dipole moment per unit volume for a given charge
distribution. This dipole arises from the structural distorsion of the lattice and the conse-
quent displacement of ions, which breaks the symmetry and gives a permanent polarisa-
tion. One of the largest value of polarisation was observed in BiFeO3, with ~ 150 uC/cm?
[58].

From this discussion, it is clear that only non-centrosymmetric crystal groups can sus-
tain a non-vanishing polarisation. Two main causes can distort the lattice of a crystal:
external force and temperature. The presence of a polarisation due to an external stress
is called piezoelectricity, while if the polarisation appears when the temperature changes
the phenomenon is called pyroelectricity. Hence, given the 32 crystalline classes, 21 of
them are non-centrosymmetric, 20 of which are piezoelectric. Among them, only 10 are
pyroelectric. In this last class, there are some ferroelectric materials (see figure 2.1] (a)).

As mentioned in the introduction, the modern theory of polarisation is based on a
quantum object called Berry phase, which has its foundations in topology [59]E] Avoiding
to introduce the intricacy of such a theory, it is possible to describe ferroelectricity from a
macroscopic point of view through a mean-field theory, called Landau-Devonshire theory
[60, 61]. It can be sketched as follows. Considering the thermodynamic state of a bulk
ferroelectric material, the array of variables which characterise the system is composed
by: temperature (T), polarisation (P) and external electric field (E). With the assumption
that P is an independent variable, one can write the free energy in the neighborhood of the
ferroelectric-paraelectric transition as follows:

fo= %a(T)PQ T }lb(T)P“ — EP, 2.1

where an analytical free energy function is assumed. The expansion is trucated to the
fourth order and only even terms are taken into account not to have a sign-dependent free

! Analogously to ferromagnets the Curie temperature spans over a very wide range, from few Kelvin to thousands of Kelvin [57].

21t is possible to show that polarisation should not written in terms of absolute values, but only changes in polarisation actually
matter and are comparable to experimental results. If one treats the electronic states in the framework of quantum mechanics with
Wannier functions, it is possible to realise that the polarisation difference directly depends on the Berry phase developed by the
evolution of wave functions of the electronic states. This provides an elegant formalism and a theoretical framework useful also for
density functional theory calculations.
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Figure 2.1: (a) Classes of materials with nested sets of dielectrics, piezoelectrics,pyroelectrics and ferro-
electrics; (b) Sketch of the salient properties of ferroelectrics, the hysteresis loop shows the remanent
polarisation P, and the coercive field E.; (c) Eq. for different values of the Curie temperature and
for E = 0.

energy. The equilibrium configuration is obtained with the minimisation of the thermo-
dynamic potential, so imposing: 0 fp/0P|p—p,= 0. This gives:

E =a(T)P,+b(T)P;. (2.2)

The simplest hypothesis that can be done on the coefficients appearing in [2.1]is the fol-

lowing:
a(T) =ag(T —1Tc)
b(T) =hby

where the sign of ay is positive, while the sign of b, is considered positive as well, accord-
ing to the fact that one is facing a second-order phase transition. Hence the free energy
reads:

, (2.3)

1 1
fp = §a0(T —To)P? + ZbOP4 — EP. (2.4)

In figure c) is plotted fp for different values of 7T at remanence (F = 0). For T > Tt
the system is paraelectric with just one minimum for P = 0. For T < T one can see two
minima with a polarisation different from zero which represent the two metastable states
with remanent polarisation. This simple theory cannot address the limit for 7' = T¢.

This theory represents a useful starting point which can explain the salient physics of
ferroelectrics and it is useful to address the main features of the materials studied in this
work.

2.2 Rashba effect

In a crystal with inversion symmetry, moving electrons obey to time-reversal symmetry,
hence E(1,k) = E(1,—k) and E(1,k) = E(],—k). These equalities lead to a degen-
eracy between spin up (1) and spin down ({) bands, i.e., E(1,k) = E({, k), for a fixed
k vector. In quantum mechanics this is known as Kramers theorem [[62]. This happens,
for example, for a light metal such as copper (see figure 2.2((a)). This degenaracy
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can be lifted by a symmetry breaking. In particular, two different cases may arise. When
bulk inversion asymmetry (BIA) is present, i.e., when one considers a crystal without an
inversion point, this gives rise to the so-called Dresselhaus effect [64]] (discovered in zinc
blende structures). When structural inversion asymmetry (SIA) is present due to, for ex-
ample, an asymmetric interface or a polarisation vector, Bychkov-Rashba (or more simply
just Rashba) effect arises [18]. This effect can appear both for surface and bulk states, e.g.,
in the prototypical case of Au(111) (see figure[2.2(a)) surface states [63] or, as discussed
in chapter[I] in polar materials such as BiTeI [19] or GeTe[21]. Both these effects have the
consequence to give a spin polarised character to energy bands, which becomes of fun-
damental importance for spin-orbitronic applications. In the following of this section, the
attention is focused only on Rashba effect, since in FERSC Dresselhaus-like behaviour
was not reported.

2.2.1 Theory of Rashba effect

The foundations of Rashba effect lays in relativistic quantum physics. This effect is in-
timately related with spin-orbit coupling (SOC). The simplest system exhibiting Rashba
effect is a two-dimensional electron gas (2DEG) with an applied electric field in the out-
of-plane direction, i.e., EE = Fe, (being e, the unitary vector pointing along the z direc-
tion), which accounts for the symmetry breaking (see top panel of figure 2.2(b) for the
notation). If one considers a free and independent electron moving in an electric field,
from relativistic dynamics it experiences a magnetic field in its frame of motion, as a
consequence of Lorentz transformations. This field is called spin-orbit field. Hence, the
spin of the electron interacts with this magnetic field through Zeeman interaction. It is
possible to write down the Hamiltonian governing the system as follows:

eh

Hyo = ———
4Am?2c?

E- (o xp), 2.5)

where m is the electron mass, c is the speed of light, p is the momentum of the electron
and o is the vector of the Pauli matrices. Manipulating eq. [2.5] it is usually defined
a Rashba parameter a that quantifies the strength of the Rashba effect and a Rashba
Hamiltonian Hg, as follows:

HR:OéR (ez X k) - 0. (26)

Solving the usual eigenvalues problem det(Hgr — E.Z) = 0, it is possible to show that
the dispersion relation for Rashba bands has the form of:

) 2.7)

where two sub-bands appear. It is important to notice that, as evident from the Hamil-
tonian in equation the spin and the k vector of electrons are always perpendicular
to each other. This phenomenon is known as spin-momentum locking and is of key im-
portance in transport properties of such a systems. In the top panel of figure 2.2(b) eq.
2.7|in the -k space is plotted, while in the bottom panel the Rashba contour unveiling
spin-momentum locking in & space is displayed.
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2.3. Spin-to-charge interconversion phenomena

2.2.2 Topological surface states

Spin-momentum locking is a feature present also in other classes of materials, beyond
Rashba systems. Topological insulators (TI), discovered in 2007 by Fu, Kane and Mele
[65, 66], attracted immediately a fervid interest in spintronics. The recent study of ref.
[67] shows that roughly 27% of the materials in Nature have topological properties and
11% of them are topological insulators. They are insulators in the sense that they have a
bulk band gap which prevents conduction, but they present at the same time a conductive
surface, due to the presence of fopological surface states (TSS). These states are topolog-
ical in the sense that they are protected by symmetry. This means that electron-electron
interactions and transformations of the Hamiltonian which do not imply symmetry break-
ing do not modify such states. The theory of TSS does not allow to exploit a toy model as
for the case of Rashba and goes beyond the scope of this work.
The Hamiltonian describing TSS resembles the form of the Rashba one, viz,

HTSS = ﬂ:hUF (ez X k) -0, (28)

where v is the Fermi velocity. The dispersion is linear as for a Dirac cone and it presents
a certain chirality (i.e., the sense of circulation of the spins) which changes sign below
and above the Dirac point, where the bands intersect each other. When surface states lay
in the energy gap and they are crossed by the Fermi level, charge and spin transport can
be treated as for a Rashba system (a prototypical example is shown in figure 2.2]c)).

It is noteworthy to mention that there are different classes of T1. In particular, standard
TI, such as Bi2Se3 [68]], Bi]1 —xSby [69] or «-Sn [[70] are protected by time-reversal sym-
metry and belong to the so-called Z, class. It was discovered by Fu [71] a further class of
TI, known as topological crystalline insulators (TCI) whose surface states are protected
by crystal point group symmetry. This phenomenon can arise in three-dimensional topo-
logical insulators which have sixfold (Cg) rotational symmetry, such as SnTe [72], which
is investigated in this thesis.

2.3 Spin-to-charge interconversion phenomena

Since the seminal work of Karplus and Luttinger [73]] about the anomalous Hall effect, it
was very clear that SOC was an unavoidable ingredient in order to allow spin-dependent
transport. SOC systems, such as FERSC, Rashba interfaces and heavy metals, became
the ideal platform to generate, govern and detect spin currents.

In this section, the main physical mechanisms which allow the generation of spin cur-
rents are briefly overviewed. The focus is on spin Hall effect (SHE) in section [2.3.1]
and Rashba-Edelstein effect (REE) in section They are the mechanisms of interest
in FERSC. In section it is discussed a magnetoresistance effect know as bilinear
magnetoelectric effect (BMER), which is a direct consequence of the presence of Rashba
states, while in section[2.3.4]is described how spin currents can interact with ferromagnets
through spin-orbit torques (SOT) in order to electrically control their magnetisation. This
is of fundamental importance from the point of view of applications in real devices.

2.3.1 Spin Hall effect
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Figure 2.2: (a) (top) ARPES measurement of nearly-free electrons in Cu valence band, (bottom) ARPES
measurement of Rashba states in Au(111) surface (adapted from ref. [63]]); (b) (top) 2D electron gas
with an out-of-plane electric field, (middle) spin-dependent energy splitting of eq. [2.7) due to Rashba
effect, (bottom) spin-dependent energy splitting in the k space; (c) (top) ARPES of topological surface
states in Bi2Se3, (bottom) spin-dependent energy splitting in the k space for a topological insulator
(adapted from ref. [68]).

If ordinary Hall effect consists in the gen-

eration of an accumulation of charge in Ordinary Hall effect
the direction perpendicular to the exter- cecccccce

nal magnetic field and the applied elec- E — IB
tric field, SHE creates a spin current and N

a consequent spin accumulation transverse 00000000 &”

to the applied electric field, without the

need of a magnetic field. As for the case of  (b) Spin Hall effect

anomalous Hall effect, SHE is caused by secccccsy
the spin-dependent deflection of electrons E 4
moving in the material which produces no —a
transverse voltage (see figure 2.3). Ac- eccccccel

cording to Onsager reciprocal relations, it

is possible to observe the opposite effect,

named inverse spin Hall effect GSHE) as Figure 2.3: (a) Ordinary Hall effect, the perpendic-

the production of a transverse charge cur- ular field provides the accumulat.lon of charge at

rent due to the injection of a spin one. Af- the edges of the sample; (b) Spin Hall effect, a

ter it di 11971 by Dvak ) d spin accumulation is created just by injecting a

er its discovery in | by Dyakonov an current.

Perel [[74]], it was studied by Hirsch [[75]]

and experimentally observed for the first time in GaAs semiconductor by Kato ez al. [76].
In analogy with ordinary Hall effect, one can write a figure of merit for SHE. This

parameter is known in literature as spin Hall angle Osyg, it connects the injected charge

current density to the generated spin current one:

Jje = Osug (js x o), (2.9)
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2.3. Spin-to-charge interconversion phenomena

where j. and j; stay for charge and spin current densities, while o is the spin polarisation
unitary vector. In terms of the elements of the spin Hall conductivity tensor afj (where
the indexes can be z, y or z and, while ¢ and j account for the standard component of the
conductivity tensor, k indicates the spin polarisation direction), Oy reads:

ok

QSHE = Y . (210)
g

rxr

Since SHE is directly related to SOC, heavy metals have a relatively large spin Hall angle.
Typical examples are Pt [77], Ta [78] and W [[79]]. Two contributions appear in SHE, one
intrinsic and one extrinsic. The first one is related, as for the case of anomalous Hall effect,
to the presence of an anomalous velocity of carriers, while the second one is related to
spin-dependent scattering caused by impurities mediated by SOC.

Intrinsic SHE

As mentioned before, this mechanism can arise even in absence of scattering with defects
or impurities [27, 80, 81]]. It actually has a more fundamental origin in the band structure
of materials. In particular, carriers gain an anomalous contribution to their velocity in
presence of an electric field (namely, a charge current flowing into the material) strictly
related to Berry curvature, which for large SOC materials is a spin-dependent quantity
which cops with the topology of the bands (it is sketched in figure [2.4(a)).

Extrinsic SHE

The spin-dependent scattering from defects or impurities was widely discussed in order
to explain anomalous Hall effect. Two main mechanisms arise: skew and side-jump scat-
tering. They account for non-diagonal terms in the conductivity tensors. The first one
[82] describes a SOC-mediated process which leads to an asymmetric scattering, chang-
ing the k vector of electrons according to their spin, so their are deflected in opposite
directions. The second one [83] has a quantum nature and consists in a discontinuous
and finite side-jump due to a central potential, again in presence of SOC. This scattering
process preserves the magnitude of the & vector of electrons, but changes its direction.
The two mechanisms are depicted in figure [2.4(b)-(c))

2.3.2 Rashba-Edelstein effect

Another mechanism which produces a spin current is Rashba-Edelstein effect (REE) [26]).
As for the case of SHE, it is possible to define the reciprocal phenomenon as inverse
Rashba-Edelstein effect GREE). In order to observe this process it is necessary to deal
with a specific Fermi contour, which presents spin-momentum locking. For this purpose,
it is possible to consider both Rashba systems and TSS, which present the same locking
angle (90°) between spin and momentum (for the case of topological states the effect is
simply called Edelstein effect). Hence, the discussion which follows can be applied to
both of them. This effect was firstly experimentally observed in semiconductor quantum
well structures and it was called spin Galvanic effect [84]ﬂ

3Even if this notation is widely used in the spintronics community, in this work this effect is addressed with the name of Rashba-
Edelstein effect.
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Figure 2.4: Cartoons of: (a) Intrinsic SHE, (b) Skew scattering extrinsic mechanism in SHE; (c) Side-jump
extrinsic mechanism in SHE; (d) Rashba-Edelstein effect in Rashba system. The two contours are shifted
of an ammount Ak giving opposite spin polarisations; (e) REE in TSS, the spin accumulation is given
by the shift of just one band.

When a charge current density j. is injected in such a system, for example along the
—x axis, a Coulomb force acts on carriers due to an electric field E = j./o. This arises
as a rigid shift of the Fermi contour (both contours, if it is the case of a Rashba system
[85]). Panels (d) and (e) of figure 2.4 represent Rashba bands and TSS, respectively. This
shift Ak is given by: ‘

Ak = T2 @.11)
ho
where 7 is the electron scattering time and ¢ is charge of the carrier. Due to this shift, a
spin accumulation appears (reduced in the case of a Rashba system, since the two contours
have opposite chirality). If this spin accumulation relaxes to an adjacent layer, a net pure
spin current flows perpendicular toward this interface.

As for the case of SHE, one can define a figure of merit for the REE, which in this case
has unit of length (since typical Rashba systems and TSS are two-dimensional) and it is
defined as:

j3D
AREE ‘= Jﬁ (2.12)

C
It is possible to make a rough estimation of the efficiency of charge-to-spin conversion
for a 2DEG Rashba system [85} 86]. The total spin accumulation is: (§.5) = S, + dS_,
where the two opposite contours are taken into account. The two contours have also
different relaxation times 7., Fermi k vector kr. and give rise to a total produced current
j2D = j. + j_. Hence, in terms of the Rashba parameter oy, one can obtain after few
calculations and approximating to first order:

j2P = TR (5S) 2.13)
and finally, using the fact that j3P = ¢ (6.5) /7:
QRT
Arep = = (2.14)
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2.3. Spin-to-charge interconversion phenomena

Hence, larger are the Rashba parameter and the relaxation time, larger is the overall effi-
ciency of the conversion process. So giant Rashba effect, as for the case of FERSC, seems
to go in right direction to maximise this kind of effect.

The possibility to modulate and control this kind of effect is very intriguing for spin-
orbitronics applications and it is offered by complex heterostructure. For example, in the
case of LaAlO3/SrTiO3 interface, a 2DEG is created and an iREE was shown to be tuned
by applying a gate voltage [31]. In FERSC, both SHE and REE can play a fundamental
role in spin transport. For the case of GeTe, it was shown that iSHE can be modulated
in sign by applying a gate voltage, up to room temperature, relying on the possibility to
write the ferroelectric polarisation state unambiguously [[1].

2.3.3 Bilinear magnetoelectric resistance

As discussed in previous sections, Rashba
contours trigger spin transport in materi-
als, so a possible method to study this
kind of systems is through magnetoelec-
tric measurements. It was shown in 2018
that a second order magnetoelectric effect
arises when measuring bare TI materials
and it was called bilinear magnetoelectric
resistance (BMER) [87]. Up to now, there
is not a clear microscopic explanation of
the phenomenon, because different mech-
anisms seem to compete [88, |89]. Nev-
ertheless, it can be understood by qual-
itatively looking at the Rashba (or TSS)
contours. As explained in section [2.3.2] a
charge current allows the bands to rigidly
shift and this produces a spin polarisation
(figure[2.5(a)). One can write the distribu-
tion function of carriers as an expansion of
the form: f = fo+ fi+ f2, where fy 1 2 are
the Fermi-Dirac distribution, the first and
the second order corrections to the equilib-

(@) (b)
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Figure 2.5: (a) Rashba contour with an injected

charge current j.,; (b) First and second order cor-
rections to the distribution function; (c) The sec-
ond order correction gives rise to a spin current;
(d-e) When a magnetic field is applied along +y
direction there is a partial spin-to-charge conver-
sion which produces a second order charge cur-
rent which is summed or subtracted, giving oppo-
site contributions to the resistance.

rium distribution, respectively. f; (pictori-
ally described by panel (a)) and f5 are plot-
ted in panel (b) in light and dark colours,
respectively.

When an electric field is applied (in the
—x direction, for example) a second order
non-equilibrium longitudinal spin current
js(E?) is generated (see figure[2.5(c)), due

to spin-momentum locking. When an external magnetic field is applied parallel or anti-
parallel to the spin direction (which means +y) of this pure spin current, j;(E?) is partially
converted in a longitudinal charge current whose sign depends on the direction of the
external magnetic field (as depicted in figure [2.5(d)-(e)). This current is summed up to
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the overall current flowing into the material resulting in the appearance of two states with
higher and lower resistance with respect to the case in which the field is orthogonal to
the spin direction (£z or £z directions). BMER amplitude is linear both with respect to
magnetic field amplitude and to current density.

BMER was detected firstly in TI Bi2Se3, then in some other systems, such as SrTiO3
[90], Ge(111) [91], a-Sn [92] and it was shown that it can be a very useful instrument
to quantitatively estimate the Rashba parameter [93]]. In 2021, also in GeTe devices was
possible to measure BMER [94]]. In chapter [/| this phenomenon is investigated more
deeply and some questions about its physical origin are addressed.

2.3.4 Spin currents to manipulate magnetism: spin-orbit torques

In previous sections, some mechanisms

exploited to generate spin currents were TpL
discussed. In this section, the interaction M /
between them and the magnetisation vec- '\TFL

tor in ferromagnetic (FM) materials is ex-
plored. Spin accumulations at the inter-
face generated by SOC-mediated effects

are source of angular momentum which z FM

can be transferred to FM by so-called spin- ILyx ®®®®®js

orbit torques (SOT). This effect was dis- jo ©®®®®

covered and St_Udled in heavy metal/FM Figure 2.6: A spin current generated in the bottom

systems firstly in refs. [30, [78]. material creates a spin accumulation (in this case
The discussion of the microscopic along y) which acts on the magnetisation of the

mechanism is beyond the scope of this ferromagnet through SOT, composed by two com-

work and it is actually not completely ?Z”em& namely damping-like torque and field-

IKe torque.

well understood. Several attempts and ap-
proaches were employed for this aim, one
of the most addressable is magnetoelectronic circuit theory [95, [96]]. Here the interest is
in understanding the effect of a spin accumulation on the magnetisation dynamics, this
can be studied looking at the Landau-Lifshitz-Gilbert equation, which reads:

M = —M x (H+ Jm) + oM x d—M, (2.15)

dt dt

where Jm represents the additional effective field, due to exchange coupling, between
the spin accumulation m and the local magnetisation M, while H contains all the other
effective fields terms (external, demagnetising, anisotropy), 7 is the gyromagnetic ratio
and « is the Gilbert damping. It is clear that only transverse accumulation acts on M.
One can define two different components of the accumulation in the transverse plane with
respect to the magnetisation, viz:

Jm; = am x M + bm, (2.16)

where a and b depend on the properties of the interface. These two terms represent two
simultaneous spin torques. The first one, of the form aM x (m x M), with an effective
field which depends on the magnetisation direction, has a similar effect of the Gilbert
damping and it is called damping-like torque Tp1,. The second one is of the form bM x m
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and it is equivalent to an effective field bm which tends to align along it the magnetisation,
this contribution is called field-like torque Tgr,. The two components of the torque are
depicted in figure 2.6

Hence, whatever is the character and the direction of the spin accumulation at the in-
terface, a two-component torque is generated on the magnetisation, driving its dynamics.
Measuring SOT in heterostructures allow to infer information about the physical origin of
these processes together with an indirect characterisation of the material which generates
SOT. The large variety of phenomena which attends in a bilayer forces to develop an ex-
perimental method to measure and disentangle all these contributions. This can be done
by exploiting harmonic Hall detection of first and second order resistance, injecting in a
Hall bar device an oscillating current [97, 98] (see section @

SOT are intensively studied nowadays [13, 99, |100] and represent one of the most
promising route in beyond-CMOS storage elements [101].

2.4 Case studies: GeTe and SnTe

Chalchogenides and in particular tellurides are very well known materials in material
science. They have been exploited for very different applications, spanning from pho-
tovoltaic cells (CdTe [102]]) to thermoelectric elements (PbTe [103]]). GeTe and mostly
Ge2SboTes are very well-known phase change materials, used for the implementation
of memory elements [104, [105, [106]. This means that they can undergo a reversible
crystalline-to-amorphous phase transition by current pulses which allows to have two
states with very different properties. This phenomenon is widely exploited in the so-
called phase change memories [107]. In the following, the discussion focuses on GeTe
and SnTe, which are group-1V tellurides, presenting them in a very different light.

2.4.1 Germanium telluride

Despite the variety of applications which chalchogenides are involved in, GeTe has been
also known to be ferroelectric since a long time [[110]. Moreover, all the requirements to
display giant Rashba effect (namely: (i) lack of inversion symmetry; (ii) the valence band
maximum (VBM) and the conduction band minimum (CBM) that have the same sym-
metry character; (iii) large SOC; (iv) it is a narrow-gap semiconductor) are satisfied [20].
In 2013, through DFT calculations, it was predicted that the structural distorsion which
gives rise to ferroelectricity also brings a giant bulk Rashba effect [[17,[21]. Opposite dis-
torsions provoke opposite sign of the polarisation vector as well as opposite Rashba spin
textures. This was also experimentally validated in 2018 [22, 108].

Ferroelectricity in GeTe is characterised by a Curie temperature of ~ 720K and a
phase transition from the rhombohedral phase (a-GeTe) to the paraelectric cubic phase
(B-GeTe). The ferroelectric polarisation arises along the (111) direction from the shift of
Ge and Te atoms from the cubic position and its value is ~ 60 uC/cm? [[109] (see figure
(2)-(b)).

GeTe is also a narrow-gap semiconductor (€g., ~ 0.8 €V) with a high density of holes
as free carriers (N ~ 3 x 10?°cm™). This is due to an intrinsic heavy p-doping due to
the structural presence of Ge vacancieﬂ This unusually high conductivity makes GeTe

4The author, during his Ph.D. activity, was also involved in the preparation of GeTe samples in which a doping compensation
was performed by co-evaporating indium to obtain InyGe]—xTe. The samples were then characterised with standard techniques

19



Chapter 2. Ferroelectric Rashba semiconductors: a theoretical introduction

p-GeTe a-GeTe
1.74 A 214 A

Y C ............. e ..... .

5§ 174A P 1494 =

v 1@ e

£ 174A 214A £

= T . ] S— oy . 3

=  174A . T

g 1.74 A 214A £
(c)
10
8
6
4
32
> 0
i
Q 2]
g 2
m
-4
-6
-8
-10
-12

Figure 2.7: (a) First Brillouin zone of GeTe, the polarisation vector points along the (111) direction, while
kg and k, point along ZA and ZU, respectively; (b) Atoms position along the (111) direction in the [3-
phase (cubic and paraelectric) and in the a-phase (rhombohedral and ferroelectric); (c¢) Bands diagram
calculated by DFT, the in zoomed panel, the direction of interest ZA and ZU; (d-e) In-plane and out-
of-plane spin textures in the case of outward polarisation vector; (f-g) In-plane and out-of-plane spin
textures in the case of inward polarisation vector (adapted from refs. [21}|108,|109]).

to be associated to polar metals and makes the control of the polarisation by gate voltage
very hard [111]. In 2021, the author and coworkers in ref. [1]] succeeded in demonstrating
(by joining piezoresponse force microscopy and electrical detection) the possibility to
perform gating in micrometric structures and control the polarisation vector in GeTe thin
films by correlating the polarisation switching to a consequent change in the conductive
properties.

As mentioned before, the Rashba effect in GeTe is said to be giant. This is due to the
large Rashba parameter which has not any counterpart in other materials, ag ~ 5eV A
(BiTel has ag ~ 3.8 eV A [20, [19]). As written before, the polarisation vector is along
the (111) direction which means, in term of first Brillouin zone directions, along the I'Z
direction. The giant Rashba splitting affects the band around the Z point, in the plane
perpendicular to I'Z, which is identified by the hexagonal face with principal directions
ZA and ZU. The Rashba Hamiltonian for GeTe can be expressed as:

Hy = ax (0.ky — oyky) + XN (K} + k%) 0., (2.17)

with k. := k, £ ik, ay := ar (1 + ak?), k, and k, represent the ZA and ZU directions,

(diffractometry, spectroscopy, piezoresponse force microscopy) and found to be crystalline and ferroelectric and a giant Rashba was
displayed as well. The samples were still p-doped, but a lighter carrier concentration would allow to a better control of ferroelectricity
by gating. Further investigations are still needed.
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respectively and A\ accounts for the so-called hexagonal warping of the bands. Even if
the dominant component of the spin texture is the in-plane component of the spin, it also
present a small out-of-plane component, not detected so far from the experimental point
of view. Both the in-plane and the out-of-plane components are reversed by reversing the
sign of the polarization (the DFT calculations are plotted in figure [2.7(c)-(d)-(e)-(f)-(g),
together with the spin textures for opposite directions of the polarisation vector).

2.4.2 Tin telluride
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Figure 2.8: (a) Coexistence of different states changing the \ parameter (the lattice distorsion) and the
relative band gap for such a configurations; DFT calculations along the most remarkable directions at

(D)A=0;(c) \=0.1; (d) A =0.25; (e) A\ = 1 (adapted from ref. [112]]).

SnTe shares a lot of properties with GeTe, it is a narrow-gap semiconductor (€ga, ~
0.2eV [113]), it shows ferroelectric polarisation along the (111) direction (~ 40 uC/cm?
[112]) in the o-phase and in the same phase it matches the conditions for a giant Rashba
splitting. Increasing the temperature, it undergoes to a phase transition very similar to
the one of GeTe (at T ~ 100K [113] |114, [115]])) to a cubic bulk SnTe stable in the
paraelectric 3 phase which is very well known as a TCI [72, 116], already exploited in
SOT devices [102].

In 2016, it was discovered that the Curie temperature can be enhanced up to ~ 270K
going towards the ultra-thin film limit which stabilises the polarisation vector in the in-
plane direction [[117].

Even more interesting, it was investigated by density functional theory (DFT) calcu-
lation the possibility to engineer the band structure of 3-SnTe, which is a TCI at room
temperature [[112]]. Spanning the A\ parameter, which represents the lattice distorsion,
from O (cubic phase) to 1 (rhombohedral phase) it is possible to obtain a coexistence of
state, from TCI+FERSC, passing to Z,+FERSC and finally to FERSC only (the band
structures for different values of the \ parameter are depicted in figure 2.8] in particular
panel (a) shows the transition between different states of matter and how the band gap of
the semiconductor changes with \).

One of the goals of this work moves from this idea. DFT calculations constructed
a linear path between two crystal structures. As explained before, a-GeTe belongs to
the rhombohedral space group (R3m) and it is a FERSC, while SnTe to the cubic one
(Fm3m). So, a possible way to draw a line between these two extreme states is to dope
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tin telluride with germanium constructing a continuous transformation between the two
compounds. Ge doping naturally makes the crystal tend to a lattice with a distorsion. The
alloy SnyGe] —xTe is expected to combined the properties of the two extreme conditions
(z =0, 1) in a way which resembles the idea of ref. [112]]. In chapter[5]this task is tackled
experimentally together with a comparison with new DFT calculations.
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CHAPTER

Interaction of polarised electrons with materials: a
survey on spin detectors

Unluckily, it is not possible to spatially separate the two spin states of a free electron
using a magnetic field. What Stern and Gerlach did in their famous experiments with
neutral silver atoms [118, [119] is not reproducible with charged particles, as electrons
are, due to Lorentz force which directly acts on their trajectories. Other solutions must be
found in electron-matter interaction which introduces scattering mechanisms that play a
fundamental role to properly investigate this elusive quantum number.

In order to provide the basic concepts about the interaction of polarised electrons with
matter and the mechanisms which intervene in such a complicate process, this chapter is
organised in three sections. After the introductory section[3.I]stating some definitions, the
interaction with magnetic materials is reviewed in section [3.2] while section [3.3| provides
a survey on the most common spin detectors and the physical principles governing them.
As emerged in chapter [I] the need of a new paradigm for spin detection is discussed,
shedding light on the purposes of this thesis work.

3.1 Introduction

As mentioned before, the spin of a particle was first investigated in neutral silver atoms
in 1922. The possibility to study free electrons spin remained debated until, in 1929,
Mott suggested the possibility to scatter electrons from heavy nuclei targets to have spin
separation [[120]]. This process is possible because of SOC. Even if the realisation of such
an idea is quite simple, the efficiency is not so large, so after Mott’s idea the scientific
community started to move towards exchange interaction. Hence, the mechanisms which
arise when polarised electrons impinge on magnetic materials became of great interest.
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In order to proceed further with the discussion of interactions between polarised elec-
trons and matter, it is necessary to state some preliminary definitions [[121]]. It is well-
known that the wavefunction of an electron can be written as:

U(r,t,s) = yCellkr=ot), (3.1

where x accounts for the spin part of the wavefunction. In order to describe an ensemble
of electrons, it useful to introduce a quantity called polarisation vector P. Its components
(z,y, 2) are the difference between the number of up and down electrons along the quanti-
sation axis defined by the component. This vector and the number of electrons completely
describe a beam. The interest in studying the interactions between polarised electrons and
matter is to know how this two quantities change in time. Pauli provided the formal tools
to address this question, namely spinors and spin matrices.
A single electron can be described by:

K 3.2)
Xdown = |\L> = |_> = ( )

With this definition, it is possible to described any direction of space for the spin:

=ty bty = (). 63

With the usual definition for Pauli matrices:

(01 O /10 4
w1 o) o= o) =5 5). 34

it is possible to define the expectation value for the spin direction as (o;) = (x| 0; |x) and
then:
<Ux>

p—|()]. (3.5)
<UZ>

So, for a single electron the direction of P is the direction of its spin and |P|= 1.

In real experiments, one deals with a beam of electrons. The following definitions
hold: if all the spins are polarised in the same direction, |P|= 1, meaning that the beam is
completely polarised and it is said to be in a pure state; if they point in different directions,
0 < |P|< 1 and the beam is said to be in a mixed state. One can obtain the polarisation
along a certain quantisation axis, summing up the probabilities of having spin up or spin
down of each electron. This means:

n' = Z\ulﬂ2, nt = ZIUSP (3.6)
k k

If each electron is described by a coherent superposition of |+) states, the sum in eq.
[3.6]represents an incoherent superposition of the coherent polarisation properties of each
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3.2. Interactions with matter of a polarised electron beam

electron. Hence, the degree of spin polarisation of an electron beam along a certain quan-
tisation axis is defined as:

n' —nt
ot 4nd
and N := n' + n* is the total number of electrons.

When one is dealing with polarised electrons interacting with a magnetic material, it
is a common practice not to define an absolute direction for the P vector, but the relative
position with respect to the magnetisation vector Mﬂ Hence, defining I as the relative
intensity, the polarisation relative to the magnetisation axis becomes:

(3.7

i

Nt
P=—,
4+

where the relative directions of the arrows represent parallel and anti-parallel orientation.

(3.8)

3.2 Interactions with matter of a polarised electron beam

In this section the most relevant spin-dependent interaction mechanisms and their main
consequences on spin polarisation are briefly presented. There are four principal pro-
cesses that intervene in this discussion. They are schematically illustrated in figure [3.1]
In the following, an incident electron beam with polarisation P? is assumed to impinge
on a material. The quantisation axis is along z and it is defined by the direction of the
effective magnetic field H (it is the magnetisation for a ferromagnet and the external field
for a normal metal). The mechanisms can be grouped as follows [[122]:

(i) Spin precession. When immersed in a external magnetic field, every particle pos-
sessing a magnetic moment is subjected to Larmor precession. This means that P
preceeds about the magnetisation axis at frequency wr,, known as Larmor frequency,
without changing its magnitude. Hence, the time scale of this process is inversely
dependent on the magnetic field, through: 7, = 1/wy, = h/(2ug|H|), where pg is
the Bohr magneton (see figure [3.1)(a)).

(i) Spin exchange scattering. The most relevant process which gives rise to spin ex-
change in a normal metal is electron-electron scattering. This occurs in a redistribu-
tion of the spin polarisation over the states available in the material. In a ferromag-
netic material, where the so-called two-currents model holds, an energy splitting is
present between spin up and spin down states. Spin exchange scattering consists in
a spin-flip transition, with a characteristic relaxation time. The polarisation vector
rotates, while its magnitude may be preserved constant (see figure [3.1[b)).

(iii) Spin dephasing. When electrons are precessing about the effective field, their spins
are initially aligned, but after a characteristic dephasing time their motion becomes
out of phase. This leads to a decay of the transverse component (perpendicular to
the quantisation axis) towards zero. In normal metals this could produce a complete
spin randomisation (see figure [3.1](c)).

(iv) Spin selective absorption. When an electron beam is transmitted through a ferro-
magnetic material, the differences in spin up and spin down densities of states may

! According to the common definition of M, it always points along the direction defined by minority spins.
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produce different scattering in spin channels. The minority spins are preferentially
scattered because of the presence of more unfilled states, hence the absorption for
this channel increases. Since the loss is asymmetric the polarisation vector rotates
towards the z direction. Also its magnitude changes (see figure [3.1[d)).

It is possible to do an evaluation a posteriori to quantify the relative contribution of these
four mechanisms. What turns out is that, together with spin precession, the dominant
process in the transmission of spin-polarised electrons is spin selective absorption.

The Poincaré formalism helps in describing polarisation changing of a beam (of elec-
trons, of light,...) due to the interaction with an external magnetic field. This treatment
holds both for transmission and reflection (the analogous phenomena when light is used
instead of electrons are called Faraday and Kerr effects). The interaction is phenomeno-
logically described through a complex interaction matrix I:

(\/H——Ae“”/ 2 0 )

(3.9

0 VI= Al

where the constants A and ¢ account for the two processes analysed before, namely ab-
sorption and precession, while the off-diagonal terms are set to zero because spin-flip
events are demonstrated to be sufficiently rare [[123][124]]. A is called spin asymmetry pa-
rameter, it describes the relative trasmission/reflection of up and down spins interacting
with a material. Its definition is analogous to the definition of polarisation of eq. [3.8}

Nt

By definition, 0 < |A|< 1. If one considers a polarised electron beam (i.e., |P|< 1)
perpendicular to the magnetisation, after the interaction the polarisation vector becomes:

Pov'1+ A%cosp
P=| Rv1—A%sing |. (3.11)
A

This corresponds to a twofold motion: a precession by an angle ¢ around the magnetisa-
tion and a rotation into the direction of the magnetisation, due to the selective absorption
of spins, where minority spins are more attenuated than majority ones. The angle 6 of this

rotation is given by [40]:

T S (3.12)

Pyy/1 — A2

3.3 Spin detectors: a survey

As mentioned in the preliminary discussion of chapter [I| there are several mechanisms
that can be exploited in order to build up a spin detector. The physical principles underly-
ing them are basically two: Mott scattering and exchange scattering (treated in the former
section). In the following, the working principle of three spin detectors is analysed and
their advantages and disadvantages are discussed.
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Figure 3.1: (a) Spin precession: every spin preceeds about the quantisation axis in a coherent way, so
the magnitude of the polarisation is preserved, while the direction is not; (b) Spin exchange scattering:

with an effective magnetic field, the two spin states are not degenerate

in energy, a spin-flip event may

occur leading to a change of the z component of the polarisation vector; (c) Spin dephasing: after a
characteristic dephase time the precession of panel (a) becomes incoherent and the spins may become

randomised. This gives rise to a decrease (or even a suppression) of the

perpendicular component of the

polarisation vector; (d) Spin selective absorption: the minority spins are preferentially absorbed since
there are more unfilled states. This leads to a decrease of the number of spins pointing in this direction

and to a consequent change of magnitude of the polarisation vector.

3.3.1 Mott detector

Mott detector relies on the very first idea of separate elec-
trons according to their spins, as conceived by Mott in 1929
[120]. It consists in exploiting the SOC in the scattering of
electrons with Coulomb field of heavy atoms (which are typ-
ically gold or thorium atoms [[125]]). The electrons are pre-
pared at ~ 100keV, so that they can penetrate deeply in the
Coulomb field of the heavy atoms. Due to relativistic the-
ory, in the rest frame of electrons, the moving electric field
of atoms generates a magnetic field, whose lines are circu-
lar. Given a certain direction of the magnetic moment of the
electron p — e.g., up — if it passes on the right it is parallel
to the magnetic field, so the forc pushes the electron to-
wards the left, where the field is stronger. The same holds
for an electron with the same spin, passing on the left of the
nucleus, since the moment and the magnetic field are anti-
parallel the force pushes it again to the left, where the field is
weaker. The opposite happens for electrons with spins point-
ing down: they are scattered to the right. Mott scattering is
founded on this principle (it is sketched in figure [3.2)).

heavy nucleus

Figure 3.2: Cartoon of the field
lines as seen by the mov-
ing electron going towards
a heavy nucleus. If the mo-
mentum is pointing up, it is
always scattered to the left.

Now, if one puts two detectors at the same angle #, one on the right and the other on

2The force applied to a magnetic moment, by an inhomogeneous field H reads: F = V(u - H).
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the left, it is possible to collect electrons which have a preferred spin direction. Hence,
the scattering asymmetry is given by:

[right _ [left

- [right + Jleft’ (313)

where [M8btIeft are the currents measured by the two detectors. A is proportional to
the beam polarisation P through the so-called Sherman function S = S(0,E): A =
S(0, E)P, where FE is the electron energy. This function can be calculated for a specific
geometry [121}/126]]. For instance, in the central field approximation for gold atoms, with
electrons at £ = 150keV and 6 ~ 120°, S = 0.4 [[127].

Although the set-up for Mott polarimetry seems to be quite simple, there are some
drawbacks which do not make it the ideal candidate for spin polarimetry. Indeed, even
if Sherman function values can approach unity, the maxima in S(6, F) occur near local
minima of the differential scattering cross sectionE] where the scattering efficiency is very
low [125,128]]. This results in a very poor figure of merit (defined as n = S?1/I,) of the
order of ~ 1 x 107 [125].

3.3.2 Very low-energy electron diffraction

In the Nineties, a great effort was done in order to replace Mott detection to enhance the
performances of spin polarimeters. The new framework aimed at exploiting exchange
scattering instead of spin-dependent scattering due to SOC.

As reviewed in section [3.2] among the several effects which arise when a polarised
beam interacts with a magnet, two of them, namely precession and selective absorption,
are preponderant. While precession induces a rotation of the polarisation vector, selective
absorption drastically changes its magnitude. This was exploited by Bertacco et al. in refs.
(34, 129] to obtain a large asymmetry both in the absorbed and in the reflected current in
MgO/Fe(001)-p(1 x 1)O samples. The oxidation of iron and the surface reconstruction
obtained increased the asymmetry with respect to the bare iron surface, which reaches the
values of 13% in absorption and 45% in reflection in the range 8 — 12eV [129].

This idea was exploited in several SARPES set-ups [35,|36]] in which the target MgO/Fe
was prepared in situ and exploited in reflection mode, and took the name of very low-
energy electron diffraction (VLEED). It represents the state-of-art in spin polarimetry
measurement. Such a configuration produces a higher Sherman function and it drastically
increases the figure of merit to ~ 1 x 1072 [34, 35| |43||. In 2016, Ji et al. in ref. [37]] de-
signed a two-dimensional VLEED detector consisting in a system of electrostatic lenses
which transfers the electron beam image from the exit plane of the ferromagnetic target
to a two-dimensional electron detector made by microchannel plates (see figure [3.3(a)).
This could allow producing the first multi-channel VLEED (MCVLEED) detector with
6,786 parallel channels which further enhanced the figure of merit to ~ 60.

3.3.3 Very low-energy electron transmission spin detector

Reflection is not the only way to exploit the exchange scattering which produces the
asymmetry between different spin channels (scheme in figure [3.3(b)). The transmission

3The differential scattering cross section do/dS2 can be calculated analytically. The reference for this calculations is the book by
Kessler [121].
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Figure 3.3: (a) Schematic representation of the MCVLEED detector. The image of electrons coming out
from the hemispherical energy analyser (HEA) are guided towards the ferromagnetic target and then
to the detector, preserving information about their trajectories; (b) Electrons are differently transmitted
by regions with different magnetisation and then their are directly counted by a detector (adapted from

refs. [37}38]).

of a spin polarised beam through a ferromagnetic thin layer was extensively studied in the
Nineties [40, 130, [132]], but it was never employed integrated in a SARPES set-up,
probably also due to the fabrication issues of such structures, since nanometric thick films
are difficult to be kept free-standing and also to be miniaturised to micrometric lateral
dimensions.

Also thanks to the boost in MEMS fabrication and the consequent capability to realise
suspended features with reliable fabrication techniques, in 2017 the first spin detector
based on a matrix of free-standing cobalt films was proposed [38]. This device promises
a very large figure of merit ~ 67 (at very low energy I/ ~ 2¢eV), also avoiding the
complex apparatus of electrostatic lenses of the MCVLEED set-up. Nevertheless, this
proof-of-concept device has never been integrated in a SARPES set-up and presents a
not trivial fabrication process composed by several selective etching steps and the use of
sacrificial layers.

In this time-line, this thesis work intervenes. The idea is to further exploit the concept
of a selective spin transmission with the aim of overcoming the issues introduced by
fabrication, with a free-standing membrane grown on suspended graphene, which is very
well-known to display a high robustness, even in the atomic monolayer limit. Chapter
[6] deals with the deposition and the characterisation of such devices embedded in a two-
dimensional matrix.
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CHAPTER

Experimental techniques

This chapter is devoted to the presentation of the principal experimental techniques em-
ployed for this thesis work. In particular, thin film deposition technologies are described
in section4.1] the fabrication of devices for magnetoelectrical measurements is presented
in section 4.2] section [4.3] describes the spin- and angle-resolved photoemission spec-
troscopy experiments, section [4.4] briefly describes the set-ups for the magnetoelectical
characterisation, section [4.5| the set-up for the magnetic characterisation of free-standing
films and finally section .6]is devoted to the presentation of the development of a spin-
polarised electron gun.

4.1 Deposition techniques

This thesis deals with two different topics and both of them strongly rely on the deposition
of thin films. Group-1V tellurides, GeTe and SnTe are grown by molecular beam epitaxy
(MBE) (the process for GeTe is well-established [[133]] and was not carried out during this
work specifically, while the one of SnTe will be matter of discussion in chapter [3)). Free-
standing magnetic membranes can be deposited both by MBE and magnetron sputtering.
So both techniques are reviewed here together with the main relevant parameters involved
in these processes. Both technologies can be performed in Polifab facility with ad hoc
tools.

The system which allows for film deposition by MBE and the in situ characterisation
of thin films by electron diffraction and photoelectron spectroscopy is sketched in fig-
ure [4.1] [134]]. It is composed by five vacuum chambers and a sample of dimensions up
to 10 x 10 mm? can move through, without breaking the vacuum. Chamber #1 is the
introduction chamber, which is a load-lock used to move samples either to the samples
preparation and MBE chamber (#2) or to the pulsed laser deposition chamber (#3) (not
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Figure 4.1: Schematic picture of the deposition and characterisation cluster tool present in Polifab facility
composed by five vacuum chambers (from [|134)]).

employed in this work). For substrate pre-treatment, the sample preparation chamber is
equipped with a filament for thermal annealing and with an argon-ion sputtering. There
are seven evaporators for MBE and the possibility to perform controlled oxidation pro-
cesses. A low-energy electron diffraction (LEED) set-up is present as a characterisation
tool. Chamber #4 is the measurement chamber used for spectroscopy. A X-ray source
(with Al and Mg anodes) is present, together with a He ultraviolet lamp. These can
be used to excite photoelectrons that can be collected and analysed by a hemispherical
electron analyser (HEA). A set-up for spin-resolved inverse photoemission spectroscopy
(SPIPE) is also present [[135]], this is treated in detail in section [4.6] together with Cham-
ber #5 which is used for the preparation of photocathodes. Chambers are isolated with
gate valves and chambers #2, #4, #5 are in ultrahigh vacuum (UHV) regime (i.e., pressure
< 1 x 10~ mbar), which is of fundamental importance both for deposition processes and
for spectroscopic experiments.

4.1.1 Molecular beam epitaxy

MBE was used for the deposition of SnTe films measured in chapter[3] for the re-preparation
of GeTe heterostructures analysed in chapter [/| and for the deposition of magnetic thin
films (heterostructures based on Co) for magnetic membranes presented in chapter [6]

In MBE, the target material (i.e., a high purity metallic rod or a metallic crucible
containing the material) is heated up in UHV causing either its evaporation or sublimation.
A flux of atoms which travels towards the sample and gets deposited on it is established.
This process can be achieved heating up the target with a resistive filament and/or applying
high voltages to the target in order to obtain an electron-beam flux [136]]. The former
option can be applied to metals which present low vapour pressure and semiconductors,
while the latter is used mainly for metals with high vapour pressure and oxides. UHV
conditions allow for very few contaminant agents in the chamber, a very large mean free
path for atoms emitted from the target and they guarantee almost zero scattering events
to them. MBE turns out to be a highly directional process and allows for the growth of
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ordered epitaxial thin films. MBE is commonly used for the growth of single-crystalline
metals and oxides. In order to achieve this crystal quality, deposition rates are of the order
of few A/min.

The MBE confocal cells of the system in chamber #2 are equipped with a tungsten
filament which can be made incandescent with a suitable current (3 — 6 A), producing
free electrons by thermoionic emission which are accelerated towards the target by a
positive high voltage (0.5 — 3kV) applied to the target material. The deposition rate can
be checked moving a quartz microbalance in place of the sample position.

4.1.2 Magnetron sputtering

Magnetron sputtering was used to deposit heterostructures for magnetic free-standing
membranes. The materials exploited were CoFeB, Co, Ta, Ru and MgO. Magnetron
sputtering was performed in a commercial AJA ATC Orion 8 machine present in Polifab
facility.

In magnetron sputtering, a negative high voltage is applied to the target material,
while the vacuum chamber is filled with an inert gas (argon is typically used for this
purpose). Under certain appropriate partial vacuum conditions, the negative bias creates
an avalanche process of ionisation of charge particles (Art ions and electrons) which es-
tablishes a plasma. The positive ions are then accelerated towards the negative target and
they transfer their momentum to the lattice of the solid. Neutral clusters (or atoms) are
ejected and travel to the surface of the sample. Some permanent magnets are placed be-
hind the target material in order to confine the charge particles of the plasma. They follow
helical trajectories which allow producing more collisions with neutral gas atoms and so
increasing the deposition rate performances.

The sputtering can be performed either in DC mode or in RF mode. The second one
is preferred in case of oxides because the high DC voltage bias would charge up the
insulating target preventing the correct hitting of charge particles on the material. During
the deposition process the sample can be heated up to a certain temperature and it is kept
in rotation in order to guarantee a better uniformity on the surface. The deposition rates
are of the order of few nm/min and can be checked with a quartz microbalance in place
of the sample.

4.2 Fabrication techniques

In order to produce suitable devices to perform magnetoelectric characterisation, after
the deposition, the sample is processed. In particular, for the studies presented in the
following chapters, standard Hall bars were fabricated on GeTe heterostructures. The
entire workflow consists of three steps: optical lithography to pattern the samples, ion
beam etching to remove the excess of material which is not needed for the device and
finally thermal evaporation to deposit metallic contacts for bondings with an external
chip.

4.2.1 Optical lithography

The idea of using ultraviolet (UV) light to selectively modify polymers to pattern devices
dates back to the Forties, but it is still the most widely used form of lithography in the
integrated circuits industry [137]. It consists in transferring a two-dimensional geometry
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on the surface of a wafer using a mask and a photoresist, which is a polymeric material that
changes its solubility properties when exposed to UV light. The result of a lithographic
process is that the geometry is transferred on the sample in regions where the unsoluble
photoresist is present and regions where it is not. This allows for successive deposition or
etching steps on selected areas.

The steps of a lithographic process are the following [138]] and they are depicted in

figure

(i) Sample cleaning. (figure 4.2 (a)) Contaminants could compromise the correct ad-
hesion of the photoresist and so the efficacy of the lithography. The workflow takes
place in a cleanroom and the sample is typically cleaned by ultrasonic agitation while
it is immersed in acetone. This procedure is followed by a rinse in isopropanol, then
the sample is dried and soft baked at 120 — 140 °C to desorb water.

(ii) Deposition of the photoresist. (figure 4.2] (b)) The photoresist is deposited by spin
coating. The sample is placed into a resist spinner where it is held by a vacuum
chuck. The rotation is essential to have a uniform surface. The photoresist thick-
ness depends on the choice of the speed and on the viscosity of the polymer. The
resist used for the processes described in this work is the image reversal photoresist
AZ5214E from Micro- Chemicals GmbH, with a thickness of ~ 1.4 um. After the
deposition, a soft bake is performed at 100 — 120 °C for one minute to evaporate the
solvent and to increase the adhesion on the sample surface.

(ii1) Exposure. (figure 4.2{(c)) The exposure to UV radiation changes the chemical prop-
erties of the photoresist. In the case of AZ5214E, the exposed regions become more
soluble and they can be easily removed by development. The mask used to pattern
the device could be a physical mask (typically made of chromium). Alternatively,
one can use a maskless aligner (MLA) which focuses a laser in order to pattern the
needed geometry without any mask (this is the case for the present work, performed
with Heidelberg MLA100 instrument with a laser wavelength of 365 nm). The reso-
lution of this step is about 1 um.

It is also possible to proceed with an inverse lithography to obtain the negative of
the patterning designed. This can be accomplished both with a proper negative pho-
toresist or with a different procedure still with a positive one. In the latter case,
the sample undergoes another baking process, said reversal baking (typically at
110 — 130 °C) for about 90 — 100 s. This procedure favours the diffusion of amines
in the exposed regions, they neutralise the byproduct of the photodecomposition and
make these areas resistant to further changes. Then, a flood exposure to UV light
occurs and the areas not previously exposed become now soluble and the inversion
of the pattern is reached.

(iv) Photoresist development. (figure {.2] (d)) The development process is performed
by a dedicated chemical agent, that removes the part of the photoresist which was
made soluble. For the case of AZ5214E, the right agent is AZ726 MIF Developer
from MicroChemicals GmbH. The typical development time is 30 — 50s.

(v) Etching or deposition process. (figure 4.2](e)) After the lithographic process, one
can either etch the remaining part of the sample or perform a deposition process
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Figure 4.2: Lithography workflow. (a) Sample cleaning; (b) Photoresist deposition and soft bake; (c)
Exposure to UV light with a mask; (d) Photoresist development; (e) Etching or deposition process; (f)
Lift-off procedure.

(see next section). The photoresist protects the device from etching and prevents the
adhesion of further material.

(vi) Lift-off process. (figure (f)) Finally, it is possible to remove the photoresist
through a lift-off or strip process. Also in this case, dedicated chemical agents can
be used, from acetone to more specific products (for the case of AZ5214E, AZ100
Remover from MicroChemicals GbmH is suitable).

4.2.2 Ion beam etching and contact deposition

The technique of ion beam etching (IBE) is very similar to the one presented in section
4.1.2] It is a dry etching consisting in the sample material removal by transfer of momen-
tum of accelerated argon ions towards the sample, which becomes now their target, in a
vacuum chamber. In a discharge chamber, a hot cathode filament emits electrons by ther-
moionic effect, while the positively charged walls of the chamber act as anode. Electrons
move towards them and ionised argon atoms. An accelerator grid forces the ions to move
towards the sample, starting the etching process. Hence, the plasma generation and the
acceleration are decoupled. During the process the sample is kept in rotation through the
holder and the tilting angle between the sample and the incident flux can be opportunely
tuned (being typically at 30°) in order to avoid that the etched material is redeposited
onto the sample. The IBE process done in this work was performed with a Kaufman and
Robinson KDC 160 Ion Source present in Polifab facility.

The deposition of metallic contacts relies on a process very similar to the one described
in section 4.1.1] They were grown by thermal evaporation, in which sublimation of the
target material is reached by heating it up by means of Joule heating with a DC current
(without applying any high voltage). The deposition is carried out in a vacuum cham-
ber and the rate of process can be monitored by two quartz microbalances. The system
employed is a Moorfield MINILAB-080 present in Polifab facility as well.
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Figure 4.3: A Hall bar device examined through an optical microscope after the whole fabrication process.

4.2.3 Devices fabrication recipe: Hall bar geometry

As mentioned before, the devices needed for the investigation presented in the following
are Hall bars. These structures allow for the injection of a current through a channel and
for the possibility of detecting the transverse and the longitudinal resistance of it. The
length of the channel is 100 um, while the width 10 um. The device is designed to have
three transverse branches. In order to fabricate these devices two lithographic steps are
needed. The final product is reported in figure 4.3] The recipe used is illustrated in the
following.

1* step: inverse lithography for the definition of the Hall bar.

(i) Sample cleaning with acetone, followed by isopropanol;

(i1) Spin coating with AZ5214E photoresist with 6,000 rpm and 500 rpm/s (speed
and acceleration) for 60s. Soft bake at 110 °C for 90 s;

(iii) Exposure with MLA, with a dose of 25 mJ/cm?. Reversal bake at 115 °C for
90 s and flood exposure with a dose of 125 mJ/cm?;

(iv) Development with AZ 726 MIF developer for 30 s and water rinse;
(v) IBE to remove the uncovered regions of the sample for 30 min and photoresist
stripping.
2" step: direct lithography for the contact pads deposition.

(1) Sample cleaning with acetone, followed by isopropanol;

(i1) Spin coating with AZ5214E photoresist with 6,000 rpm and 500 rpm/s (speed
and acceleration) for 60 s. Soft bake at 110 °C for 90 s;

(iii) Exposure with MLA, with a dose of 230 mJ/cm?;
(iv) Development with AZ 726 MIF developer for 50 — 55 s and water rinse;

(v) Thermal evaporation of the heterostructure composed by: Cr(10)/Cu(200)/Au(50)
(numbers in nanometers) and photoresist stripping.

4.3 Spin- and angle-resolved photoemission spectroscopy

Photoemission spectroscopies are currently the most valuable tools to evaluate chemical
composition and electronic properties of materials. Spin- and angle-resolved photoe-
mission spectoscopy (SARPES) allows for mapping the electronic band structure in the
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momentum space, reconstructing also the spin polarisation of such a bands. This is of
fundamental importance in modern material science and spintronics. SARPES technique
was exploited for the measurements of chapter[5| where the investigation on SnTe is illus-
trated together with the possibility of engineering its electronic properties. This section
briefly illustrates the physical principle underlying ARPES (the spin polarisation detec-
tion is illustrated in chapter [3).

SARPES is able to retrieve the information needed to reconstruct the band structure
from the analysis of photoemitted electrons. When light with a certain photon energy hv
irradiates a sample, electrons can be photoemitted. This happens when hv overcomes the
binding energy Ey, and the potential barrier at the surface, namely the work function .
The kinetic energy, the outcoming angle of emission and the spin polarisation of elec-
trons are directly linked to the set of quantum numbers describing the starting electronic
state. A HEA permits the analysis of such a parameters, together with a suitable spin
detector (the geometry is sketched in figure [5.4(a)). UHV conditions are needed both to
avoid contaminations on the surface and to preserve photoemitted electrons from multiple
scattering processes.

Even if the correct framework to treat ARPES process is a full-quantum approach,
known as one-step model for photoemission spectroscopy, the physical principle can be
easily understood relying on the so-called three-steps model, where the entire mechanism
is splitted and approximated into three independent processes: the optical excitation of an
electron, its propagation towards the surface and the emission in vacuum [139].

(i) Photoexcitation. If one considers a non-interacting electron system, the transition
probability to witness the photoexcitation of an electron from an initial state v); with
energy I to a final state v¢ with energy FEk is given by the Fermi golden rule:

Wi = | Mie|*6 (B (k¢) — Ei(k;) — hv)), 4.1)

where the delta-function accounts for energy conservation and the transition is as-
sumed to vertical (i.e., k; = k¢ =: k), while M;; is the matrix element of the Hamil-
tonian describing the interaction process (H' ~ e¢/mA - p, with A the electromag-
netic vector potential): M := (¢i(k;)| H' [1¢(k¢)). Thus, the internal photocurrent
reads:
I(E;, v, k) =Y [ Myl*5 (Ei(ke) — Ei(k;) — hv)). (4.2)
i,f
(i) Propagation. Once electrons are excited, they are free to travel across the sample
as free particles. The intensity in eq. [4.2]is reduced by the elastic and inelastic
scattering processes. The characteristic length at which these scattering processes
occur is the so-called inelastic mean free path (IMFP), which is an energy-dependent
quantity generally described by a universal curve [140]. Its general expression is:

A
Anvirp (Bin) = o + By Exin, (4.3)
kin
with A and B coefficients which in general depend on the nature of the sample
(metal, oxide, element, compound,...). For this kind of experiments Apypp ~ 1 nm.
Hence, the transport probability factor reads:

d
D(Ekina d) = exXp (—m) . (44)
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where d is the distance travelled.

(iii)) Escape. The escape is effective only if electrons overcome the work function of the
material, which means that the kinetic energy of the photoemitted electron is:

Eyin =hv — @ — B, 4.5)

as illustrated in figure[5.4(b). Since the surface represents a symmetry breaking with
respect to the symmetry of the crystal, the wavevector of the electron is conserved
only in its parallel component (see figure a)). Hence, k|f| = kh =: k| and:

omE2
k| =1/ mh K0 T(5in 6 cos @) e, + (sinfsin p) e,], (4.6)

with the angles defined in figure [5.4(a). So, the parallel component of the initial
wavevector is easily obtained. The perpendicular component is not conserved, hence
the initial value can be related to the measured one by:

2
ki = \/ h—? (Byin cos? 0 + V), 4.7)

where V|, is a constant called inner potential and can be determined by photon-
dependent measurements, fitting the periodicity along the &, direction [[141]. In this
way also the last component of the wavevector can be reconstructed. The energy
dispersion relation is now fully mapped. Finally, the overall photocurrent reads:

If = [(Ekin7 v, kH)D(Ekin7 d)T(Ekin, k||)7 (48)
where T'(Eyin, k) is the probability the electron has to escape through the surface.

In SARPES experiments the light source is typically chosen in the UV (6 — 120eV)
and the measurements are generally performed at normal emission, so the perpendicular
component of the k vector is fixed by the photon energy, while the parallel is related to the
photoemission angle. In this way the output of a typical measurement is the dispersion
along k| at point with a certain % .

The experiments collected in this thesis were performed during several beam-times at
the Advanced Photoelectric Effect experiments (APE) beam-line of Elettra synchrotron
in Trieste, Italy.

4.4 Magnetoelectric characterisation: harmonic Hall measurements

The technique described in this section regards transport measurements conducted during
the period as visiting Ph.D. student of the author at ETH Ziirich. It deals with harmonic
Hall detection of magnetoresistive effects, measuring the longitudinal and the transverse
components of the resistance. As discussed before, the devices investigated in this work
have the geometry of Hall bars. With this kind of design it is possible to probe at the
same time longitudinal and transverse resistance, while a current is injected through the
channel. In a real experiment, what one can measure is the voltage drop between two con-
tacts. In addition to linear effects (i.e., when the voltage measured is directly proportional
to the current injected), a non-linear behaviour is expected for some signals. Hence, one
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Figure 4.4: (a) In the top part of the panel, geometry of ARPES experiment. When the light impinges on
the sample a photoelectron is excited and collected by a HEA. In the bottom part of the panel, scheme
of the k vector conservation when the electron crosses the surface; (b) Scheme of the energy levels of
a photoelectron and graphical illustration of the Einstein rule for photoelectric effect described by eq.

(adaptedfrom [141)]).

can write: Vieas = ZZ n;V'*, where n; is the coefficient corresponding to the i-th order
response. For the interests of this work, it is worth mentioning only second order contri-
butions, which are induced by the applied current, as shown below. In sections [2.3.3] and
[2.3.4] BMER for bare Rashba systems and SOT in bilayer heterostructures were reviewed.
Both of them are current-induced effects appearing in the second order response of the
resistance. Moreover, since measurements are performed constantly injecting a current, a
Joule heating is induced in the material and, as a consequence, a temperature gradient V71’
develops into the device. Its direction is not known a priori. Since the heating process
is proportional to the power generated, which in turn is proportional to the square of the
current, thermal effects appear in the second order response as well. This makes them a
possible issue in disentangling BMER and SOT contributions [97].

In order to conduct this kind of detection, either an AC or a DC current can be injected,
but for the AC mode the signal-to-noise ratio is typically larger. Hence, this approach
will be employed in the rest of the work. Independently of the geometry (longitudinal
or transverse), an AC current of the form I(¢) = Ijsin(wt) generates a time-dependent
voltage which reads [97]:

V(t) = R(t)1ysin(wt), 4.9)
where R(t) is the (transverse or longitudinal) resistance which contains all linear and
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non-linear contributions. One can write the resistance as:
R(t) = R(By + By(1)), (4.10)

where By accounts for all the static contributions such as the external, the effective
anisotropy and the demagnetising fields, while B;(¢) all the current-induced (and hence
dynamical) contributions and hence as the same oscillating functional dependence as the
current. Expanding eq. .10]to the first order, one obtains:

dR

Assuming a linear relation between the field By and the current and substituting in eq.

4.9] one has:

V(t) ~ Iy [Ry + R, sin(wt) + Ry, cos(2wt)], (4.12)
where the following definitions were introduced: R, := %% -By, R, := R(By) and
Ry, = —%% - By. It is noteworthy that R, is the conventional resistance given by a

DC measurement, while R, represents the modulation of the resistance due to current-
induced non-linearities.

In appendix [A] the analytical expressions for SOT and thermal effects for the second
order response are derived. All symmetries are clarified and it is possible to establish a
methodology to disentangle the various contributions.

The set-up used for the measurements reported in the following chapters consists of an
AC-DC constant current source Keithley 6221 to generate the AC current in the device,
a National Instrument PXI 4461/4462 to acquire the signals, a motorised stage for the
sample holder and an electromagnet able to generate fields up to 2T, together with its
power supply.

4.5 Magnetic characterisation of free-standing films: Faraday effect set-
up

Since the free-standing samples described in chapter [5|have nanometric thicknesses, they
present a low reflectivity making the Kerr response to polarised light very low. As a matter
of fact, light is much more transmitted than reflected. Moreover, standard characterisa-
tion techniques such as vibrating sample magnetometry (VSM) or SQUID magnetometry
catch a global signal not only due to free-standing magnetic films but also to magnetic
material deposited on their support, making the two contributions not separable. So, one
must rely on the measurement of the Faraday effect in order to magnetically characterise
such devices.

Faraday effect causes the rotation of the polarisation of a linearly polarised light beam
which is proportional to the projection of the magnetisation along the light path. This
is caused by right and left circularly polarised light (which gives the linear polarisation)
propagating at different velocities (the two refraction indexes are different). This phe-
nomenon is known as circular birefringence and produces a rotation of the principal axis
and the appearance of a non-zero ellipticity. It was discovered in 1845 by Faraday and
can be completely understood, as Kerr effect, in the framework of the theoretical tools
developed by Maxwell. The strength of the effect can be easily expressed through the
relation: § = V Bd, where V is called Verdet constant and depends on the material, B
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is the effective magnetic field and d is the path where light and magnetic field interact.

In terms of optical parameters, it is possible to obtain information about both the rotation

and the ellipticity of light through standard Jones calculus.
In order to measure the magnetic re-

sponse of the magnetic membranes, a

Faraday set-up was developed during the

thesis and it is depicted in figure It )

consists in a laser light source at A = Polarizer

635 nm, followed by a polariser placed at z

a = 0° (see figure) in order to obtain -

a linearly polarised light. The sample is ¥

mounted on a holder with a suitable hole

and placed in such a way that the mem-

brane is just in correspondence of the hole,

to allow the light to cross it. Two coils

Laser
A=635nm

Photoelastic

surround the sample to generate the mag- (50 kHz)
: h i . modulator

netic field which is swept from negative to )

positive values during the measurements. Polarizer

The angle 6 can be changed to probe in-

plane or out-of-plane magnetisation in or- Photodetector

der to always have a projection parallel to
the light path, # = 0° was used for out-
of-plane configuration, while § ~ 17° for
the in-plane one (this angle was optimised
for the set-up to have the maximum pos-
sible projection). After that, a photoelastic
modulator (PEM) working at 50 kHz is po-
sitioned, followed by another polariser placed at « = 45° and finally, the signal is detected
by a photodetector. The presence of the PEM allows increasing the signal-to-noise ratio
as well as giving the possibility to retrieve both polarisation rotation and ellipticity of the
transmitted beam. They are proportional to the first and the second harmonic response,
respectively [[142].

Lock-in

Figure 4.5: Sketch of the optical set-up developed
in order to detect Faraday effect in free-standing
films.

4.6 Spin-polarised electron gun

In the present section, the working principle of the spin-polarised electron gun described
in [135] is presented. During the thesis activity, the author worked in order to restore
the set-up and its performances and to carry out the spin filtering characterisation of the
free-standing magnetic films.

The set-up is composed by a photocathode of GaAs in conditions of negative elec-
tron affinity (NEA) (prepared in chamber #5, see figure [ 1)) which acts as spin-polarised
electron source and by an electron gun made of a series of electrodes that can be set at
different voltages (in the range O — 500 V) which focus the electron beam on the sample,
in the same way that a series of lenses would do with a light beam (see figure .7). On
the sample-holder it is possible to measure the absorbed current as well as the transmitted
current through a Faraday cup electrode placed beyond the sample and kept at constant
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positive bias (~ 30 V).

GaAs represents the most common choice to generate spin-polarised electrons. They
are produced by exciting GaAs substrate with a laser radiation which is resonant or larger
than the gap (1.422 eV at room temperature) and photoemitted after a vertical transition
from the valence band maximum (VBM) to the conduction band minimum (CBM). The
valence band is composed by atomic 4p-wavefunctions of As which suffer of SOC re-
sulting in a splitted band structure. The CBM is composed by atomic 4s-wavefunctions
of Ga, giving rise to a 4s;,, state. With a suitable photon energy (~ 1.5eV) one can just
select the 4ps;, — 4sy, transition (see figure [4.7(a)). The initial state is fourfold degener-
ate (m; = £3/2, £1/2). The selection rules for angular momenta permit only transitions
with specific differences between quantum numbers. Due to angular momentum conser-
vation, if one exploits circularly polarised light, the only transitions allowed are the ones
with Am; = =£1. For instance, with left-handed circularly polarised (LCP) light, only
Am; = —1 are allowed, so the transitions: 4ps, (m; = +3/2) — 4s;p (m; = +1/2)
and 4ps, (m; = +1/2) — 4s1, (m; = —1/2). Hence, both spin states (£ 1/2) are
present in the conduction band after the excitation. Nevertheless, the probability for
the former transition is three-times larger with respect to the latter one (the scheme of
the bands is sketched in figure [4.7(a)). Therefore, one can obtain a spin polarisation of
P = (3-1)/(3+1) = 0.5]] with the sign dependent on the chirality of the light po-
larisation (LCP or RCP) which is established by a standard Pockels cell. The + sign
indicates that 4-1/2 electrons are the dominant channel, when the polarization is reversed
to RCP, P results —0.5 and —1/2 electrons dominate. In the present set-up, the value of
the polarisation experimentally measured is P = 0.25 £ 0.02, with a wavelength of the
excitation laser of 808 nm (the value does not reach the expected maximum both because
the energy is not precisely resonant and a depolarisation process occurs in the gun). In
order to obtain the NEA conditions, heavily p-doped GaAs substrates are chosen and then
their surface is treated to get a layer of CsxOy with a tested procedure [[143]] consisting
in alternating Cs and O2 exposures producing an increasing but oscillating photocurrent
(due to the overexposure of both Cs and O2), until a plateau is reached.

Once electrons are photoemitted, they have the spin normal to the surface. An elec-
tron gun allows to collect them and rotate their momentum, without changing their spin
polarisation. In this way, it is possible to have the spin perpendicular to momentum. So,
in-plane magnetised samples can be probed with the beam impinging normally to the
sample surface. In order to study the propagation of a beam of charge particles such
as electrons, the Liouville theorem can be exploited. Supposing that the current is not
too large, the assumption that the charges are not interacting with themselves holds. In
this situation, it is possible to simulate the behaviour of the electrons when electrostatic
lenses, which are composed by two cylindrical electrodes, are acting on them [135]. As
illustrated in figure 4.7(b), the photocathode is kept at ground, the electrons are emit-
ted and accelerated through an anode (A) and a Herzog plate (HP) to ~ 300eV, then a
spherical capacitor with an internal and an external sphere (Si and Se) allows the rotation
by 90° of the beam. In this way, the momentum is perpendicular to their spin. Then, a
system composed by three electrostatic lenses (E1, E2 and E3) slows down the electrons
at ~ 70eV and finally the last two electrodes (E4 and E5) together with an external one

!n this discussion the case of a cubic GaAs crystal is taken into account. Actually, it is possible to enhance the polarisation up to
P = 1 using a distorted lattice. This is not considered for the aims of this work, since only cubic crystals were exploited.
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Figure 4.7: (a) Band diagram near the band-gap of GaAs and allowed transitions in the case of RCP and
LCP laser light of energy ~ 1.5eV; (b) Schematic of the spin-polarised electron gun (adapted from

[133])).

determine the final energy of the beam, which is between ~ 5 — 50eV, and the focus
on the sample. The bias of the sample is then spanned through the range ~ 2 — 25¢eV,
that is the final energy which electrons hit the sample with, to perform energy scans. The
typical value of the photoemitted current is ~ 10 uA, while both the transmission and the
full width at half maximum (FWHM) of the beam spot (which has a gaussian profile) are
energy-dependent. The optimised values are ~ 70% and ~ 1 mm for electrons kinetic

energies larger than ~ 10eV.
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Figure 4.6: Absorbed current spec-
troscopy of MgO/Fe(001)-p(1 x 1)O
sample, together with the measurement
of the asymmetry in correspondence
with the gap present in the conduc-
tion band where minority and majority
spins are splitted.

The set-up was tested performing an absorbed
current spectroscopy (ACS) measurement, prepar-
ing a very common sample, which is MgO/Fe(001)-
p(1 x 1)O. This sample is known to have a large
spin asymmetry in coincidence with the appearance
of a gap in its conduction band structure [34, 129].
In figure [4.6] the result of the measurement is re-
ported, the absorbed current presents a steep edge at
4.5 eV due to the work function of the material, then
around 10 eV it decreases down to half of the max-
imum value, due to a gap in the conduction band,
meaning that there are less states to let the electrons
absorbed. At this gap the the minority and major-
ity bands are splitted and this produces the asym-
metry depicted. The measurement was performed
modulating the applied voltage to the Pockels cell
and so switching between RCP and LCP light and
detecting the absorbed current demodulating with a
lock-in amplifier.
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CHAPTER

Spin- and angle-resolved photoemission
spectroscopy and bands engineering in Ge-doped
SnTe films

In this chapter the growth and the spectroscopic measurements on Ge-doped SnTe thin
films are presented. As discussed in chapter [2 this material was shown to provide a
multi-functional platform for new phenomena. This is possible due to the coexistence of
several mechanisms at the same time.

A lot of works were published in the past ten years, but all of them are focused on
the prototypical nature of SnTe as TCI [72, |144, 145]]. The low Curie temperature (98 K,
for bulk SnTe) made ferroelectricity not exploitable in devices. The interest in employing
SnTe as a ferroelectric material was raised in refs. [[113,/117], showing the possibility to
obtain a stable polarisation vector at room temperature in the ultra-thin film limit.

The engineering of energy bands seems to reveal promising effects on SnTe thin films.
In particular, in ref. [112] it is shown how, changing the distorsion parameter of the
lattice, it is possible to span through different states which bring non-trivial topology (see
section [2.4] for details) together with the appearance of ferroelectricity and bulk Rashba
effect (the material becomes a FERSC). The purpose of this chapter is to show, exploiting
germanium as a dopant element, how it is possible to distort the bulk SnTe lattice in
order to obtain intermediate configurations in which different phases coexist also at room
temperature in the bulk crystal alloy Sni —xGexTe. The two extremes of the series are
SnTe (x = 0), which is a paraelectric TCI and GeTe (x = 1), which is well-known
to be a FERSC. Density functional theory (DFT) calculations performed by co-workers
for this systems are employed in order to compare the results of SARPES experiments.
Some intermediate configurations were obtained, showing the possibility to tune the bulk
Rashba bands and, indirectly, ferroelectricity.
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in Ge-doped SnTe films

This platform represents also an ideal playground to display at the same time Rashba
effect and topological surface states (TSS) resembling the TCI properties which SnTe is
well-known for. The presence of two channels which in principle can be sources of spin
currents could bring a breakthrough in spin-orbitronics, with a lot of potential application
in SOT-based device where spin-to-charge conversion plays a fundamental role.

The growth optimisation and the structural characterisation was performed at Po-
lifab facility of Politecnico di Milano with the help of Alessandro Novati and Federico
Belponer (Master students) who also contributed to the spectroscopic characterisation.
The SARPES and XPS experiments were performed at APE beam-line of Elettra syn-
chrotron of Trieste and were in part performed also with the help of Federico Fagiani
(Ph.D. student).

The chapter is organised as follows: in section [5.I] the deposition process of such
films is presented, then the doping process with germanium is studied in section [5.2.1]
The spectroscopic measurements are presented in section [5.2.2] for what regards angle-
resolved spectroscopy and in section[5.2.3|for what regards spin-resolved measurements.
A discussion of the results together with a comparison with theoretical calculations is
presented in section

5.1 Samples growth, preparation and post-treatments

Since the aim of this preparation is the possibility to dope SnTe films with germanium
with different concentrations and to try to stabilise a ferroelectric phase also at room
temperature to unveil the FERSC nature of such a compound, the most natural choice for
the substrate is GeTe(111) grown on Si(111) [133]]. GeTe in the rhombohedral o phase has
a very similar structure to o-SnTe. The lattice constants are comparable (agere = 4.373 A
and ag,. = 4.537 A, with a lattice mismatch of just ~ 4%) and, even more interestingly,
the intrinsic ferroelectric polarisation of a-GeTe could contribute — by dipolar interaction
— to the stabilisation of the o phase of SnTe which is ferroelectric too

Starting from GeTe(18 nm) substrates capped with a layer of Te, they were re-prepared
with a reliable decapping protocol in UHV (composed by Ar* ions sputtering and thermal
annealing (at 250 °C for ~ 30 min), crossed-checked with XPS measurements) which is
described in details in appendix Bl When the pristine GeTe surface is restored, SnTe
stoichiometric film was evaporated by MBE on this substrate, from a SnTe crystal. The
pressure of the chamber during the process was ~ 4 x 107! mbar, while the sample was
kept at 200 °C. The stoichiometry and the crystallinity of the samples were checked
by XPS and X-ray photoelectron diffraction (XPD). Figure [5.1[a) shows the comparison
between normalised XPS intensities between GeTe substrate and the SnTe film deposited,
while figure [5.1(c-d) presents the crystal structure along ZA direction and the relative
XPD signal, revealing a high crystal quality, with the main crystallographic directions
showing a clear peak (empty symbols for the pre-annealed film). XPD unfortunately does
not allow to distinguish between o and {3 phases, since the predicted shift is just 0.3°

IThere are other possible choices for the substrate. Firstly, it was shown the possibility to grown epixial SnTe on Si(111) in ref.
[|145]l. Then, another natural choice for is BaF2 (111). Such a substrate is commonly employed to deposit high quality (111)-oriented
chalcogenides like Ge(Mn)Te [146|] and Bi2Te3 [147] and group-IV compounds. The lattice parameter is 4.381 A which almost
perfectly matches the one of SnTe. The growth of samples on BaF2 was optimised during the Ph.D. work to be exploited for transport
measurements. The details of the deposition process as well as on the characterisation of such thin films is not treated in this work
since the focus is on the engineering of band structure with doping and on SARPES measurements, which actually suffer from severe
charging due to the insulating properties of BaF2 with respect to GeTe, which is almost metallic.

46



5.1. Samples growth, preparation and post-treatments

while the resolution of the technique is around 1°. Afterwards, the surface morphology
was imaged ex situ with AFM (the average roughness was < 1 nm) (see figure[5.1(b)).

The doping process was performed through a thermal annealing. When the sample is
heated up to 250 °C, both Ge and Te atoms of the substrate can interdiffuse. This provokes
a percentage of Ge to establish in the SnTe matrix, even substituting Sn atoms or filling Sn
vacancies in the SnTe layer, naturally present in such a semiconductor. After this process,
the stoichiometry is carefully checked again through XPS and also the crystallinity is in-
vestigated through XPD (see figure [5.1(d), full symbols). The crystal quality was found
to be very high for SnTe thicknesses from 3 to 20 nm and the average roughness always
less than 1 nm (measured on uncapped samples) similarly to the pre-annealed case. After
spectroscopic and diffraction characterisation, samples were capped in situ with a film of
~ 20nm of Te, which resulted to be amorphous, in order to be carried to synchrotron fa-
cility to perform SARPES measurements, preserving their surfaces. The re-preparation of
samples surface before spectroscopic experiments at the beam-line was performed again
following the decapping protocol used for the substrates and illustrated in appendix [B] It
was able to restore the clean SnTe surface showing a high crystal quality (in figure[5.1](e)
is shown the LEED hexagonal pattern)ﬂ
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Figure 5.1: Growth and preparation of SnTe samples. (a) Comparison between XPS spectra between the
GeTe substrate before the growth and SnTe film after 15 nm deposition; (b) Morphology of the surface
of a Snle film measured by AFM ex situ; (c) Atomic arrangement in the crystallographic plane of SnTe
corresponding to ZA direction; (d) XPD signal for Te and Sn peaks, pre- and post-annealing (empty and
full symbols, respectively); (e¢) LEED pattern after the restoring of the SnTe surface, immediately before
SARPES experiments.

ZFor this re-preparation of the surface the samples undergo a second thermal annealing process at 250 °C. This is the temperature
which the interdiffusion takes place at. Spectroscopic analysis confirmed the same stoichiometry ratio before and after this surface re-
preparation, meaning that the equilibrium configuration of the crystal structure of the sample was reached and no more interdiffusion
took place.
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5.2 XPS and SARPES measurements on Ge-doped SnTe

In the following, spectroscopic measurements are presented in order to quantify the reached
doping level of the sample and to investigate the band structures of such alloys. The first
analysis was conducted by XPS, while the second one by SARPES. Both of them were
performed exploiting synchrotron radiation after the decapping procedure and in situ.

5.2.1 Doping concentration

Exploiting the doping process with germanium described in the previous section, the
amount of the dopant element was controlled by carefully tuning the thickness of the
SnTe layer. In particular, given a fixed value for the thickness of the seed layer of GeTe
equal to 18 nm, the amount of germanium which diffuses into this layer at a fixed tem-
perature is constant. Hence, increasing or decreasing the thickness of the SnTe layer it is
possible to vary the relative concentration of Ge, named z. The thickness of SnTe was
spanned between 3 and 20 nm.

XPS measurements were performed in order to quantify the concentrations of the three
different components of the alloy Sn] — xGexTe, namely Te, Sn and Ge. The spectra were
acquired at different photon energies. The analysed peaks are the low binding energy
peaks Teyq, Snyg and Gesyq. Their intensities were normalised by the IMFP, the cross
section and the analyser transmission. The relative composition was retrieved with the
following formula:

1
Ca . (0')\IMFPT> o
Cot+Cp+C, <;> (;) <;> ’
cirrT J + oimmrpT J + oimrpT J

where C' stays for the concentration and labels a, b and c refer, case by case, to Te, Sn and
Ge.

The photon energy chosen was 70eV. The
IMFP for the peaks taken into account cov-
ers a range from ~ 0.44 to 0.55nm. Hence,
the technique is very surface sensitive and
talloy > O - Anvrp, for every sample. Hence,
from now on, only the alloy is considered
in the analysis, disregarding the contribution
from the substrate (GeTe).

The samples which enter in this analysis
are labelled ST1, ST2, ST3 and GT (which
is a pure GeTe film employed as a refer- 44 40 36 32 28 24
ence sample) and are summed up in table binding energy (¢V)

The XPS results at 70 eV are reported in fig-

ure 5.2}, normalised to the cross sections, the Figure 5.2: XPS spectra of the Sn]—xGexTe al-
IMFP, the analyser transmission and re-scaled loy measured at 70eV normalised to the cross
to the tellurium 4d peak. The germanium con- s?ctlons, the IMFP and the analyser transmis-

. . sion for samples ST1, ST2, ST3.

centrations given by eq. [5.1] are 31.3% +

4.6%, 43.0% + 3.0% and 54.2% =+ 1.4%, for

samples ST1, ST2 and ST3, respectively.

(5.1)

— ST1

normalised intensity (arb. u.)
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5.2. XPS and SARPES measurements on Ge-doped SnTe

Sample label ‘ z (Ge concentration (%))
ST1 ‘ 31.3+4.6
ST2 ‘ 43.0£3.0
ST3 | 542414
GT (reference) | 100

Table 5.1:  Ge-doped SnTe samples with the relative concentrations of Ge of the final compound
Sﬂ] _xG€xT€.

The concentrations were also checked varying the photon energy (up to 435eV). This
means sensing deeper regions of the crystal. The Ge concentration was observed to stay
constant in the error bar reported in table [5.1] demonstrating that the samples are ho-
mogeneous with respect to the concentration of their elemental components. Since the
thickness of the samples probed with ARPES is very similar to the one probed with X-ray
at 70 eV, it is possible to rely on the concentration data reported above.

As a final remark, in figure [5.2] Sbyy peak is also visible, this is the result of the
interdiffusion of a monolayer of antimony used for the Van der Waals epitaxy of the GeTe
substrate on Si(111) [133]]. This arises because of the thermal annealing of the sample too.
Previous experiments confirm that this additional element does not influence the output
of spectroscopic measurements, so in the following it is not taken into account.

5.2.2 Mapping the energy band structure
Experiments regarding angle-resolved pho-

A toemission spectroscopy were carried out at
surtace

K APE beam-line at Elettra synchrotron of Tri-

A este during several beam-times. In order to

bulk BZ & probe energy bands in the ZAU plane of the
Fo \\\ - 7 Brillouin zone (see. figure[5.3)), the phot(?n en-
( ergy for the experiments was selected in the

range hv = 14 — 25eVf| ARPES spectra
Figure 5.3: Bulk and surface Brillouin zone for sample ST1 (which is the one with low-
of SnTe, showing only the 1Z direction and o o0 centration of Ge (31.3%), so the one
the perpendicular ZAU plane and the relative ) .
plane for the surface states. which less resembles the behaviour of GeTe,
the reference FERSC), acquired along the ZA
direction and at " ~ 77 K, are reported in fig-
ure[5.4] The photon energies used are 14, 16, 18, 20, 22.5 and 25¢eV. Slightly changing
the photon energy value and hence moving back and forward in the I'Z direction, it is
possible to identify two contributions in the energy range immediately below the Fermi
level (0 — 1.5eV):

* The first one (highlighted in purple) resembles the form of Rashba bulk bands (BB).
It is completely visible at 25eV and then it rigidly shifts towards the Fermi edge
when the photon energy is decreased (the purple dashed line follows the top of this

3The distance T'Z is not known a priori, but it is possible to rely on calculations on GeTe crystals where 3I'Z = 2.73 A" and the
actual photon energy value to probe the ZAU plane is hv = 18eV. A posteriori a very similar value was found also for the samples
analysed in this work.

49



Chapter 5. Spin- and angle-resolved photoemission spectroscopy and bands engineering

in Ge-doped SnTe films

—
&

hv=14eV (b)) 16eV () 18eV  (d)

S 0
2

2 05
&

& ™
g /'SS

E 1.5+
m

04 0 04 AeZ>A
ke (A)

2068V (e)  225eV (f) 256V

Figure 5.4: ARPES measurements of Ge-doped SnTe samples. (a-f) Carpets along the ZA direction at
different photon energies for the sample STI, from 14 to 25eV. The purple dotted line highlights the
shift of bulk Rashba energy bands shown with solid lines, while pink and green dashed lines displays

surface states which do not shifft.

contribution), making the vertices of the parabolas no more visible. At 14eV only
the tails of these states are below the Fermi level.

* The second contribution consists of bands marked by dashed pink and green lines
and in the blurred states present close to the BB. These bands are not shifting with
the photon energy. They are surface states (SS) which are present in three forms:
a blurred band present at around 1.5eV (green line), a cone-like shaped band (pink
line), whose centre lays around at Ey, ~ 1.5eV and a blurred region around 0.5eV.

Figure [5.3] shows the integration in k of the carpets in presented in figure [5.4] better

visualising the energy-dependent shift of BB.

The comparison between different con-
centrations of Ge is presented in figure [5.6)
for sample ST1 (31.3%) (a), ST2 (43.0%)
(b), ST3 (54.2%) (c) and the reference sam-
ple GT (d). The measurements are taken at
T ~ 77eV. The photon energy of 20eV was
selected for this comparison because it rep-
resents a trade-off between the possibility to
be very close to the ZAU plane and to have a
good resolution bands at low binding energy.
Two important observations follow. Firstly, it
is noteworthy how Rashba BB present an in-
creasing broadening going towards the GeTe
limit, making the separation of the Rashba
sub-bands more explicit. Then, it is possi-
ble to notice how the SS with a cone-like
shape progressively disappear again moving

integrated intensity (arb. u.)

0 1 2 3 4
binding energy (eV)

Figure 5.5: Integrated counts for the carpets
shown in figure underlining the bulk and
the surface contributions to energy bands.

towards the pure FERSC behaviour of GT sample in favour of very marked SS at large &
vectors, already detected in previous reports [22} [108]. The first consideration indicates
the presence of a tunable Rashba strength. Bulk Rashba effect is a direct consequence of
ferroelectricity in such compounds, so this represents and indirect proof of its presence,

even for sample ST1, closer to SnTe.
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5.2. XPS and SARPES measurements on Ge-doped SnTe

(@) ST1(31.3%) (b) ST2 (43.0%) ©) ST3 (54.2%) (d) GT (100%)

Binding energy (eV)

04 0 . -0.4 0
ky (A7) ke (A7)

Figure 5.6: (a-d) Carpets for the different samples ST1, ST2, ST3 with different Ge concentrations, com-

pared to the reference of sample GT [22]]. The photon energy is the same for every sample, fixed at
20eV.
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Figure 5.7: Temperature dependent ARPES measurements. (a) Carpets along ZA and ZU directions with
different energy cuts reported in the following panels; (b-c-d) Iso-energy cuts at 0.1 — 0.4 —0.75 — 1 eV

at 77 — 150 — 320 K. No relevant differences are displayed. The sixfold symmetry and the Rashba bulk
bands are preserved.

A further study is needed in order to understand the behaviour of such an alloy. In
particular, the study of the evolution with temperature of the bands displayed before is of
fundamental importance in order to establish if the doping mechanism allows to measure
bulk Rashba bands also at room temperature. For this purpose, all the samples were
measured up to 7' = 320K. In figure the results for sample ST1 are displayedEl In
panel (a) are presented the carpets along the crystallographic directions ZA and ZU, with

“4Data for other samples are not shown here, but they present similar results. ST1 was preferred since it is the one with a lower
amount of germanium and so the one which is closest to the behaviour of bare SnTe, which has a Curie temperature of 98 K.
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four iso-energy cuts in the (k,, k,) plane reported at three different temperatures (7' =
77 — 150 — 320 K) in panels (b)-(c)-(d). They do not present any remarkable difference,
apart from an increasing blurring of the scans, due to the decreasing of the signal-to-noise
ratio of the measurement going to higher temperatures. The sixfold symmetry is evident
both for bulk (the central darker hexagon) and surface states (the lighter six-pointed star).
The features of bulk Rashba bands are preserved. These experimental evidences suggest
that the Curie temperature of these films is increased to a temperature not smaller than
room temperature.

5.2.3 Spin-resolved ARPES of bulk Rashba bands and surface states

@

Binding energy (eV)

spin up and spin down
intensities (arb. u.)
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Figure 5.8: SARPES measurements on ST1 sample. (a) Carpet at 20eV and 77K along the ZA direction.
The coloured lines indicates the k vectors which the spin-resolved measurements were performed; (b-
c-d-e) Spin dependent measurements performed with a VLEED detector, in the upper panels I, and
Lqown are shown, while the spin polarisation is presented in the bottom panel, calculated with equation
P = A/S, where A is the asymmetry and S the Sherman function (see chapteror details).

To further characterise the Rashba physics of the bands described in the previous sec-
tion, spin-resolved measurements were performed at different points of the reciprocal
space, to get information about the orientation of the Rashba contours of BB and about
the polarisation of SS. The measurements were performed at fixed %, and k,, while the
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5.3. Discussion

energy is scanned from beyond the Fermi level up to ~ 1.5eV excluding the deeper re-
gion that presents blurred states whose spin is not known. The results are shown in figure
[5.8again for sample ST1 at 77 K. Panel (a) presents the carpet at 20 eV with four vertical
lines denoting the %, values which the spin lines are measured at.

Panels (b)-(c)-(d)-(e) show the spin polarised acquisitions for four fixed £, vectors.
The spin polarisation is calculated from the counts of the up and down intensities which
give the asymmetry, by exploiting equation (in the limit of reaching the Fermi edge,
signals go to zero giving an unphysical effect of diverging polarisation). Panel (d) (green
line) intersects Rashba bands precisely in the centre and hence it does not reveal any spin
polarisation. Panels (c) and (e) (red and yellow lines) intersect Rashba bands at negative
and positive k vectors, respectively. From Rashba effect theory (see section[2.2), the two
parabolas present different spin polarisation and, due to spin-momentum locking, the spin
direction is opposite for opposite £ vector. This can be observed at ~ 0.25eV: moving
from the Fermi level towards higher binding energies, the spin up polarisation appears
before the spin down one and the other way round happens for opposite & vector. Finally,
panel (b) shows a spin line taken where only surface states are present. Also in this case, a
spin polarisation is displayed at 0.5 eV. This means that also the cone-like states are spin
polarised. This observation would hint a topologically non trivial nature of such states.
As a matter of fact, according to the calculations shown in the work by Plekhanov et al.
[112], the presence of TSS which resemble the TCI properties of SnTe is sustained only
up to low doping level, which is not the case for sample ST1 (31.3%) and such states
were found to appear at very low binding energies, intersecting the Fermi level. Thus, it
is possible to interpret them as Rashba surface states.

5.3 Discussion

The results illustrated in the former sections demonstrate the possibility to operate on
SnTe doping, engineering its energy bands. In particular, the possibility to reach an in-
termediated state between cubic SnTe and the FERSC GeTe was shown. If ref. [112]
predicted this situation tuning the distorsion parameter, an analogous result was reached
by Ge-doping this material. Density functional theory (DFT) calculations were performed
by co-workers of the author in order to fit the experimental data presented here. The re-
sults are reported in figure[5.9(a). As function of Ge concentration, the Rashba k vector
(the k vector which the valence band is maximum at) and the Rashba parameter are plot-
ted for bulk Rashba bands along the ZA direction. It is possible to note that — a part from
the abrupt discontinuity in ag (as a matter of fact, cubic SnTe (x = 0) does not display
ferroelectricity and thus it does not support Rashba bands) — while kg monotonically in-
creases with the Ge concentration, ay presents two maxima. One for very low doping
concentration (5%) and the other one for bare GeTe. The minimum lays at 50%. Hence, a
tuning of the Rashba effect is predicted, and through the induced modified distorsion also
a tuning of the ferroelectric properties of such an alloy.

As experimentally found by ARPES, kg increases, increasing the amount of germa-
nium of the alloy. The extimation of the Rashba £ vector inferred from experimental data
is reported compared to DFT calculations in figure [5.9(b), demonstrating a trend com-
parable to the one expected. In order to estimate ag a clearer ARPES signal is needed.
Qualitatively, while ST1 and ST2 are in the central minimum and they do not show any
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clear difference, ST3 and the GT reference presents a clear broadening of the bands,
which is a net indicator of a trend comparable to the calculated one also for the Rashba
parameter.

Hence, the presence of bulk Rashba effect is unambiguously demonstrated even at
room temperature. Moreover, the strict link between Rashba states and ferroelectricity
makes this an indirect proof of the enhancement of the Curie temperature up to room
temperature with respect to bulk SnTe films. This represents an achievement dealing
with SnTe which seems to display them not only at cryogenic temperatures or at the two-
dimensional limit, as demonstrated so far.

What DFT calculations also show is that in the low doping regime (5-20%) the material
presents a larger Rashba effect, even with respect to bare GeTe, while surface states with a
non trivial topology of TCI bare SnTe survive [112]]. Moreover, in this regime the energy
band gap is strongly reduced and the material is no more considerable as a semiconductor.
This regime was not investigated in this work, but it represents a very interesting perspec-
tive, where bulk and surface states (which in principle both could provide spin-to-charge
conversion) have an important role in conduction.

This work opens the way on further studies on this new class of materials and promises
future breakthroughs in the field of spin-orbitronics.
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Figure 5.9: (a) DFT calculations of the krashba (left axis) and the Rashba parameter ag (right axis)
according to the Ge concentration; (b) Comparison between the calculated kgashha and the extracted
value from experimental data.
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CHAPTER

Design of a two-dimensional spin detector based on
free-standing magnetic membranes

The previous chapter finished with the
analysis of some spin lines in the F-k
space in order to understand the spin polar-
isation of Rashba bands and the chirality
of their contours. Since APE beam-line is
equipped with a one-dimensional VLEED
detector (see chapter [3)), it is possible only
to fix the k vector value and scan the en-
ergy with the analyser obtaining a mea-
surement which is actually pointwise. Fig-
ure [6.1] shows a spin map of sample ST2
(see section[5.2.T|for details on the system)
composed by the collection of several spin
lines at different £ vectors (as the one high-
lighted in the figure) which nicely gives an
overview along a certain crystallographic
direction of the spin-resolved band struc-
ture in E-k space. Nevertheless, the mea-
surement is very time demanding, requir-
ing several hours for a statistically signifi-

0.6 .

binding energy (eV)

Figure 6.1: Energy-k vector spin map of Rashba

bands of ST2 sample collected with the VLEED
detector of APE beam-line. A single spin line is
highlighted.

cant map. In the following, to go beyond VLEED detection, a new technology is described

and a prototype device is realised.

This chapter deals with the design of a two-dimensional matrix of free-standing mag-
netic membranes, starting from the conception of the suitable general heterostructure, to



Chapter 6. Design of a two-dimensional spin detector based on free-standing magnetic
membranes

its practical realisation and its characterisation. Even if what was realised is a proof-
of-concept device, taking advantage of the several instrumentations present in Polifab
facility, a comprehensive characterisation was performed thinking to the possibility of
realising an integrable tool in SARPES experiments.

The chapter is organised as follows: in section the design of the heterostructures
and the deposition process employed to grow free-standing films testing two different
techniques are presented, in section [0.2] a statistical analysis on several samples is pre-
sented in order to quantitatively estimate the mechanical reliability of such ultra-thin sus-
pended devices, the mechanical and magnetic characterisations are presented in sections
[6.3]and [6.4] respectively, and finally, in section [6.5]the determination of transmission and
spin filtering properties is discussed. Section[6.6]draws the conclusions of this work.

6.1 Growth of free-standing magnetic films

The natural integration for such a device

is in a spin polarimetry apparatus (see di-
s —— agram in figure [6.2). What is needed is
ccD detector\ a heterostructure which allows a reason-
4 able electron transmission which is differ-
ent for spin up and spin down channels.
By the well-known Lambert-Beer law, it is
possible to write the probability to observe
2D spin detector matrix an electron traveling through a material of

thickness t as:

electron beam
> )
analyser /

Figure 6.2: Diagram of a spin polarimetry set-up. t
The electrons are extracted from the sample, they T(t7 E ) = exXp _/\—E ) (6.1)
pass through the analyser, then they impinge onto IMFP( )

2CDCls)p ZZZZEOCKW and finally they are counted by a where A\p\vrp is the electron inelastic mean

free path defined in eq. @ Hence, to have

a reasonable and detectable transmission,

an overall thickness which does not exceed 10 nm was chosen for the heterostructure. For

example, using eq. @ with ¢ = 10nm, for energies of 2, 5 and 10eV, the calculated
transmission results 75.6%, 18.1% and 0.190%, respectively.

6.1.1 Design of the heterostructure and choice of the materials

The device is conceived with four general building blocks:

(1) a first layer which must guarantee a robust mechanical support for further layer
y g pp y
growth and to avoid cracks and corrugations;

(i1) a buffer layer which is selected to allow the growth of a suitable magnetic layer on
top, which sharp and flat interfaces are typically required for;

(iii) the active magnetic material (or stack) with magnetic anisotropy which gives an
easy axis, in remanence and at room tempertaure, either in-plane (IP) or out-of-plane
(OOP);
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6.1. Growth of free-standing magnetic films

(iv) a capping layer to prevent the whole heterostructure from oxidation and contamina-
tion upon air exposure.

For layer (i), graphene was chosen. With respect to the similar proposal of Overgaard et
al. of ref. [38], this choice dramatically simplifies the fabrication of the device. Indeed,
the deep reactive ion etching processes on a silicon-on-insulator (SOI) substrate required
in that work to reach the suspended conditions make the fabrication process very complex
and composed by several steps with respect to the graphene flakes deposition, which is
nowadays optimised also for industrial processes. In particular, this work takes advantage
from commercial TEM grids produced by TED Pella, Inc., which provide free standing
graphene membranes with different thicknesses. They are constituted by graphene sheets
deposited on a copper grid of circular holes which have a diameter of 6.5 um and a centre-
to-centre distance of 12.5 um. The grid total area is 1 x 2 mm (see figure[6.3(a)) while the
whole sample has a circular shape with a diameter of 3 mm. Graphene is well-known to
be very mechanically robust up to the monolayer (ML) limit [[148]]. Two set of samples
were analysed, one with thickness of exactly 2 ML and the one with 7 + 1 ML (from now
indicated as 6-8 ML). Considering an interlayer spacing of d = 0.335nm for graphite
[148], they correspond to a thickness of ~ 0.6 nm and ~ 1.8 — 2.4 nm, respectively.

For layer (ii), a metallic layer which acts as seed layer for the magnetic one was chosen.
In particular, the choice went to Ta, Ru or Au, also according to the deposition technique
exploited. About 2 — 3 nm are sufficient to this aim.

Layer (iii) was designed according to the desired magnetic anisotropy, in order to have
a remanent magnetisation which could be IP or OOP and a sufficiently large coercive
field. Co with a thickness of ~ 3 nm was chosen for the IP case, while the heterostructure
composed by Ta(3)CoFeB(1)MgO(2) (thicknesses in nmﬂ was exploited for the OOP
configuration. This template is a very well known multilayer with perpendicular magnetic
anisotropy (PMA) [[149], also very much exploited in magnetic tunneling junctions [150].

Finally, layer (iv) just prevents the magnetic (multi)layer to be oxidised. Ta, Ru or
Au were chosen, with a thickness of ~ 2nm, as for layer (ii). The general design of the
device is sketched in figure[6.3]b).

6.1.2 Deposition parameters

As mentioned before, two deposition techniques were exploited and compared: MBE and
magnetron sputtering. The IP heterostructures were prepared both by MBE and mag-
netron sputtering, while the OOP one was deposited only by magnetron sputtering.

MBE growths were performed in a UHV chamber (pressure < 1 x 10~ mbar). The
deposition process was performed at room temperature (RT) without any pre-treatment on
the graphene substrate. The rate for Co was 0.17 nm/min (checked by a quartz microbal-
ance). As buffer and capping layers Au was used, deposited at RT as well at a deposition
rate of 0.20 nm/min (see section {.1.T| for details about the technique).

Magnetron sputtering depositions were performed at RT too. For the IP configura-
tion, Co was grown in DC mode with a base chamber pressure of ~ 7 x 10~ mbar and
an Ar partial pressure during operations of 7 x 107> mbar. The deposition rate (checked
by a quartz microbalance) was 2.0 nm/min. As buffer and capping layers Ru was used,
grown in DC mode as well and at RT. The deposition rate was 1.0 nm/min. For the OOP

"Here Ta acts as layer (ii). The presence of such a heavy metal is fundamental to reach PMA.
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Figure 6.3: (a) Top view of the matrix of suspended graphene membranes visualised through a scanning
electron microscope. A zoom on circular graphene suspended films is shown; (b) Side view of the
general scheme of the complete heterostructure which is deposited everywhere, but, since the copper
support has a micrometric thickness, only the suspended regions are involved in the transmission (the
scheme is not to scale).

configuration, Ta and Co() 4Fe( 4B(.2 were grown by DC sputtering, the Ar partial pres-
sures and the deposition rates were 4 x 107> mbar and 4.5 nm/min for Ta, respectively,
and 7 x 107> mbar and 1.5 nm/min for CoFeB. MgO was deposited by RF mode with Ar
partial pressure of 3 x 10~ mbar and deposition rate of 0.40 nm/min (see sectionfor
details about the technique).

6.2 Mechanical reliability analysis

Even if graphene is known for its robustness, the breaking of an ultra-thin film is a possible
event. For spin polarimetry applications, one needs to preserve the largest number of
membranes during the whole deposition process not to compromise the measurement with
pixels with an unfiltered and large signal. In fact, also if a membrane is affected by a hole
which partially covers its surface, some electrons are not filtered providing a background
signal to the one coming from filtered electrons which decreases the signal-to-noise ratio
of the measurement.

6.2.1 Preliminary definitions and parameters of the analysis

To test the mechanical reliability scanning electron microscopy (SEM) was performed on
the membranes. Three main causes are identified to contribute to the breaking of such
devices. (1) Some membranes are intrinsically broken in the commercial product, due
to the deposition process of the graphene itself; (i) the samples are very small (3 mm
of diameter) and hence their handling could cause fractures; (iii) the deposition process
of different layers (both by MBE and magnetron sputtering) could in principle break the
membrane.

In order to do a systematic study of the causes of the breaking event, a precise work-
flow was established in advance with two steps of SEM imaging of the samples. As
depicted in figure[6.4(a), a new sample (which may report damages of type (i)) is handled
for the pre-deposition SEM imaging (with the possibility to incur into type (ii) damages),
then handled again to deposit the heterostructure and finally manipulated for the post-
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‘ Deposition technique

Graphene thickness ‘ MBE Magnetron sputtering

2ML 2E PN
6-8 ML 6E 6S

Table 6.1: Parameters combinations, indicating the graphene thickness and the deposition technique. The
number in the name of sample is the number of graphene ML (6 means 6-8 ML), while the letter indicates
the deposition method (E stays for MBE (epitaxy), while S for MS (sputtering).

deposition SEM imaging (again damages of type (ii) and type (iii)). The analysis was
performed cross-checking two parameters: the number of graphene ML and the deposi-
tion technique used for the growth of the heterostructures, resulting in the four possible
combinations summed up in table To have a good statistic, data were collected from
about 30 samples; about 1,700 membranes per sample were scanned for both the pre- and
post-deposition SEM imaging, on average.

Before discussing the outputs of this analysis, it is necessary to state a preliminary
definition of what is a broken membrane, to be as much rigorous as possible. When a
membrane is imaged, one faces with three possible situations (reported in figure [6.4(b-
d)). The film can be completely intact (panel (b)), it can report some small holes (panel
(c)) or it can appear totally broken (panel (d)). Quantitatively, membrane in panel (c)
reports holes for about 1.5% of the total area, while membrane in panel (d) is damaged for
more than 50% of its surface and the remaining part presents back-foldings and evident
corrugations. While the first one could be partially exploited, the second one is fully
compromised. In the analysis which follows both membranes of panel (c) and (d) were
initially considered broken, afterwards also the nature of the fracture was analysed.

6.2.2 Discussion

The analysis performed in the pre-deposition stage is shown in figure[6.5(a). The percent-
ages of fully intact membranes are reported for 2 and 6-8 ML of graphene. The values
are 87% =+ 9.6% and 94% + 9.0%, respectively. These data contain information about
both damages of type (i) and (ii), demonstrating that the number of ML for the graphene
actually matters even without any deposition process. For the post-deposition analysis the
data are reported in figure [6.5(b), also in this case the difference between 2 and 6-8 ML
is straightforward. The percentages are 51% =+ 29% and 88% =+ 17%, respectively. It is
noteworthy that the average values of damages are increased by a factor of 3.7 and 3.6
for the two cases, while the standard deviation values by a factor of 3.0 and 1.9. Hence,
it can be argued that samples with 2 ML, which present a very large error bar, suffer the
handling procedures (damages of type (ii), which may be caused by several variables and
present a more aleatory dynamics) much more than 6-8 ML samples. A difference of few
monolayers of graphene affects very much mechanical reliability.

As mentioned before, at this point it is important to further investigate the nature of the
fractures. Membranes which present small holes can be still processed, while completely
broken membranes are not exploitable at all. To quantify this aspect the broken mem-
branes are grouped into three cases: films which do not preserve more than a half of their
surface (> 50%), membranes which report damages in the range of 20% - 50% of their
surface and films which present most very small damages (< 20%). In figure [6.5|c) are
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Figure 6.4: (a) Workflow for the analysis of the mechanical reliability of free-standing membranes with two
steps of SEM imaging, pre- and post-deposition, (b) Intact membrane; (c) Partially damaged membrane;
(d) Completely destroyed membrane.

presented these data. In the case of 2 ML, 33% of the broken membranes are completely
destroyed, 57% partially damaged and only 10% of them present small holes. The case
of 6-8 ML is different. Only 6.3% are in the category > 50%, 16% in the range 20% -
50% and 78% have just small fractures. This picture is even more drastic than the one
proposed in panel (b): the number of monolayers guarantees not only a better average of
intact membranes, but also the entity of the damages is reduced.

Beyond this discussion, in order to deduct the role of the deposition process a normal-
isation procedure was performedﬂ Data in the post-deposition imaging were normalised
with respect to data of the pre-deposition imaging, defining a survival rate as the num-
ber of membranes preserving their integrity after the deposition process, divided by the
number of membranes previously intact. The result is shown in figure [6.5(d). The four
combinations of table [6.1] are plotted and the best condition (both for the average value
and for the small error bar) is found to be for the samples grown by magnetron sputtering
on 6-8 ML of graphene. The survival rate is 94% =4 4.0%. For what regards the com-
parison between the two techniques, MBE and magnetron sputtering seem to act in the
opposite way for 2 ML and for 6-8 ML. The large error bar for the thinner samples makes
a fair comparison impossible.

6.3 Mechanical characterisation

The SEM imaging of the membranes gives information about their condition, but it is
not possible to extract any quantitative data on their robustness. For this aim, one can ex-

2 Actually, there is also in this case an intrinsic handling passage also for this normalisation, but here it assumed to be negligible
because it is substantially reduced with respect the initial one.
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Figure 6.5: (a-b) Pre-deposition and post-deposition statistics of the fraction of intact membranes for 2
and 6-8 ML, (c) Quantitative analysis of broken membranes for 2 and 6-8 ML showing how much their
surface is affected by fractures; (d) Survival rate for the four combinations of monolayers and deposition
techniques.
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Figure 6.6: (a) AFM topography of a membrane grown by MBE; (b) AFM topography of a membrane
grown by magnetron sputtering.
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| Deposition technique

| MBE | Magnetron sputtering

Average value ‘ 0.12nm ‘ 0.91 nm

Standard deviation | 0.16nm | 1.2nm

Table 6.2: Roughness parameters measured on samples 6M (Au/Co/Au) and 6S (Ru/Co/Ru) with the rela-
tive average values and standard deviations.

ploit atomic force microscopy (AFM) to infer mechanical properties of such free-standing
devices.

The role of this section is twofold: AFM was employed in two modes, firstly to mea-
sure topography of such thin films in standard tapping mode, afterwards, a force spec-
troscopy was performed. This second measurement consists in placing the AFM tip at the
centre of the free-standing film in contact mode and, starting from a large distance where
no force is sensed by the tip, the cantilever is moved close to the sample and a force is
applied in order to test its mechanical resistance until the membrane breaks to retrieve the
maximum load which can be applied to it. This characterisation was carried out by using
a Keysight S600LS AFM, exploiting silicon cantilevers with a tip radius of about 50 nm
and an elastic constant k£ = 40 N/m.

For what concerns topography, it is use-
ful to compare samples produced with the <10
two different deposition techniques. Fig- AR R B ADRRARRRE
ure [0.6(a-b) shows a comparison between 1 E
a 6M sample (panel (a)) and a 6S one 6pl — " | 7
(panel (b)). Some corrugations are re-
vealed at the edges of the free-standing g o 1
films where the membranes adhere to the - ]
sides of circular holes of the copper grid. It 2 . meffiBhne ]
was noted that the free-standing layer was i l 3 ]
not perfectly stretched in the hole but pre- 0 Eies \ /‘A\ e d X107
sented some ripples. In spite of this ob- 3 2 1 0 1 2 3 4 5
servation, they do not compromise the de- displacement (m)
vice since the estimated tilting which they

Force (N)
N
T
|

Figure 6.7: Force versus piezoelectric displacement

o .
reach dOé}:ls rlllOt .excee{i | 1'5T’hW1th I‘E of the cantilever of the AFM for samples with 2
spect to the horizontal plane. ¢ rough- ML (green) and 6-8 ML (orange). The crosses in-

ness was estimated as well and the results dicate the breaking load of the membranes. The
are reported in table @ The process per- inset shows a sketch of the indentation process of
formed with MBE gave a better result in the AFM tip.

terms of roughness (0.12 nm with respect

to 0.91 nm of magnetron sputtering) and guarantees a better control of the heterostruc-
ture deposition. Nevertheless, both processes are suitable for the purposes of this work,
because the roughness is always smaller than the minimum layer thickness.

Then, the tip was positioned in the centre of the hole to perform the mechanical test
in contact mode and at a constant displacement rate (the experiment is sketched in the
inset of figure [6.7). Firstly, low-load measurements were done for each membrane. No
hysteretical behaviour was observed, confirming that the measurements were carried out
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in the elastic regime. The data collected were highly repeatable in time and every mea-
surement was calibrated with a reference sample of Cu to infer the sensitivity of the AFM
to retrieve the precise value of the force. Finally, the measurement was performed once
again, but this time with the aim of deliberately provoking the fracture of the membrane.
This allowed to estimate the breaking load of the device. The results are reported in figure
[6.7] for samples with different number of ML (2 and 6-8), as a function of the displace-
mentﬂ Breaking loads (F},,.x) were defined as the force at which the AFM signal presents
a drastic drop, meaning that the membrane is no more making any mechanical resistance.
In the figure, they are marked with crosses. The curves presented the same functional
form for both the samples, but a different maximum load. For sample with 2 ML it re-
sulted F.c = 1262nN, while for sample with 6-8 ML F,., = 7287 nN was achieved.
As expected, the thicker sample is definitely more robust. As a comparison, ref. [148]
reports the value of F,.x = 1770nN for 1 ML of graphene (the AFM tip of the cited
reference has a radius of 16.5 nm, while the diameter of the membrane is 1.5 um, so even
if the membrane is smaller and thinner, the radius tip is less than a half with respect to
the one used in this work, so that the overall pressure applied by the tip decreases, giving
a higher load). This measurement confirms the good choice of graphene as a first layer,
giving a high robustness to the whole system. ﬂ

6.4 Magnetic characterisation

For spin polarimetry applications, two properties are needed from the magnetic point
of view: sufficiently high coercive field and magnetic remanence. The first one allows
stability of the magnetisation vector from external perturbations during the measurements,
the second one to avoid multi-domains configurations whose orientations can decrease the
net spin filtering efficiency of the membranes. As written before, IP and OOP anisotropies
were achieved.

The same IP (Co-based) and OOP (CoFeB-based) heterostructures were preliminarily
deposited on a rigid substrate of silicon with 1 pum of thermal Si02 on the surface in order
to check, by means of vibrating sample magnetometry (VSM), the presence of easy/hard
axes along the selected directions. Co revealed IP easy axis, while Ta/CoFeB/MgO pre-
sented perpendicular magnetic anisotropy (PMA), as expected. The results are shown for
comparison in figure [6.8|a-b) with solid lines.

The measurements on the suspended substrate were performed with the optical set-
up described in section i.5] Exploiting Faraday effect, instead of VSM (as for the rigid
substrate), only the suspended part of the film are probed, partially transparent to light.
The Cu support is thick enough to prevent light to be transmitted. As explained in section

3In the displacement are considered both the indentation of the membrane and the elastic deformation of the cantilever. In order
to estimate the maximum load which the membrane can suffer this distinction does not matter. Instead, if one wants to estimate the
mechanical properties of the membrane itself, e.g., the Young modulus, this distinction is necessary (see also note l4})

4Lee et al. in ref. [[148] model their system treating the free-standing device as a clamped circular membrane, stating the following
assumptions: (i) the material is supposed to have isotropic mechanical properties; (ii) the membrane is supposed to be two-dimensional
(the aspect ratio between its diameter and the thickness is negligible). The first one is motivated by the sixfold rotation symmetry of
graphene sheets. Within this model, the force-displacement curve can be approximated as: F' = 031, (7a) (6/a)+Eap(q3a) (6/ a)3,
where F' is the applied force, J is the indentation of the tip, a is the membrane diameter, O'SD is the pre-tension in the film, Egp is
the Young modulus for the two-dimensional sheet and q is defined by the equation q := 1/(1.05 — 0.15v — 0.1612) = 1.02, with
the Poisson ratio v = 0.165 taken from ref. [[151]]. The model can be nicely applied for the 2D system but it fails in fitting the curves
shown in this work so, in this case it is not possible to obtain the exact value of the Young modulus (even after taking into account the
subtlety evoked in note Bl) An ad hoc model should be developed, but it goes beyond the scope of this thesis, where the data on the
load is sufficient to justify the choice of materials.
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Figure 6.8: (a-b) Faraday effect measurement of the IP (OOP) heterostructure based on Co. With solid lines
the comparison with the structure deposited on the rigid substrate is shown; (c) Comparison between
different samples for the IP configuration with different capping layers (Ru for 6S and Au for 6M).

for the OOP configuration the sample was placed between the coils at § = 0°, while
for the IP configuration — in order to have a projection of the magnetisation along the light
path — the sample was tilted by an angle of § ~ 17°. Hence, the magnetic moment probed
through Faraday effect is proportional not to M| but to | M|sin#, which represents the ~
29% of the actual value.

In figure [6.8|(a-b), the results for the IP (Au/Co/Au) and OOP (Ta/CoFeB/MgO) con-
figurations are reported. A hysteresis loop is present in both the cases. The coercive field
1s 3.3+0.070 mT and the normalised saturation remanence is 0.66 for the IP sample (panel
(a)), while for the OOP structure the coercive field is 2.3 + 0.24 mT and the normalised
saturation remanence is 0.84 (panel (b)). For the IP case, the coercive field decreases of
~ 2mT with respect to the structure deposited on the rigid substrate. This is not the case
for the OOP samples. Nevertheless, the coercive fields are sufficiently high to guarantee
the magnets not to be perturbed in spin polarimetry set-ups, which are typically already
magnetic field-free in order to avoid any deflection in the electrons trajectories (as a com-
parison, it is noteworthy citing the case of VLEED detectors based on Fe(001)-p(1 x 1)O
targets, which presents coercive fields of just ~ 0.1 mT [[129]).

Also an investigation on the role of the buffer and capping layer, was performed for
what concerns the IP configuration. In particular, samples 6M and 6S were measured. The
comparison is shown in figure [6.8|c). The main features are maintained. Due to sharper
interfaces, achieved with MBE (see former section about roughness and topography), 6M
sample gives a more squared loop and it may be preferred with respect to sample 6S, even
though it preserves comparable coercive fields and remanence state too. The coercive
field is around 3 mT for both the samples. For what regards sample with 2 ML, they
suffer of a reduced signal-to-noise ratio and to an overall smaller Faraday signal. As
highlighted in section [6.2] the presence of a larger number of broken membranes affects
this measurement.
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6.5 Transmission and spin-filtering characterisation

6.5.1 Experiment design and definition of the set-up

Electron transmission measurements were performed exploiting the set-up exposed in
details in section[4.6] The operations described below were done completely in situ. The
characterisation was performed in order to test the feasibility of using such a device for
spin filtering operations. In this sense, the following step-by-step protocol was designed
in order to test the response of the magnetic layer, neglecting the effect of the buffer and
the capping layer:E]

(0) SEM characterisation of the device. The sample is imaged to count how many mem-
branes are initially broken.

(i) Measurement of bare 6-8 graphene ML. This preliminary measurement makes pos-
sible to retrieve the energy- and thickness-dependent electron transmission from few
nanometers material;

(i1)) Measurement of 1.5 nm of Co. A first layer of cobalt is deposited in situ by MBE
and a first measurement of the membrane transmission with unpolarised and po-
larised electron beam is performed. It allows to add another point to the thickness
dependence of transmission;

(iii) Measurement of 1.5 + 2.0nm of Co. 2nm of Co were added to the stack in order
to perform other transmission measurements to increase the number of points of the
transmission curve and to check whether the filtering properties were modified by
the presence of a thicker ferromagnet;

(iv) SEM characterisation of the device. This was performed ex sifu to test the final
percentage of intact membranes.

Before steps (i1) and (iii) the device was
magnetised in situ with a magnetic field

of about =10mT, definitely larger than é,fR &@\
the coercive field of 3mT, reported be- Geo‘i; < Faraday cup
fore. The detection system is sketched Ipc _,elegclglonﬁlo = Ipc * T(E)® - 1tr

in figure [6.90 The spin polarised elec-
tron beam is emitted from the photocath- Y cample
ode (PC) with a certain current, defined To ~ Tabsye g

as Ipc. As illustrated in section [4.6] Vi
electrons are guided by an electron gun amperometerl-l_l
which consists in a system of lenses with
a certain energy-dependent transmission
Teun(E) [135]. Hence, the current imme-
diately after the gun is [y = Ipc - Tyun(E).
The beam impinges on the sample, com-
posed by the membranes matrix, and it

Figure 6.9: Sketch of the experimental set-up and on
the defined quantities in the text.

SHere this step-by-step experiment is presented. Actually, the measurements were performed also in other configurations with
samples grown with the heterostructure entirely deposited in one step and measured in situ and with samples where the heterostructure
was exposed to air and so measured ex sifu. The protocol presented in this section is the most reliable and sistematic one, hence it is
preferred to other measurements performed.
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generates an absorbed (/,5), a transmitted (/) and a reflected (/;eq) current. Due to
the polycrystalline nature of the sample it is possible to assume that the reflected cur-
rent is negligible [34]]. The energy of electrons of the beam can be swept in the range
2 —25eV. I, 1s in the order of few pA and can be easily detected. In order to attract and
collect the transmitted electrons, a Faraday cup (FC) at Vpc ~ 30V is placed behind the
sample. The detection is performed by means of an amperometer measuring the current
over a very large impedance Z ~ 150 G(2, to avoid spurious flow of the current due to
Vkc. Every point in energy is averaged from 20 consecutive measurements.

6.5.2 Discussion of transmission measurements

Spin-integrated current signals, normalised to
the maximum, are shown in figure [6.10] in
order to better display the shape of the four
measurements. The four lines plotted are re-
spectively: the absorbed current from the FC
without the sample (purple) and the transmit-
ted current after steps (i) (green), (ii) (red)
and (ii1) (orange), defined above. All three
steps do not seem to give any contribution to
the transmitted current below ~ 10V. Then,
while step (1) presents the expected exponen-
tial decrease, steps (ii) and (iii) actually show Vampte (V)
an increasing behaviour which saturates for

high energies. Figure 6.10: Transmission for the reference cur-
rent Iy and for steps (i), (ii) and (iii).

normalised current (arb. u.)

Apart from bare graphene data, the mea-
surements gave an unexpected result. To shed
light on the mechanism observed, it is possible to model the transmission of the system in
order to disentangle the attenuation contributions of the device itself and the ones caused
by intrinsic nature of the set-up.

First of all, one can assume that the cur-

<10 rent which leaves the electron gun is equal

‘ e 1100 to the absorbed current by the FC, mea-

61 A B> sured without any sample placed. This

,_ means that Iopspc =~ Io(E) = Ipc -

Tyun(E) (the notation refers to figure [6.9).

In this way, it possible to write the follow-

ing phenomenological expression for the
current transmitted by the membranes:

transmitted current (A)
(%) uorssTwsuer}

I =1Io- (Gy- Go(E)) - T(t, E). (62)

energy (eV) The variables in eq. [6.2] are defined as

follows. G o are the intrinsic geometrical

Figure 6.11: Transmission parameters of eq. factors. The first one is due to the active
area of the device (i.e., the ratio between

the overall area of the membranes and the total area which includes the copper support)
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Figure 6.12: Calculations using equationshowing transmitted currents for the two contributions (dotted
lines for the Ny, contribution and dashed lines for the (1 — Ny,) one) and their sum (solid lines) for steps
(i), (ii) and (iii). In the inset the same curves are shown normalised to the maximum to have a more
straightforward comparison between the experimental data reported in figure

and which gives GG; = 25%. The second one is generated by the energy-dependent diam-
eter of the electron beam (G3(F) 1= Ampmembranes/ Abeam (F)), Apeam (E) Was measured as
indicated in ref. [135]. T'(¢, F) is the transmission of the free-standing films defined in
equation [6.1] which is function of thickness of the membrane and of the energy. All this
term and the calculated /, with , as input are plotted in figure[6.11]

It is clear from figure [6.11] that this model cannot account for the experimental obser-
vation of steps (ii) and (iii). In order to improve the model, it is possible to introduce the
possibility that some membrane are broken. If /Vy, is defined as the percentage of broken
membranes, eq. [6.2] can be modified adding the contribution of the electrons which do not
suffer any attenuation. The following equation results:

I, = Iy - (G1 - Go(E)) [(1 = Ny) - T(t, E) + Ny (6.3)

Hence, exploiting eq. [6.3] and using the parameters of the electron gun, the measured
Iy and Ny, from the experiments of section as inputsE] the expected behaviour of the
curves was simulated. The results of these simulations, for steps (i), (ii) and (iii) are
presented in figure [6.12] (the inset shows the three curves normalised to the maximum
to have a comparison with the measurements of figure [6.10). It is clearly visible that if
the decreasing behaviour is shown by graphene only, the broken membranes are strictly
dominated by broken membranes, which causes the paradoxical increased currents from
step (ii) to step (iii). The observed data well explained the results experimentally found (a
part from a relative shift which can be due to sample charging during the measurement).

6.5.3 Spin filtering characterisation

For what regards the spin resolution, the region of interest is the one at low energy (~ 3 —
9eV) where it is well-known that cobalt reveals a maximum asymmetry of ~ 7% [132].
Of course, only the first term in equation [6.3] (the one accounting for intact membranes)
contributes to the asymmetric transmission of spin polarised electrons. From figures [6.10]

6Since it is not possible to do step-by-step in situ SEM imaging of the devices, it is hard to have a precise estimation of Ny, in the
intermediate steps. It is possible to rely on average values which were provided in the former part of the chapter.
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Figure 6.13: Calculations for the spin asymmetry for step (ii) and (iii) in solid blue and red lines. In black
the experimental measurement of the spin asymmetry.

and it is evident that in this region of interest the experimental results suffer of a
more severe attenuation. The spin asymmetry between spin up and spin down channels
was calculated starting from equation [6.3] and adding the asymmetry parameter taken
from ref. [132]] (see chapter [3]for more details). In figure[6.13]it is shown the comparison
between the calculated asymmetry for cobalt film (blue and red solid lines) (taking into
account the polarisation of the electrons coming out from the gun to be 0.25 (see section
M4.6)) and the experimental measurement. The expected result stays in the errorbar of the
measurement. So it is not possible to infer spin filtering properties from the present data.

Further investigations should move in two possible directions: firstly try to fabricate
membranes on larger samples in order to increase the total area of the device to minimis-
ing effects from geometrical factor Go(E) (still maintaining the ones from G}), otherwise
a different configuration of the electrostatic lenses is needed in order to have more fo-
cused electrons where a larger fraction of the beam impinges on the sample. The model
explained before allows to estimate a reasonable beam diameter in order to obtain a curve
which would not be hidden by the error bar. In fact, a signal of ~ 50 pA can be obtained
with a diameter of ~ 4 mm, while the actual value for the set-up was ~ 2 cm. This second
option is under investigation and the results are still work in progress.

From the applicative perspective, data on single macroscopic membranes present in
literature [40,|132] guarantee already sufficiently high asymmetry for this kind of config-
uration. Moreover, even if the broken membranes seems to cause a huge background, it
is worth noticing that in a SARPES set-up the CCD detector would allow a pixel-by-pixel
detection and hence the possibility to monitor in real time the appearance of broken films
and eventually avoid to measure some points, which is not an option with a wide detector
such as the Faraday cup used in the present set-up.

6.6 Conclusions

This chapter provided the design of a prototype 2D spin detector. The intent was to
simplify the complex fabrication process proposed in ref. [38]], exploiting the resources
offered by ultra-thin graphene membranes and taking advantage from the selective trans-
mission of electrons through a ferromagnetic layer deposited on them. The mechanical
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reliability was tested over a large set of samples, with different deposition techniques
and different number of graphene monolayers, resulting in a much larger reliability for
6-8 ML and with a survival rate which reach 94% in the case of magnetron sputter-
ing deposition technique. The free-standing membranes were also characterised from
the mechanical and the magnetic point of view, revealing a large maximum load (up to
~ 7300 nN) for samples with 6-8 ML of graphene, a roughness always smaller than 1 nm
and suitable magnetic properties with anisotropy IP (Au/Co/Au heterostructure) and OOP
(Ta/CoFeB/MgO/Ta heterostructure) which basically mimic the ones on rigid substrates
with coercive fields of ~ 3 mT and a sufficiently large remanence magnetisation (66% for
IP samples and 84% for OOP ones).

The transmission was measured for such devices, showing the expected behaviour for
samples with a small number of broken membranes. When the number of holes becomes
larger, the predominant signal observed was due to unfiltered electrons. For what regards
the spin asymmetry, the implementation of a more efficient focus system for the electron
beam was proposed in order to make the signal detectable. Relying on previous works (on
different systems), it is possible to claim that the reported spin asymmetry is sufficiently
high to be employed in this new conception of spin detection.

From an industrial perspective, this chapter pushed the so-called technology readiness
level (TRL) from 1 to 3[] The possibility to validate it in a real SARPES set-up could
make it suitable in commercial set-ups such as those proposed by Specs or Scienta, thus
envisaging a real market application.

7TRL is a methodology proposed by NASA|to evaluate the readiness of a technology under development, the scale goes from 1 to
9, where 1 stands for the observation of the basic principles and 9 stands for a system which was tested in an operational environment.
3 means that the experimental proof-of-concept was provided and it is ready for a first validation
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CHAPTER

Transport properties of GeTe films and
heterostructures

7.1 Introduction

In this chapter the magnetoelectric transport properties of GeTe, the father compound of
FERSC class, are investigated. As discussed in chapter 2] a lot of experimental work was
performed in order to characterise both the ferroelectricity and the electronic bands nature
of this material [1} 22]]. Here the spin functionalities are studied from the standpoint of
transport, by means of characterising its magnetoresistive properties.

If the previous two chapters were devoted mainly to spectroscopy both from the point
of view of complex band structure measurements of new materials (Ge-doped SnTe, in
chapter|[5) and from the technical point of view, developing a 2D spin detector (chapter|[6),
this chapter faces again with bulk Rashba bands, but considering their direct consequences
on magneto-transport. It is demonstrated how FERSC can reveal their non trivial nature
also considering them in a different perspective.

As reviewed in chapter [2]in section [2.3.3] Rashba systems and topological insulators
are characterised by a second order response magnetoresistive effect named bilinear mag-
netoelectric resistance (BMERﬂ This manifestation of non-reciprocal charge tranport
represents a new paradigm of unidirectional magnetoresistance avoiding the presence of
ferromagnetic layers (contrary to the case of [[152]]), resulting in the following relation:

R(j,B) = —R(=j,B) = —R(j, —B). (7.1)

As demonstrated in ref. [87], materials displaying this effect are interesting not only be-
cause they show two levels of resistance for opposite configurations of external magnetic

ISince the discovery of this effect is very recent, in literature there is not a unique name to refer to it. It is sometimes called
unidirectional magnetoresistance (UMR) in analogy to a phenomenologically similar effect in NM/FM bilayers [152]), in other cases
BMER (87,190, |153]] and in other cases just bilinear magnetoresistance (BMR) [89}|93]].
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field [89, 91]], but also because this effect could be a probe of the spin texture of such
materials [90]. In 2021, BMER was also detected in GeTe and reported in ref. [94], but
the complex bulk Rashba spin texture was treated as a simple two-dimensional electron
gas with no hints about the hexagonal warping characterising the GeTe Hamiltonian (see
eq. 2.17).

The presence of spin Hall effect in GeTe, demonstrated in ref. [1], with a spin Hall
angle comparable to the one of a reference material such as Pt, makes this material inter-
esting for spin-orbit torque devices (see chapter [2] for details). For this purpose, during
this Ph.D. activity also GeTe/CoFe Hall bars were fabricated in order to detect the second
order response of the resistance directly related to magnetisation oscillations and so to
spin-orbit torque. The research in this topic is still ongoing and the preliminary results
are not shown in this thesis.

All transport experiments were carried out at the Magnetism and Interfaces laboratory
of the Department of Materials at ETH Ziirich under the supervision of Dr. Paul Nogl.
The patterning of the devices was performed by Federico Fagiani (Ph.D. student).

The chapter is organised as follows: in section the preparation of the sample and
the design of the devices for such experiments are described; in section[/.3|the magneto-
elecric measurements on GeTe films are presented, taking advantage from symmetry con-
siderations, field and current dependences, it is possible to disentangle spurious effects,
showing the presence of a second order effect which is ascribed to bilinear magnetoelectic
resistance. Finally, conclusions and perspectives of this work are drawn in section [/.4

7.2 Samples preparation

As discussed in chapters 2] and [5| GeTe can be epitaxially grown on Si(111). In order
to detect BMER it was used a layer of 15 nm of GeTe which was covered in situ by a
protective layer of 10 — 12 nm of Si3N4 to prevent its oxidation.

Then, samples were patterned with a Hall bar geometry (it is shown in figure [7.1[(a))
by means of optical lithography (for details on the technique and on the recipe see section
4.2). The channel of the Hall bar was equipped with three Hall branches with an overall
channel length of 50 + 50 um, a width of 10 um and a width of the voltage pickup lines
of 3um [[154]. The aspect ratio Z of the whole channel is Z = 10. For the case of GeTe
films, the samples were patterned along different crystalline directions, in particular, at 0°
and 30°. According to the crystal structure, the Hall bars at 0° are aligned along the ZU
direction while the ones at 30° along the ZA direction.

For the measurements presented in the following, harmonic Hall detection is the exper-
imental technique employed. All the experiments presented were performed in the dark
to suppress any photo-induced effect in the GeTe layerﬂ and at room temperature. Details
about the set-up are explained in section 4.4

7.3 Magnetoresistance of GeTe monolayers

7.3.1 Measurements

Firstly, the magnetoelectric properties were studied measuring the first harmonic com-
ponent of the longitudinal resistance (12, 1,). The resistivity of GeTe was probed to be

2GeTe is a narrow-gap semiconductor with egap = 0.6€V, see chapter
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p = 384 x 107% Qcm. As depicted in figure a), the magnetoresistance (MR) experi-
ments were performed rotating the device immersed in a static magnetic field of 1.2 T in
ry, xz and yz directions (see figure[7.1(b) for the angles definition), while injecting an AC
current density along the +z direction of 3.3 x 10° A/cm? with a frequency f = 10 Hz.
The angular dependence of R, , is shown in figure [7.1(c). The solid lines represent fits
of experimental data using sine functions. While the out-of-plane scans zz (blue) and
yz (green) show the expected Lorentz MR (maximum along +z), the in-plane scan xy
(red) exhibits a MR signal with maxima (minima) for B | +y, i.e., ¢ = 7/2 £ nrx
(B || £x, i.e., ¢ = £nm). This signal does not change sign upon the inversion of the
external magnetic field direction and resembles the anisotropic MR of magnetic systems.
Accordingly to ref. [89], it is named as quadratic MR (QMR) and it was firstly reported
for topological insulators by Taskin et al. in ref. [155]. Keeping the same current density
the field was swept between 0 and 1.4 T. The field dependence of this signal is reported
in figure [7.1(d). Black squares quantify the percentage value of QMR for every magnetic
field used, according to the expression QMR = AR, /Ry|%|, where AR, represent the
difference between the resistance when the field is applied along = and along y (¢ = +nm
and ¢ = 7/2 + nm, respectively), while Ry is the resistance at zero field. The solid black
line represent a parabolic fit, which accounts for the expected behaviour of such an effect
(89, 91]].

Then, the second order response of the longitudinal and transverse (Hall) resistance
(R2w,1, and Ry, 11) was measured with the geometry of figure a). As anticipated in the
introduction, the intent is to observe a unidirectional behaviour which can be explained
with BMER physics. This means that the procedure consists in identifying all the other
spurious contributions (thermal) which must be subtracted from the signal. Their angular
dependences are reported in figure for the xy, xz and yz planes in panels (a), (b) and
(c), respectively. The measurements were performed in a static magnetic field of 1.2T
and with a current density of 3.3 x 10° A/cm?. The solid black lines are sinusoidal fits of
experimental data.

It is possible to observe that 7y, 1, displays a unidirectional behaviour for zy and yz
scan: the longitudinal signal is maximum (minimum) when B || +(—)y (¢ = +(—)7/2).
This behaviour could be ascribed to BMER. Also the Hall response (R2, 1) shows a
unidirectional behaviour for the zy and zz scans with a maximum (minimum) when B ||
+(—)x (¢ = 0(m)), which can be fitted with a cosine and sine function, respectively. This
angular dependence of Ry, i is the signature of ordinary Nernst effect (ONE).

It is possible to write the following phenomenological expressions which account for
the unidirectional behaviour observed for longitudinal and transverse second harmonic
responses:

{ Rowp, = Ry sin(e) sin(0); 7.2)

Roum = RyS% cos(ip) sin(6).

Following the angular dependences calculated in appendix [A] it is possible to notice that
the symmetries of these two contributions (of the Hall response in zy and 2z scans) trace
the one of ordinary Nernst effect (ONE) induced by a temperature gradient along the 2
direction. The presence of such thermal effects is confirmed also looking at the longitudi-
nal signal in xz scan, which presents a m-periodic angular dependence, typical of planar
Nernst effect (PNE) with the same temperature gradient direction.

It is important to notice that in the longitudinal resistance BMER and ONE share the
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Figure 7.1: (a) Patterned device and coordinate system. jc is the injected current density and Vi, is the
measured longitudinal voltage, while Vi is the transverse Hall voltage; (b) Geometry of the angle
scans. o is the in-plane angle and 0 is the out-of-plane one. The current is always injected along
+x; (c) First harmonic longitudinal resistance for the three angle scans. The measurements were
performed at a constant external magnetic field B.,: ~ 1.2'T, while the current density injected was
jo = 3.3 x 10° Alem?. The solid line are fits of experimental data; (d) Field and angular dependences
of the OMR signal. Black data represent the QMR value for every curve, while the solid line is a
parabolic fit.
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Figure 7.2: Angular dependence of the second harmonic longitudinal (empty dots) and transverse (full dots)
resistance of GeTe monolayer. (a) vy scan (6 = 7/2); (b) xz scan (¢ = 0); (¢) yz scan (¢ = w/2). The
magnetic field is constant and set to Bey: ~ 12T, while the injected current jo = 3.3 x 10° Alcm?.
The solid black lines are fitting curves of the longitudinal and transverse contribution using sine and
cosine functions.

same symmetries. Thus, it is necessary to disentangle the two signals in order to get rid
of these spurious contributions. In fact, knowing the aspect ratio Z of the devices it is
possible to write for ONE: RO\ ™™ = ZRONE™ and hence define: RPMERmax —

ot — Z RSE L% With the geometry used, Z = 10
The investigation on the dependences of REMER:maX (which means BMER for ¢ =
+7/2 and 0§ = 7/2) are presented in figure normalised at the resistance at zero field
Ry. Panel (a) shows the dependence on the magnetic field of REMER:max /R at fixed
current density (3.3 x 10° A/cm?). As expected for this kind of bilinear MR, the signal is
linear with the magnetic field. Panel (b) presents a comparison of the field scan between
devices oriented in different crystallographic directions (the principal axes ZA and ZU).
They are both linear and with a maximum relative difference of 11% at 1.27 T. For what
concern the current dependence, panel (c) shows a slightly different behaviour, with a less
than linear dependence of the BMER signal on the applied current, the best fit of data is

with a curve of the form RBMER:max o Tt "with t = 0.72.

7.3.2 Discussion

BMER was studied measuring the dependence of this effect on the relative angle with
respect to the applied magnetic field, the magnetic field magnitude and the applied current
density. This second order signal shares symmetries in agreement with previous reports
of BMER, together with a bilinear dependence on field and current. It was observed a
slightly less than linear dependence on the current density, highlighted in panel (c) of
figure Even though there are few experimental points, it is possible to interpret this

3 As a matter of fact, one should consider that ONE is not in principle equal along the longitudinal and the transverse direction,
because the crystallographic directions are different (corresponding to ZA and ZU). The measurements shown later on, where ZA and
ZU are inverted, do not show any substantial difference between the transverse resistance contributions. So, for the analysis which
follows the two directions are assumed to be isotropic and the relation with the aspect ratio Z holds.
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Figure 7.3: RBMER-MaX yommalised at the resistance at zero magnetic field Ry as a function of (a) the
magnetic field at fixed current density (3.3 x 10° Alcm?) (the inset shows the field dependence of the
angle scans), (b) the crystallographic direction also varying the magnetic field for devices rotated 30°,
corresponding to ZA and ZU directions (the two insets are the three angle scans for the ZA and ZU) and
(c) the injected current at fixed magnetic field (1.2'T). The solid lines represent fits for the experimental
data.

discrepancy taking into account the possibility of the current to flow also in the substrate
(Si(111)), which for high current densities acts as a shunter. Indeed, one can think the
sample as a two parallel resistors (GeTe and Si channel) where, at high values of current
density, the heating effect produces a decreasing of the silicon resistivity, causing a non-
linear behaviour of such a channel, where the current tends to flow more easily. This can
decrease the net BMER contribution.

For what regards the dependence on the crystallographic direction, even if the effect
shows a small difference between ZA and ZU (11%), no canting angle between the scans
was detected (as can be seen in the two insets of panel (b) of figure|/.3)), which would be
the signature of an out-of-plane spin texture |87, 90]f_f] Even though ref. [21]] predicts an
out-of-plane contribution to the spin polarisation of the Rashba contours due to hexagonal
warping, this was not detected even by SARPES measurements [22, [108]]. This means
that the Rashba states contributing to the conduction are actually resembling the ones of a
standard Rashba system and the out-of-plane component of the spin texture is irrelevant.
This is also confirmed by the absence of any non linear Hall effect, at variance with
ref. [87]], where hexagonal warping is addressed as the cause of this effect. This would
suggest that states close to the valence band maximum (VBM) where £ is smaller (and
hence hexagonal warping is) are the main responsible for conduction. Then, the difference
detected in magnitude for BMER in the two crystallographic directions could be ascribed
to the slightly different Rashba parameter between ZA and ZU [21]].

In this regard, recently Vaz et al. in ref. [93] produced a microscopic theory that allows
to model BMER response of a 2DEG and, by means of the detection of BMER and QMR
amplitude, to determine the Rashba parameter. This model was successfully applied for
the case of 2DEG developed at the LaAlO3/SrTiO3 interface. As highlighted in ref. [94],
BMER effect in GeTe is due to bulk Rashba bands, while surface Rashba components
poorly contribute to this effect. In order to get a better understanding of such an effect

4The unidirectional behaviour in zy scan, when field is aligned along <y is an indicator that there is an in-plane spin component
locked to the momentum as in 2DEG Rashba system. If the spin texture presents also an out-of-plane component, the angle which the
field and the spin expectation value are parallel at is tilted with respect to the zy plane. Hence the out-of-plane angle scan xz acquires
a unidirectional behaviour (different from zero) and the other out-of-plane scan yz is shifted by a certain angle, named canting angle.
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Material H Figure of merit g (cm?/(AT)) ‘ Temperature (K) ‘ Year ‘ Ref.
GeTe 5.2 x 10710 300 2021 this work
GeTe 3.12 x 10712 300 2021 [94]
Ge(111) 4.2 %1077 15 2020 [91]
BiTeBr 3.0x 1078 2 2017 [156]
SrTiO3 2.0 x107° 7 2018 [90]
Bi2Se3 2.0 x 1071 60 2018 (871
a-Sn 1.4 x 1079 unknown 2021 to be pub-
lished?]
KTa03 1.0 x 10710 2 2021 [157)

Table 7.1: Bilinear magnetoresistance values measured in literature and compared using the figure of merit
defined in eq.

“Mentioned in [91]], Q. Berbedienne et al. (to be published).

and to address the problem of determine the Rashba parameter in such a different system,
an ad hoc microscopic theory would be needed.

Finally, in order to make a more accurate comparison with previous results it is possi-
ble to use a suitable figure of merit 7g\ER, as defined in ref. [91]. It could be naturally
defined as:

RBMER
RojB
For the results of this work npyer = 5.2 x 10719 cm?/(AT). Using eq. table [7.1| was
filled to summarise BMER in other systems found in literature. The results reported in
this thesis are different from the one reported in ref. [94]E] but they are comparable with
the other systems mentioned. It is worth to notice that the systems mentioned in table
are all two-dimensional systems but BiTeBr which is a polar semiconductor and all
of them are measured at cryogenic temperature. Thus, GeTe represents a unicum because
BMER directly depends on bulk states and show this unidirectional effect up to room
temperature. This result could represent a starting point for the detection of such an effect
in other FERSC systems.

TBMER = (7.3)

7.4 Conclusions

The results shown in this chapter shed light on the magneto-transport properties of GeTe.
The complex spin texture of such a material makes possible to observe non trivial re-
sponses when it is immersed in a magnetic field. In particular, a contribution different
from standard Lorentz magnetoresistance was observed in the first order response of the
longitudinal resistance, which does not change sign when the magnetic field does and
scales quadratically with it. This effect is named QMR and reaches a value of 0.01%
with a magnetic field of 1.3 T. Even more interesting, a contribution which scales linearly
with both the current and the field was observed in the second order response. This effect
has the same symmetries of other reports in literature about bilinear magnetoresistance

SThe system measured in ref. [94] is quite different with respect the system proposed in this chapter. In particular, GeTe is
remarkably thicker (64 nm) with a very low resistance and the substrate used is Al1203(0001). A possible reason for the discrepancy
observed can be in the different configuration of ferroelectric domains of the GeTe channel. Since the stack is quite different, also the
built-in field is and the domain configuration is not known a priori. Since the magnetoelectric measurement probes a wide area of the
Hall bar, an average signal from different domains can be detected, giving a different value of BMER.
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and it is named BMER. The results were analysed in order to disentangle the contribu-
tion of thermal effects which are ubiquitous in second order responses and share the same
symmetries of BMER. In order to quantify and compare the magnitude of such an ef-
fect it was defined a figure of merit, which reaches the value of 5.2 x 107!° cm?/(AT),
higher than previous reports on such a material and comparable to other well-known two-
dimensional Rashba systems and topological insulators. The behaviour of BMER with
respect to crystallographic directions was investigated, as well reporting a small differ-
ence in magnitude between the two main axes ZA and ZU, ascribable to different Rashba
parameters along the two directions, but excluding hexagonal warping as a possible cause
of this effect and directly ascribing BMER to the spin-momentum locking of the bulk
Rashba spin textures.

This opens the way to further experiments on GeTe samples in order to understand
whether the polarisation affects BMER. Since the sign of the BMER amplitude is directly
related to the chirality (i.e., the sign of circulation of the spins) of the Rashba bands, one
could expect that changing the ferroelectric polarisation and thus inverting the spin tex-
tures it would be possible to see a sign inversion also for the BMER amplitude. This result
was not achieved so far. This experiment could be realised by applying a gate voltage to
the channel and exploiting the silicon substrate as a bottom contact. This represents a
challenge because the difficulties to achieve the complete ferroelectric switching of the
entire Hall bar channel. Nevertheless, it could be faced shrinking the dimensions of the
device to ~ 100 nm, going in the direction of a single (ferroelectric) domain configura-
tion. Moreover, a sufficiently thick insulating interlayer should be interposed between
GeTe and the metallic gate in order to avoid any shunting effect. This could be achieved
by a thicker Si3N4 (50 — 100 nm) which has reliable insulating properties and it does
not cause ion migration with high applied voltage (as can happen with oxides), as already
demonstrated in previous works.

Also other group-IV tellurides sharing similar band structure could present such an ef-
fect and they are interesting candidates to further investigate magneto-transport of FERSC.
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CHAPTER

Conclusions

This work dealt with two distinct topics: from one side the investigation of the band struc-
tures and spin textures, by SARPES and magneto-transport experiments, of two group-1V
tellurides belonging to ferroelectric Rashba semiconductors (FERSC) class of material,
GeTe and SnTe, while on the other side the development of a two dimensional spin de-
tector with the aim of drastically speed up SARPES measurements. These two topics are
intimately related by the intrinsic necessity to study the properties of such materials by
means of spectroscopic tools in order to understand the rich nature of their band structure.

In chapter [5|the growth and the structural characterisation of Ge-doped SnTe films was
covered. The investigation of their band structure was conducted by SARPES. The doping
process was needed in order to establish bulk Rashba bands in the alloy band structure.
Moreover, they represent a trace of the underlying ferroelectricity of the samples which
was shown to be present at least up to room temperature and down to a concentration
of Ge of ~ 31%. The data observed by ARPES show tunable Rashba bands (in terms of
Rashba parameter ar and Rashba £ vector) which reflect to a tunibility of the ferroelectric
properties of such alloys. The trend found in measurements was validated also by DFT
calculations, performed by co-workers.

In chapter [0] the realisation of a prototype of a 2D spin detector was presented. The
growth of free-standing magnetic films with a maximum thickness of 10 nm, consist-
ing of Co-based and CoFeB-based heterostructures, was optimised on few monolayers
of graphene, reaching a high control of roughness. The very fragile nature of suspended
membranes forced the investigation of different deposition processes and graphene mono-
layers number in order to find the parameters to obtain the largest number of intact de-
vices, found up to 94%. The magnetic properties mimic the ones on rigid substrate. Both
in-plane and out-of-plane magnetic anisotropy were reached with a coercive field for both
the configuration of ~ 3mT. The mechanical reliability was quantified and tested with

79



Chapter 8. Conclusions

atomic force spectroscopy finding a maximum load of 7300 nN for samples with 6-8 ML
of graphene. Also transmission measurements were performed with a spin polarised elec-
tron beam, unveiling the expected exponentially decreasing behaviour for a small number
of broken membranes.

In chapter [/| GeTe was studied from the magneto-transport point of view. Spectro-
scopic measurements on this material were recently performed, so this chapter was de-
voted to the influence of the band structure in transport properties. Its bulk Rashba effect
leads to unconventional magnetoresistive effects that were detected in the first and sec-
ond order responses. A quadratic magnetoresistance was observed up to 0.01% at 1.3 T
in analogy to the well-known anisotropic magnetoresistance of ferromagnetic films and
a bilinear behaviour (with respect current and field) was also reported to be up to 0.02%
at 1.3 T. This is a direct manifestation of the complex spin texture of this material and,
in particular, of spin-momentum locking. This kind of measurement represents an alter-
native route to infer information about electronic band structure from the macroscopic
perspective of magneto-transport, which, correlated to spectroscopic characterisation, re-
turns a more complete picture of the physics of this kind of materials.

The perspectives of this work are several. The spectroscopic data suggest that an
engineering of band structure is possible in FERSC compounds and the coexistance of
multiple non trivial state of matter could be achieved, giving a lot of possibilities for
further investigations both on SnTe and on other components of FERSC class from the
fundamental stand point and also in view of exploiting them into devices. This very rich
physics makes them intriguing candidates for transport experiments and spin-obit torques
devices. This represents also a challenge for theoretical calculations because the right
matching of conditions could predict new materials in which these behaviours could be
observed.

Moreover, the transport experiments performed on GeTe-based devices open the way
to a deeper investigation of group-IV tellurides. Second order response unidirectional
effects are ubiquitous in spin-orbitronics systems and much interest nowadays is devoted
to non linear Hall effects. The study of this new class of materials could bring new insights
in this kind of physics, possibly disclosing new phenomena which could be the bricks for
the development of new devices.

Finally, the prototype spin detector realised represents a starting point for further de-
velopments and studies. The intrinsic two-dimensional detection would bring a drastic
decrease of the experiments duration and an increase of the signal-to-noise ratio. The
integration in a real ARPES set-up could validate in a real-life environment the perfor-
mances of this scheme.
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APPENDIX

Angular dependencies of torques and thermal
effects in angle scans

In the following appendix, analytic expressions for damping-like and field-like torques
are derived explicitly together with the possible thermal effects which could affect trans-
port in the three main angle scans (i.e., along zy, 2z and yz planes). The expressions
which follow can be exploited for any heterostructure which displays SOT and which is
subjected to Joule heating due to the injection of a current.

A.1 Spin-Orbit torques in angle scans

The second harmonic expressions for the transverse and longitudinal resistance read as
follows:

dcosf BY

Hall,SOT ; L

’ — — 2 0 2

Ry (Rane — 2Rpp cos 0sin (20)) =75 (05 —0) Bex (A1)

dsin (2¢) BY
dep  sinfpcos (¢ — ©) Bext

—+ RPHE SiIl2 0

and
RLong,SOT _ [(Rg; B Rz) C082 0 + (Ry . RZ) Sin2 g0:| dSil’l2 0 B?
e deB COS(QB - 0>Bext (A2)
dcos? ¢ BY

+ [(R* = RY)sin® 4]

Y

dep sinfpcos(pp — @) Bexs

where 05 and @ are the polar and azimuthal angle identifying the direction of the external
magnetic field, § and ¢ regard the magnetisation direction and BY and BY are the polar
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Appendix A. Angular dependencies of torques and thermal effects in angle scans

and azimuthal projection of the current-induced magnetic field (definitions of the angle
are pictorially represented in figure [7.1[b)).
If the magnetisation is considered to be saturated along the field direction, § = 65 and

¢ = pp. Egs.[A.T]and[A.2]become:

dcost BY
df Bt (A.3)

RYMSOT — (R s — 2Rpug cos O sin (2¢))

2w

dsin (2¢) BY

R in’ 6
+ fipHE SID de  sin 6By

and
dsin®6 BY
df By (A.4)

R;fjng’SOT = [(R"’“" — R*)cos® ¢ + (RY — R?)sin? go}

dcos?¢ By
de  sinfBey

+ [(R* — RY) sin* 0]

Depending on the angle scan considered (zy,2z or y2), the terms BY and BY have a
different dependence with respect to Bap and Bp[ﬂ Considering the following directions
for BAD and BFLI

Ban = DBap (fn x3) (A.5)
Br. = BrL (y)
A.1.1 xy scan
In spherical coordinates Bxp and By, read:
Bap = Bap [(cospcosf)é, — (cos@sinb) &) (A6)
Bri, = DBy, [sin pé, + cos pé,] .

The &, contribution of SOT parallel is the magnetisation vector, hence it is ineffective
on the magnetization dynamics. Only polar and azimuthal contributions of the SOT fields
enter in the equation of SOTs.

Setting # = /2 and ¢ € [0, 27] and substituting in egs. and[A.4}

RUALAD=SOT _ p o cos @BAD, (A.7)
Bext

REIFL=SOT _ b (2 cos® p — cos ) g::, (A.8)

RIQ_,gng,ADfSOT —0, (A.9)

Ry SOT — 9 (R™ — RY) (sin g — sin® ) % (A.10)

! According to the system of coordinate chosen and to angle scan direction for 8 and ¢ — which are clockwise and counterclock-
wise, respectively — the resulting spherical coordinate system is left-handed. This explains the possible inconsistencies in the sign
between different notations present in literature.
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A.1.2 xzscan

In spherical coordinates Bxp and By, read:

{BAD = Bap [(sinf cosO(1 — cos ¢)) &, — (cos® f cos ¢ + sin® ) & + (cosfsin ) &,

Bri, = Bpy, [sin &, + cos pé,]
(A.11)
Setting § € [0, 2] and ¢ = 0 and substituting in egs. and[A.4}
B
RUALAD=SOT _ p o sin =22 (A.12)
ext
B
REAFESOT — 9 R sin— =, (A.13)
ext
B
REcneAD=SOT — (e _ R*)sin(20) BAD, (A.14)
ext
RLoneFL=SOT _ (A.15)
A.1.3 yzscan
In spherical coordinates Bap and By, read:
Bap = Bap [(sinf cosf cos ) &, + (cos? 6 cos ) & + (sin @) &,] A.16)
BFL = BFL [sin Qér —+ cos eég] . .
Setting 6 € [0, 27] and ¢ = 7/2 and substituting in egs. and[A.4}
B
RUALAD=SOT _ _ i (20) AR (A17)
ext
B
RHaIlFL-SOT _ _ Rpug sin(20) FL (A.18)
2 Bext
Ry2& P70 — o, (A.19)
B
Ry LSOT — 9 (RY — R?) (sinf — sin® 0) == (A.20)

ext

All the angular dependences of SOT are summed up in figure[A.T]

A.2 Thermal effects in angle scans

In the following the angular dependences of anomalous Nernst effect (ANE) and anisotropic
magneto-thermopower (AMTEP)/planar Nernst effect (PNE) (the transverse manifesta-
tion of AMTEP) are considered in second harmonic transverse and longitudinal resis-
tances. Considering an arbitrary temperature gradient VT = (V1,, VT,, VT,) and a sat-
urated magnetization along the external field direction rh = (sin 0 cos ¢, sin 0 sin ¢, cos ),
they have these general expressions.

ANE:
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ROMEANE o VT, cos 6 + VT, sinfsin o, (A.21)
R2Hju’ANE ox VT, sinf cosp — VT, cosb. (A.22)
AMTEP:
RLomeAMTER g (sin® 6 cos®  + sin® B sin® ), (A.23)
RyAAMTER o 9T, (sin® @ cos® p + sin® @'sin® ) . (A.24)
PNE:
R52"PNE o VT, sin? @ sin(2 i 2
% Y ©) + VT, sin(20) cos” p, (A.25)
RyYMENE o T, sin? 0sin(2¢) + VT, sin(20) sin? . (A.26)

According to the relative angle scan the equations become:

xy scan—0 = /2, p € [0, 27|

ANE:
RECEANE o U, sin ¢, (A.27)
REFLANE o 7T cos . (A.28)

AMTEP:

RLoeAMTER o g (A.29)
REPAMTEP o g (A.30)

PNE:
RyEPNE o VT, sin(2¢), (A31)
REALENE o 9T, sin(2¢). (A.32)

xz scan -0 € [0,27], o =0
ANE:

RyEANE o VT, cos 6, (A.33)
RIFMANE o IT. sin§ — VT, cos 0. (A.34)

AMTEP:
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A.2. Thermal effects in angle scans

Long, AMTEP :
Ry)"® oc VT, sin’ 6,

Hal, AMTEP :
Ry o VT, sin” .

PNE:

RyOMEPNE o VT, sin(26),
R;Ijll,PNE —0

yzscan—0 € [0,27], o = 7/2

ANE:
Ry&ANE o VT, cos + VT, sin ),
R;Iju’ANE x —VT, cos@.
AMTEP:
Ry MMIEY o VT, sin® o,
Ré{fu’AMTEP oc VT, sin? .
PNE:

Long, PNE
R, =0,

RyMPNE o VT, sin(26).

All the angular dependences of thermal effects are summed up in figure
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Appendix A. Angular dependencies of torques and thermal effects in angle scans

Hall resistance Longitudinal resistance
AD FL AD FL

Xy scan

yz scan

Xz scan /\-/

Angle

Figure A.1: Angular dependences of damping-like and field-like SOT in Hall and longitudinal resistance.

Hall resistance Longitudinal resistance
ANE AMTEP PNE ANE AMTEP  PNE
Xy scan
o« VT, x VT, o VT,
XZ scan
yz scan

Angle

Figure A.2: Angular dependences of thermal effects in Hall and longitudinal resistance.
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APPENDIX

Decapping protocol for group-IV tellurides capped
with tellurium

B.1 Introduction

In the following appendix, the decapping protocol used for restore the surface of tellurium-
capped group-1V tellurides is illustrated. The following procedure of re-preparation of the
surface was employed both for SnTe samples measured by SARPES and for GeTe sam-
ples in order to grow proper heterostructures for transport measurements.

B.2 Decapping protocol

An ad hoc protocol which can be used in UHV cluster tool’| was validated in order to
remove the Te capping layer. Thermal annealing is the typical tool used for the desorption
of capping layers along with surface contaminants (oxygen, organic molecules,...). The
issue for this kind of sample is that annealing is also accompanied by the diffusion of oxy-
gen from the oxidised capping layer of TeOx towards the interface to the GeTe layer. This
causes the bonding with Ge (or Sn) atoms preferentially. Then, the desorption of oxygen
from the matrix requires even higher temperatures which could cause the evaporation of
the group-IV telluride layer. Hence, a different method is used, with the following recipe
is followed:

(i) Oxide removal. A soft rastering Ar sputtering is firstly performed on the sample
with ions at energy of 1.1 — 1.4keV at an angle of 60° between the beam and the
sample and with a partial pressure of Ar of 2 x 10 mbar. The efficiency of the
process can be checked comparing XPS spectra before and after the process, looking

las the one present in Polifab facility, described in section as well the one used at APE beam-line at Elettra synchrotron.
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Appendix B. Decapping protocol for group-IV tellurides capped with tellurium

at the intensities of oxygen and carbon and at the chemical shift of Te;q doublet, that
is indicative of the Te oxidation state.

(i) Desorption of Te capping. The desorption is performed with a thermal annealing in
UHV at ~ 250 °C until the chamber recovers its base pressure (~ 1 x 107! mbar).
This temperature allows also to maintain a highly ordered surface and the correct
stoichiometry of the sample.

(iii)) Check for crystallinity and stoichiometry. The crystallographic quality can be
checked with diffraction tools, such as low energy electron diffraction (LEED), re-
flection high-energy electron diffraction (RHEED) or by spectroscopic tools such as
X-ray photoelectron diffraction (XPD). All of them retrieve the lattice order of the
crystal and give information about the quality of the film. The sample stoichiometry
is measured by XPS, comparing the normalised intensitief] of the peaks of Ge;q/Snygy
with the one of Teyy.

2The intensities are normalised by the cross-section, the inelastic mean free path of electrons and the transmission of the analyser.
All these parameters depend on the kinetic energy of the photoemitted electrons and then on the photon energy of the source, which
could be synchrotron radition as well as produced by Al or Mg targets.
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