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al lado o a miles de kilómetros. Eres la Sonia de mi Selena. Migui, mi bebesito,
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Nuestras charlas profundas que acaban en lágrimas y risas son un tesoro. Estoy
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parecidas para lo importante. Ojalá tenerte cerquita muy pronto (y que me avises
de que coja el paraguas). Y a Juanca, un abrazo tuyo me alegra el d́ıa, la semana o
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y ver cómo se te cae la baba, aunque intentaras hacerte el duro por fuera. Gracias por
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juntas. Roćıo, mi pegatina, me gusta que seamos inseparables desde siempre. En la
etapa que se viene ahora, espero que más que nunca. Gamero, gracias por cuidarme
y darme tanto cariño (normalmente en forma de comida). A mis sobrinas: Laila,



v
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Resumen

En las últimas décadas, la f́ısica cuántica se ha convertido en una de las áreas
de investigación más activas. Más concretamente, desde la aparición de las tec-
noloǵıas cuánticas, este campo está cobrando una gran relevancia, ya que estas
tecnoloǵıas prometen revolucionar la forma actual de procesar, almacenar y trans-
mitir información, basando su funcionamiento en efectos cuánticos tales como la
superposición, el entrelazamiento o el confinamiento cuántico. Estas tecnoloǵıas
encuentran su aplicación en campos como la criptograf́ıa cuántica, la computación
cuántica, la espintrónica o la metroloǵıa cuántica.

Sin embargo, el desarrollo de las tecnoloǵıas cuánticas no solo implica la inves-
tigación en el campo de la f́ısica cuántica, sino que requiere del desarrollo y estudio
en el área de la f́ısica de materiales, abarcando un amplio rango de sistemas, desde
materiales electrónicos convencionales, hasta materiales más exóticos como los su-
perconductores o los semiconductores magnéticos.

Para ello, la f́ısica de superficies, con sus técnicas de śıntesis y caracterización,
es una potente herramienta que permite el control, a escala nanométrica, de los
materiales y sus propiedades. Muchos de los efectos necesarios para la realización
de las tecnoloǵıas cuánticas ocurren en la interfaz entre dos materiales, como por
ejemplo en el caso del efecto de proximidad, del que se hablará con detalle en esta
tesis. Este efecto ocurre en la interfaz entre un superconductor y un ferromagnético
aislante. Para ello, controlar la composición qúımica y la estructura de las interfaces
es primordial. Gracias a las técnicas de ultra alto vaćıo, es posible obtener inter-
faces planas y libres de contaminantes, potenciando el efecto deseado y, por tanto,
mejorando el funcionamiento de los dispositivos que se basen en esas bicapas.

En concreto, esta Tesis se enmarca en el proyecto europeo superted, cuyo objetivo
es la realización de un sensor de radiación electromagnética basado en el efecto ter-
moeléctrico gigante. Dicho efecto fue predicho teóricamente en 2017 por A. Ozaeta
y colaboradores y tiene un paralelismo con el efecto termoeléctrico convencional. En
el efecto termoeléctrico se produce un desequilibrio entre electrones y huecos en la
unión de dos conductores que se encuentran a diferente temperatura, produciéndose
una corriente eléctrica, proporcional a la diferencia de temperatura y a constantes
propias de los conductores. Dicho efecto puede utilizarse para fabricar termopares,
comúnmente utilizados para medir temperaturas con precisión. En el caso del efecto
termoeléctrico gigante, el desequilibrio ocurre entre los estados de esṕın arriba y
esṕın abajo de un superconductor, cuando es sometido a un campo magnético o
puesto en contacto con un ferromagnético. Este efecto puede ser utilizado para
medir radiación electromagnética, suponiendo un gran avance en el campo de los
sensores criogénicos. Estos sensores, basados en materiales superconductores, están
formados por varios ṕıxeles, cada uno de los cuales requiere de ĺıneas de alimentación
para su funcionamiento. Para aumentar la resolución de los sensores, la estrategia
común es aumentar el número de ṕıxeles, aumentando a su vez el número de ĺıneas
de alimentación. Esto acarrea dos problemas principales: por un lado, la comple-
jidad de fabricar las ĺıneas de alimentación y, por otro, el calentamiento asociado
a las corrientes que circulan por dichas ĺıneas de alimentación, que pueden llegar
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incluso a producir la transición de superconductor a metal normal, impidiendo el
funcionamiento del sensor. Para ello, el sensor de radiación propuesto en superted
supone una gran ventaja, puesto que es autoalimentado, funcionando únicamente
con la radiación que le llega y ha de medir y evitando, asimismo, la implementación
de ĺıneas de alimentación.

El desequilibrio en la densidad de estados, en función del estado de esṕın, del
superconductor aluminio ha sido demostrado al ponerse en contacto con el ferro-
magnético aislante EuS, pero en presencia de campo magnético externo. Es por
ello, que el punto de partida de este trabajo han sido las bicapas Al/EuS, que se han
empleado para construir uniones de tipo túnel para demostrar el efecto de proximi-
dad. Gracias al control de las propiedades de dichos materiales y su interfaz tanto
a escala nanométrica como mesoscópica, estudiando cómo afectan las condiciones
de preparación a dichas propiedades y adaptándolas a los requerimientos de la apli-
cación, se ha demostrado el efecto termoeléctrico gigante, incluso sin aplicar campo
magnético externo.

A lo largo de este trabajo se presentarán estudios detallados del crecimiento de los
materiales ferromagnéticos islantes explorados (EuS, NiBr2 y FeBr2), combinando
técnicas de caracterización en ultra alto vaćıo y ex situ. Además, se estudiará la
fabricación de las uniones de tipo túnel, necesarias para la realización del sensor
basado en el efecto termoeléctrico gigante, estudiando las capas que lo conforman,
aśı como las condiciones del experimento que pueden modificarse para mejorar su
respuesta eléctrica (medida a través de espectroscoṕıa de efecto túnel, en cuatro
puntos). Y se introducirán otras aplicaciones en las que se han implementado estos
ferromagnéticos aislantes.

Por lo tanto, esta tesis pone de relieve la importancia de controlar las propiedades
nanométricas de los materiales, entendiendo cómo se ven afectadas por las condi-
ciones del experimento, observando una mejora de la respuesta de los dispositivos
fabricados en ultra alto vaćıo con respecto a los publicados anteriormente, y un
aumento de la reproducibilidad de los resultados.
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Abstract

In the last decades, quantum physics has become one of the most active areas
of research. Specially, since the emergence of quantum technologies, this field is
gaining interest, since these technologies promise to revolutionize the present way
of processing, storing, and transmitting information, based on quantum effects such
as superposition, entanglement, or quantum confinement. These technologies find
their application in fields such as quantum cryptography, quantum computing, spin-
tronics, or quantum metrology.

However, the development of quantum technologies involves not only research in
the field of quantum physics but also requires development and study in the area
of material physics, covering a wide range of systems, from conventional electronic
materials to more exotic materials such as superconductors or magnetic semicon-
ductors.

For this purpose, surface physics is a powerful tool that allows the control, at
the nanometer scale, of materials and their properties by mean of the synthesis
and characterization techniques. Many of the effects necessary for the realization of
quantum technologies occur at the interface between two materials, as in the case
of the proximity effect, which will be discussed in detail in this thesis. This effect
occurs at the interface between a superconductor and an ferromagnet insulator. For
that purpose, controlling the chemical composition and structure of interfaces is
crucial. Thanks to ultra-high vacuum techniques, it is possible to obtain flat and
contaminant-free interfaces, enhancing the desired effect and, therefore, improving
the performance of devices based on those bilayers.

In particular, this thesis is part of the European project superted, which aim
is the realization of an electromagnetic radiation sensor based on the giant ther-
moelectric effect. This effect was theoretically predicted in 2017 by A. Ozaeta and
co-authors and has a similar to the conventional thermoelectric effect. In the ther-
moelectric effect, there is an imbalance between electrons and holes at the junction
of two conductors that are at different temperatures, producing an electrical current
proportional to the temperature difference. This effect can be used to make ther-
mocouples, commonly used to measure temperatures with precision. In the case of
the giant thermoelectric effect, the imbalance occurs between the spin up and spin
down states of a superconductor when a magnetic field is applied or it is in contact
with a ferromagnet. This effect can be used to measure electromagnetic radiation,
representing a great advance in the field of cryogenic sensors. These sensors, based
on superconducting materials, are formed by several pixels, each of which requires
bias lines to operate. To increase the resolution of the sensors, the common strategy
is to increase the number of pixels, also increasing the number of bias lines. This en-
tails two main problems: on the one hand, the complexity of manufacturing the bias
lines, and on the other hand, the heating associated with the currents that circulate
through those bias lines, which can even cause the transition of the superconductor
to normal metal, impeding the sensor to work. Therefore, the radiation sensor pro-
posed in superted overcome this limitations, as it is self-powered, working only with
the incoming radiation that has to measure, thus also avoiding the implementation
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of bias lines.
The imbalance in the density of states, depending on the spin state, of the super-

conductor aluminum has been demonstrated when in contact with the ferromagnetic
insulator EuS, but in the presence of an external magnetic field. Therefore, the start-
ing point of this work has been the Al/EuS bilayers, which have been used to build
the tunnel junctions to demonstrate the proximity effect. Thanks to the control
of the properties of these materials and their interface both at the nanometric and
mesoscopic scale, studying how the preparation conditions affect these properties
and adapting them to the requirements of the application, the giant thermoelectric
effect has been demonstrated, even in the absence of an applied magnetic field.

Throughout this work, detailed studies of the growth and characterization of
ferromganetic insulators (EuS, NiBr2 and FeBr2) will be presented, combining char-
acterization techniques in ultra-high vacuum and ex situ. In addition, the fabrication
of the tunnel junctions needed for the realization of the sensor based on the giant
thermoelectric effect will be studied, examining each layer and their interfaces, as
well as the experimental conditions that can be modified to improve its electrical
response (measured through four-probe tunneling spectroscopy). Moreover, other
applications of these ferromagnetic insulators will be introduced.

Therefore, this thesis highlights the importance of controlling the nanometric
properties of materials, understanding how theexperimental conditions affect them,
observing an improvement in the response of the devices fabricated in ultra-high vac-
uum compared to those previously reported, and an increase in the reproducibility
of the results.



Chapter 1

Introduction

Quantum technologies are a rapidly growing field that implies the applica-
tion of quantum mechanics to create new technologies with enhanced capabilities.
The emergence of these quantum technologies requires the discovery and synthe-
sis of novel materials with specific quantum properties. The study of materials for
quantum technologies encompasses a wide range of disciplines, including quantum
mechanics, condensed matter physics, materials science, and engineering. Among
other applications, quantum computing [1, 2], quantum communication or quantum
sensing stand out. This Thesis will be mainly focused on cryogenic radiation sensors,
where the materials explored along the manuscript find application.

In the past years, cryogenic radiation detectors, which are based on supercon-
ducting materials, such as the transition edge sensor [3] and the kinetic inductance
detector [4] have been extensively explored. These sensors are some of the most
sensitive detectors of electromagnetic radiation, finding application in various fields
ranging from astrophysical observations to security imaging and materials charac-
terization. The present tendency in this field is to increase the number of sensor
pixels to allow for a simultaneous imaging and spectroscopy in the video rate of
the measured object. However, since the detectors are based on the changes on
the impedance, each pixel needs bias lines to feed it. Thus, increasing the number
of pixels is hampered by the technical difficulty of fabricating and controlling the
bias lines next to each pixel, along with the heating problem associated with them.
Since the detectors are made out of superconductors, they work at cryogenic tem-
peratures and a small increase in the temperature could lead to the transition from
superconducting to normal metal state.

To overcome these limitations, a new type of sensor which is self-powered by the
measured radiation is proposed. In the framework of the SUPERTED project [5]
we have been working to develop this detector, which working principle is the ther-
moelectric conversion of the radiation signal to electrically measurable one, based
on the newly found giant thermoelectric effect, predicted theoretically by A. Ozaeta
and coworkers. This effect takes place in superconductor/ferromagnet heterostruc-
tures [6] and was experimentally confirmed in 2016 [7], in an excellent quantitative
agreement with the theory. The working principle of the giant thermoelectric effect
exhibits a big parallelism with the conventional thermoelectric effect, in which a tem-
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perature difference between two metals (or semiconductors) produce an electron-hole
imbalance, generating a voltage. In the case of the giant thermoelectric effect, the
imbalance is between the spin-up and spin-down states. For that purpose, the den-
sity of states of the superconductor has to be spin-splitted via exchange field and in
turn coupled via a spin filter to another electrode. The presence of the spin splitting
leads to a strong electron-hole asymmetry of the spin-resolved density of states. By
means of the spin filter, the asymmetry can be driven across the detector, being a
thermoelectric current.

The spin-splitting in the density of states of the superconductor can be achieved
by placing a ferromagnet in contact, due to the magnetic proximity effect. The mag-
netic proximity effect is the phenomenon where the magnetic properties of a material
are affected by its proximity to another magnetic material [8]. Specifically, when a
non-magnetic material is brought into contact with a magnetic material, the mag-
netic field penetrates the non-magnetic material, influencing the spin of the electrons.
The magnetic proximity effect has been observed in a variety of materials systems, in-
cluding ferromagnetic/non-magnetic metal interfaces, ferromagnetic/semiconductor
interfaces, and superconductor/ferromagnet hybrids. The latter case is particularly
interesting because it gives rise to new and unique phenomena. For example, when
a superconductor is placed in contact with a ferromagnetic insulator, the spin polar-
ization of the electrons in the ferromagnetic material can penetrate into the super-
conductor, leading to a spin-dependent superconducting state. This state is often
referred to as a ”spin-triplet” state, in contrast to the conventional ”spin-singlet”
state found in most superconductors [9–11]. In principle, ferromagnetism and su-
perconductivity are antagonists: while the former tends to align all the electronic
spins, the latter is produced by Cooper pairs, which are quasiparticles formed by
to electrons coupled with opposite spin. However, if the ferromagnet is insulator,
ferromagnetism and superconductivity can coexist. The presence of proximity effect
even in the absence of external applied magnetic field has only been demonstrated
by the group of J. Moodera in Massachusetts Institute of Technology (MIT) in an
EuS/Au bilayer [12], with a lack of reproducibility of results.

My role in the superted project has been to investigate the best combination of
materials leading to an optimized giant thermoelectric effect, as well as to establish
a relation between the properties at the macro and nanoscale of the materials and
the interfaces, with the performance of the devices.

The superconductor/ferromagnetic insulator bilayer that showed magnetic prox-
imity effect was, as aforementioned, Al/EuS bilayer [7], but this heterostructure
required for the application of an external field to exhibit spin splitting. Thus,
Al/EuS bilayer was chosen as the starting point to fabricate the junctions, in order
to optimize the I-V characteristic and obtain the thermoelectric effect even without
applied magnetic field. For that purpose, the surface science approach was needed
to correlate the growth conditions with the chemical, structural and magnetic prop-
erties of the materials and their interfaces and, in turn, these properties with the
mesoscopic behaviour of the junctions. This would lead to a better knowledge of the
properties of the materials that have an impact on the performance of the junction
and to an enhance of the reproducibility of the results. Once the devices based on
Al/EuS bilayer have been proven, new materials, the bidimensional transition metal
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dihalides, were studied for their subsequent implementation in tunnel junctions.
Therefore, this manuscript is organized as follows: after introducing the objec-

tives of the work in the present chapter, the techniques employed for the growth,
fabrication and characterization of the materials and junctions, as well as the ex-
perimental setup implemented for this purpose, are presented in chapter 2. Chapter
3 contains the reported properties of the ferromagnetic insulators, which are the
material class that most affect the response of the junctions. The detailed study
of the thin layers of EuS, by a combination of in situ and ex situ characterization
techniques, relating these results with the growth conditions can be found in chapter
4. The implementation of EuS in the tunneling junctions of the superted project,
in addition to an optimization of the rest of materials and interfaces along the junc-
tions is in chapter 5. But, EuS have been implemented in other spintronic devices,
which are introduced in chapter 6. As aforementioned, in the second part of this
thesis the growth of 2D-transition metal dihalides down to the monolayer regime
was investigated, and the interaction with superconductors was explored in chapter
7. To end with, the main messages of the manuscript are summarized in chapter 8.
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Chapter 2

Characterization techniques

In this Thesis, the main work has been performed under Ultra High Vacuum
(UHV) conditions, with a base pressure below 10-9 mbar. Thin films of materials
have been evaporated and characterized in-situ chemically, structurally and magnet-
ically without breaking the vacuum. The devices that were explored in SUPERTED
project were also manufactured in this chamber, as will be explained in detail below.
In adittion, the layers and the devices have been characterized ex-situ, by AFM, in
a Physical Properties Measurement System (PPMS) or by tunneling spectroscopy.

Later in this work, the importance of UHV will be highlighted, giving details
about the control of the stoichiometry, the interfaces and the reproducibility of
results with respect to other approaches. In this chapter, first, the system will be
presented, then the in situ techniques will be explained to end with the ex situ
characterization techniques.

2.1 Growth of materials

For the growth of EuS, the preferred technique is the sublimation from stoichio-
metric powder via e-beam evaporator, since the evaporation of sulphur via Molecular
Beam Epitaxy (MBE) is technically difficult. The e-beam evaporator consists in a
crucible surrounded by a filament. The crucible is made of a material that does not
interact with the metal to deposit and with higher sublimation temperature than it
(W in this case). The filament supplies a current of the order of the milliamps and
a high voltage in the kV range. This filament delivers the necessary power to arise
temperatures above a thousand centigrade. The evaporator is water-cooled during
the process[13]. The sublimation temperature was estimated via the power vs tem-
perature calibration curve available from the manufacturer. The growth rate was
calibrated (before and after every evaporation) using a quartz microbalance, and
monitored during the growth via the embedded flux monitor. The absolute values
of the layer thickness were cross-checked by means of X-ray reflectivity (XRR) and
used as a correction for the calibration of the microbalance.

At the beginning of the thesis, e-beam evaporator was employed also to evap-
orate Al. This kind of evaporators are useful for sublimating metals with elevated
sublimation temperature. However, Al is a material that tends to wet the inner
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surface of the crucible and flow out. It is observed as an increment of the pressure
in the chamber and a drastic drop in the flux current of the evaporator, indicating
that there is no more material in the crucible. As a consequence, the UHV chamber
has to be vented, opened, the evaporator has to be refilled and the chamber needs a
bake out. This problem was solved by employing another type of evaporator: cold
lip effusion cell. It consists in a big crucible of PBN (Pyrolytic Boron Nitride) that
is heated up by radiation, with a wire filament and PBN rings for insulation. The
top of the crucible presents a reduced heating system, to avoid the escape of the Al.
This part is the cold lip[14]. It allows the sublimation of Al by increasing the tem-
perature up to 1400 ºC. The temperature in the bottom part (hot) of the crucible
is measured with a thermocouple and it is kept constant during the deposition.

The insulating barrier was produced by oxidizing the Al wire. In a separated
chamber, an oxygen plasma with a pressure of 3-4 10-3 mbar was created with the
help of a radio-frequency inductively-coupled plasma source. In contrast to the
works aimed to make the barriers for the magnetoresistive tunneling devices, the
plasma was extracted without using the acceleration voltage, thereby avoiding the
sputtering effect of the O-ions on the surface of the Al wires.

2.2 In-situ surface science characterization tech-

niques

2.2.1 X-Ray Photoemission Spectroscopy

X-Ray photoemission spectroscopy, XPS, is a surface sensitive technique for
chemical characterization, having its basis on the photoelectric effect, introduced
by Albert Einstein. This effect consists in the emission of electrons of a solid when
shined with photons (light). As represented in Fig. 2.1 a), when a photon beam of
energy hν reaches the sample, excites an electron that escapes the material. The
kinetic energy of this electron when arrives to the detector is measured (as observed
in Fig. 2.1 b).

The relation between the energy of the incoming photons and the kinetic energy
(KE) of the outcoming photoelectrons is:

hν = EKE + EBE + φ

with BE the binding energy of the photoelectrons (the energy of the electron-
nuclei bond) and φ the workfunction of the surface.

The binding energy is specific not only for each element, but for each species.
The position and shape of the peaks allow not only for the determination of the
composition of a material but for the chemical environment of a given element.

In XPS, the intensity of the emitted electrons (photoelectrons) is recorded as
a function of their kinetic energy. However, due to its specificity, the common
representation is intensity vs binding energy, as shown in Fig. 2.1 c, where the
overview XPS spectrum of a monolayer of NiBr2 on NbSe2 is shown. But XPS
spectra can be acquired at a given core level, obtaining detailed information about
the oxidation state and the bonding of the atoms. In Fig. 2.1 d, the XPS spectra
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Figure 2.1: a) Scheme of the basis of the x-ray photoelectron spectroscopy technique.
b) Representation of the set up of XPS. c) Example of an overview spectrum of XPS.
d) Example of a XPS spectrum at the Ni 2p core level.

of the same sample at Ni 2p core level is displayed. It can be observed that the 2p
energy level is splitted into two contributions (2p3/2 and 2p1/2) due to the spin orbit
coupling (SOC). In turn, the peaks can be deconvoluted, giving more information
about the species. XPS spectra are formed by several classes of peaks. The most
relevant peaks for this study are:

• Multiplet splitting. The final states can be splitted if there are unpaired elec-
trons in the valence level. The unpaired electron left in the core-level after
the photoionization can couple its orbital and spin momenta to the momenta
of the unfilled valence levels in different ways, giving rise to different final
states[15]. This multiplets appear in XPS spectra as a deconvolution of the
principal peaks.

• Shake-up peak. The finite probability of an ion to remain in an excited state
(few eV above the ground state) due to the excitation by the outgoing pho-
toelectron, produces a decrease in the kinetic energy of this photoelectron,
resulting in a ”shake-up” peak at higher binding energy[16].

• Satellite peak. The interactions between the ejected photoelectron and the
remaining electrons in the material leads to the creation of new energy states.
These peaks can provide additional information about the electronic structure
of the material. An important class of satellite peaks are shake-up peaks, where
the outgoing photoelectron makes an electron promote to an excited state,
leaving a hole in a lower energy level. The energy required for this transition
produces a decrease in the kinetic energy of the photoelectron, which translates
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to a characteristic peak in the XPS spectrum, at higher binding energy than
the main peak.

Moreoever, it is possible to perform a quantitative analysis of the XPS spectra
and calculate the stoichiometry of a surface, and the thickness of a deposited thin
layer. Given a material composed by two elements, the relation between them is:

n1

n2

=
I1/S1

I2/S2

(2.1)

where I is the number of photoelectrons per second in a specific spectra peak
and S is the atomic sensitivity factor. This number is specific for each transition in
an element and depends on multiple factors:

S = fσθyλAT (2.2)

with f the x-ray flux (photons/cm2·sec), σ the cross-section for the atomic orbital
(cm2), θ the angle between the photon path and the detector, y the efficiency in the
photoelectric process for formation of photoelectrons of the normal photoelectron
energy, λ the mean free path of the photoelectron in the sample, A is the area
from which photoelectrons are detected and T the detection efficiency for electrons
emitted from the sample.

The method that resulted in the most accurated results for the stoichiometry
has proven to be taking the area of a well defined peak as the value of I in Eq.2.1.

In the present work, XPS was used to study chemical properties such as oxidation
state and stoichiometry of thin layers as well as the interface with other materials.

2.2.2 Low Energy Electron Diffraction

Low-energy electron diffraction (LEED) was a pioneer technique in modern sur-
face science. It is based on the electron scatering experiment on Nickel by Davidsson
and Germer in 1927, where the wave nature of electrons was proben. In LEED, a
beam of electrons with low kinetic energy (20-500 eV) incides perpendicularly to
the surface, and the electrons that are elastically back-scattered by regions of high-
localised electron density produce a diffraction pattern[17, 18].

This pattern is obtained due to the similarity in the wavelength of the incident
electrons and the inter-atomic distances in the studied material (in the order of
Å). The de Broglie wave-particle duality stablishes that the electron beam can
be regarded as a succesion of electron waves with a wavelength dependent of the
moment of electrons:

λ =
h

p
(2.3)

The penetration depth of the electrons is very small due to their low energy,
being the LEED a surface sensitive technique.

To analyze a diffraction pattern, it is neccesary to work at reciprocal space, using
the reciprocal lattice vector:
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Figure 2.2: Low Energy Electron Diffraction: a) representation of the set-up of the
experiment, b) Ewald sphere with the Laue condition for the existance of a diffracted
beam and c) LEED pattern of 4 nm of EuS grown on InAs(001), acquired at 61 eV.

−→gi =
2π(−→aj x −→n )

|−→ai x −→aj |
; i, j = 1, 2 (2.4)

To obtain a diffraction pattern, the Laue conditions has to be satisfied:(−→
ki x

−→
kf

)−→ai = 2πk; i = 1, 2 (2.5)

The conservation of the energy requires |
−→
kf | = |

−→
ki |. The Ewald construction,

represented in Fig. 2.2 b), summarizes both conditions. A sphere with a radius of

|
−→
ki | contains all the possible |

−→
kf | momentum vectors that fullfil the conservation of

the energy. In the points where the dashed lines cross the Ewald sphere, the Laue
condition is satisfied, obtaining a diffraction maximum.

The diffraction pattern provides the relationship between the substrate’s recip-
rocal lattice and the superstructure’s reciprocal lattice, leading to determine the
superstructure’s unit cell in real space.

2.2.3 Scanning Tunneling Microscopy

The scanning tunneling microscopy (STM) is a technique able to resolve surfaces
down to the atomic scale. It was developed by Gerd Binnig and Heinrich Rohrer in
1981[19].

In this microscopy, a sharp, metallic tip scans the surface of a conducting mate-
rial at such small distance (3-5 Å) that the wavefunction of the tip and the sample
overlap. The exponential decay of these wavefunctions enter in the junction gap.
When a bias voltage is applied between the sample and the tip, the quantum me-
chanical tunneling occurs and a tunneling current (in the order of nA) appears. This
tunneling current is proportional to the applied voltage, to the average barrier height
(φ) and to the gap width, s, as writen in Eq. 2.6. The mechanism is represented in
Fig. 2.3.

JT ∝ VT exp(−A φ1/2 s) (2.6)
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Figure 2.3: Schematic representation of the working principle of scanning tunneling
microscopy (STM): the current is kept constant as the tip moves across the surface,
experiencing voltage drops over bumps. The voltage is converted into a topographic
image [20].

Both the occupied and unoccupied states can be studied by STM, by changing
the polarization of the bias voltage, enabling the current to flow from the tip to the
sample or vice versa.

2.3 Synchrotron techniques

The synchrotron light is of importance in the investigation of materials due to
its capability of deliver much more photons than a laboratory source, with a higher
resolution. It provides a continuous, wide spectrum, with the possibility of tunning
the energy of the photons to the resonance of a certain element of the material and
a well defined polarization.

2.3.1 X-Ray Absorption Spectroscopy

To obtain information about the empty states of the atoms in a material, X-Ray
Absorption Spectroscopy (XAS) is employed.

The principle of XAS is similar to XPS: using photons to study a material. In
the case of XAS, the excited electron does not escape the atom, but promotes to
an empty state of the material when shined by photons. When the electron relaxes,
emits photons that excite other electrons that escape the material. The total number
of emitted electrons when the material relaxes (total yield) is registered as a function
of the energy of the incoming photons, obtaining information about the empty states
of a material [21].
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If the incoming radiation is polarized, it is possible to study the geometry of
empty orbitals of a material or its magnetic properties.

Figure 2.4: X-ray Absorption Spectroscopy: a) schematic representation of the pro-
cess and b) XAS spectrum of Ni L2,3.

X-Ray Magnetic Circular Dichroism

For the case of magnetic materials, the cross section of the absorption depends
on the polarization of the light, obtaining different absorption spectra for left and
right circularly polarized light. This difference in XAS is known as X-Ray Magnetic
Circular Dichroism, XMCD[22].

The XMCD technique provides element specific magnetic information, since the
energy of the photons is chosen to be in the range of a given transition between
energy levels.

Hysteresis loops can be measured by means of XMCD, by sweeping a magnetic
field while acquiring the absorption at the energy of the XMCD maximum.

For the quantification of the momenta, separating the orbital and spin contribu-
tions, the sum rules were introduced in 1992. A dichroic signal is obtained from the
difference of two spectra measured with opposite polarization, while the so called
whiteline is the average of them. If we call the possitive and negative circularly

Figure 2.5: XAS and XMCD spectra at L2,3 edge of Ni: a) whiteline with integration
b) XAS spectra for positive and negative polarizations (red and black, respectively)
and c) XMCD spectrum with corresponding integration.

polarized spectra µ+ and µ−, respectively, the whiteline (µ) and the XMCD signal
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(µXMCD) will be:

µ =
µ+ + µ−

2
(2.7)

µXMCD = µ+ − µ− (2.8)

Taking the integral over the whiteline and the XMCD spectra, the r, p and q
parameters are obtained. For the case of L2,3 edges, the sum rules method relates
the orbital and the spin moment with these parameters. Following the notation of
Chen et al. [23] the orbital and spin moments, in µB/atom, can be calculated as:

morb = −2

3

q

r
Nh (2.9)

mspin = −3p− 2q

r
Nh

(
1 +

7 < Tz >

2 < Sz >

)−1

(2.10)

with Nh the number of holes, < Tz > the expectation value of the magnetic
dipole operator and < Sz > the expected value of z component of spin. For bulk
materials as well as for cubic geometries < Tz > is negligible.

X-Ray Linear Dichroism

In the case of linear polarization of the incident light, geometrical information
about the material can be obtained. This is a consequence of the dependence of
the selection rules on the dipolar distribution of the orbitals. The most prominent
resonances in XLD at the energy of the L2,3 transitions are related to the promotion
of electrons from the s orbital (with no preferential orientation) to the p orbitals
that are non uniform. The difference in the signal between the in plane and out of
plane polarizations is the linear dichroism[24].

The polarization dependence of the absorption can be expressed as a function of
the angle between the electric field vector and the direction of the bond.

2.3.2 Low Energy Electron Microscopy and Photoemission
Electron Microscopy

Low energy electron microscopy, LEEM, is an imaging tool where back-scattered
electrons form an image of 10 nm lateral resolution. The working principle is similar
to LEED: electrons with low energy incide the sample and escape the material. In
this case, the ellastically back-scattered electrons provide an image in real space and
real time, with structural constrast[27].

In photoemission electron microscopy, PEEM, the surface is shined with photons
and the emitted photoelectrons lead to the formation of the image[28, 29], providing
chemical contrast, also with spatial resolution in real time.

Everything is represented in Fig. 2.6.
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Figure 2.6: Schematic of the operational modes of LEEM/XPEEM: imaging, diffrac-
tion, spectroscopy. LEED pattern of Fe3O4/Pt(111) and (A) bright-field LEEM,
(B–D) dark-field LEEM, and (E) XPEEM [25, 26].

2.4 Ex situ material characterization

2.4.1 Atomic Force Microscopy

Atomic force microscopy, AFM, is an scanning probe technique that allows to
image surface structures. The main difference between this technique and STM is
that AFM does not require extreme conditions, as low pressure or low temperature.
Moreover, its is posible to perform AFM measurements in isolating samples[30, 31].

The working principle consists in a sharp tip integrated at the end of a cantilever,
which is flexible. When scanning the surface, the tip finds features with variable
height and the cantilever is deflected. This deflection is registered by a laser beam
reflected from the back side of the cantilever.

There are two principle working modes in AFM: contact and tapping mode. In
the first mode, the tip is always in contact with the surface during the scanning
while in the latter, the AFM cantilever oscillates around the resonance frequency
and the tip touches the surface at the lowest vertical position [30]. This is displayed
in Fig. 2.7.
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Figure 2.7: Schematic representation of an atomic force microscope [32].

2.4.2 Magnetic characterization by Physical Properties Mea-
surement System

The Physical Properties Measurement System (PPMS) is a variable tempera-
ture/field system, designed to perform numerous different measurements, including
heat capacity, resistivity, magnetometry and thermal transport, by adapting the
conditions of the experiment. Fig. 2.8 shows the system. For this work, PPMS has
been used to measure the magnetic loops of thin films and determine their mag-
netic moment and Curie temperature. For that, two different configurations were
employed: vibrating sample magnetometry and ac-susceptibility.

Vibrating Sample Magnetometry

The basis of this technique is in Faraday’s law, where an electromotrive force is
induced in a conductor by a variable magnetic flux. In VSM, the sample viabrates
sinusoidally with small, fixed amplitude with respect to the stationary coils, under
a homogeneous magnetic field.

The change in the magnetic field at a point (r) in the coil induces a voltage which
is given by:

V (t) =
∑
n

∫
A

∂B(t)

∂t
dA (2.11)

with A, the area vector of a turn of the coil and the summatory of the n turns of
the coil. B(t) is given by the dipolar approximation, assuming that the dimension of
the magnetized sample is small compared to its distance from the detection coils[34].

Ac-susceptibility

The working principle of ac-magnetometry is similar to VSM: producing an elec-
tromotive force in the coil that can be detected and related to the magnetization
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Figure 2.8: Sketch of a physical properties measurement system[33]

in the sample. In this case, the sample is static, and the magnetic field is a su-
perposition of the dc field and an ac magnetic field. The latter leads to oscillating
magnetic moments in the sample. By analyzing the amplitude and phase of the
magnetic response as a function of frequency, it is possible to extract information
about the magnetic properties of the material, such as the magnetic susceptibility,
the magnetic anisotropy, and the magnetic relaxation behavior[35, 36].

In this Thesis, this technique will be used to measure the susceptibility, so here-
after I will refer to this technique as ac-susceptibility. This measurement technique
can be used to determine the Curie temperature (TC) of a material by measuring
the temperature dependence of the magnetic susceptibility at a fixed frequency. By
plotting the magnetic susceptibility as a function of the temperature of the sample,
the maximum in the curve corresponds to the temperature at which the magnetic
moments in the material become disordered and the material undergoes a phase
transition from a ferromagnetic or ferrimagnetic state to a non-magnetic state, i.e.
the Curie temperature.
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2.5 The experimental setup for the growth and in

situ characterization

With the aim to grow and characterize the FI/S interfaces and devices based on
them, a new preparation chamber was implemented in the ultra high vacuum (UHV)
chamber to allow to fabricate the devices without exposing it to air and using the
growth and characterization techniques common in Surface Science. Hence, the
complete machine consists on four UHV chambers (with base pressure of 10−9-10−10

mbar) connected by valves, as can be observed in Fig. 2.9. This leads to the
possibility to grow every layer, as well as to carry out the material characterization
without breaking the vacuum. This is an important approach since the chemical
composition of the layers and their interfaces are preserved during the whole process.
The chambers for the characterization are the LEED and XPS chambers, where
structural and chemical analysis are performed (more details about the techniques in
sections 2.2.2 and 2.2.1, respectively). For the growth of the materials, a preparation
chamber and an oxidation chamber are employed.

Figure 2.9: Ultra High Vacuum (UHV) system for the preparation and material
characterization of devices.

The preparation chamber, shown in Fig. 2.10, contains several ports where
evaporators can be placed. Those evaporators point to the center of the chamber.
A quartz microbalance (QMB) to measure the rate of the deposition of material is
also installed. For the cleaning of surfaces, the chamber has a sputter gun with Ar
microcan for Ar+ sputtering.

At the beginning of this thesis, a new manipulator for the preparation chamber
was designed and installed. The novelty of this manipulator is the presence of three
vertical slots to insert mask, enabling the growth of thin wires of materials in UHV
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suing shadow mask technique. From bottom to top, those slots are designed to
insert: i) the heating filament to perform annealing or degassing of the samples, ii)
the samples and iii) the shadow masks. The implementation of shadow masks in the
machine allows the manufacture of devices, preserving the vacuum and, therefore,
the quality of the interfaces. As shown in Fig. 5.2, some layers consist in metallic
wires of 100 µm wide, with pads for measuring with probes. By evaporating a metal
through the shadow mask (Fig. 2.10 d), the wire is obtained. The manipulator can
be heated up to 1200 ºC (by resistive or sputter heating) and cooled down to liquid
N2 temperature. Fig. 2.10 b) contains the details of the calculations made for the
proper design of the geometry of the manipulator, and the distance mask-to-sample,
to ensure that the 5 mm long deposited wire will fit in the substrate and the width
will not differ much from the nominal 100 µm of the mask.

heater

sample

mask
b)

d)c)

a)

Figure 2.10: a) Representation of the manipulator with three slots for shadow mask,
sample and heater. b) Schematic representation of the manipulator to calculate the
proper distances to provide the full coverage of the sample during the deposition. c)
Integration of the manipulator in the preparation chamber. d) Shadow masks.

Taking into account that the distance slot-slot is d=5 mm, the distance from
the top most part of the manipulator to the slot for the sample is h=6 mm, and
the angle of the cone of the deposited material entering the manipulator is 60 ◦, the
following calculations for the uncovered part of the sample (s) and the covered part
(w) were performed:

s = h tan(30◦) = 3.5 mm (2.12)

w = 15− 2s = 8 mm (2.13)

The process of the manufacture of a device consisted in a multiple steps procedure
that implies the evaporation of EuS and Al, the formation of the AlOx barrier and
subsequent Co evaporation, followed by a protective layer deposition.

For the growth of EuS, the preferred technique is the sublimation from stoichio-
metric powder via e-beam evaporator, since the evaporation of sulphur via Molecular
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Beam Epitaxy (MBE) is technically difficult. The e-beam evaporator consists in a
crucible surrounded by a filament. The crucible is made of a material that does not
interact with the metal to deposit and with higher sublimation temperature than it
(W in this case). The filament supplies a current of the order of the milliamps and
a high voltage in the kV range. This filament delivers the necessary power to arise
temperatures above a thousand centigrade. The evaporator is water-cooled during
the process[13]. The sublimation temperature was estimated via the power vs tem-
perature calibration curve available from the manufacturer. The growth rate was
calibrated (before and after every evaporation) using a quartz microbalance, and
monitored during the growth via the embedded flux monitor. The absolute values
of the layer thickness were cross-checked by means of X-ray reflectivity (XRR) and
used as a correction for the calibration of the microbalance.

At the beginning of the thesis, e-beam evaporator was employed also to evap-
orate Al. This kind of evaporators are useful for sublimating metals with elevated
sublimation temperature. However, Al is a material that tends to wet the inner
surface of the crucible and flow out. It is observed as an increment of the pressure
in the chamber and a drastic drop in the flux current of the evaporator, indicating
that there is no more material in the crucible. As a consequence, the UHV chamber
has to be vented, opened, the evaporator has to be refilled and the chamber needs a
bake out. This problem was solved by employing another type of evaporator: cold
lip effusion cell. It consists in a big crucible of PBN (Pyrolytic Boron Nitride) that
is heated up by radiation, with a wire filament and PBN rings for insulation. The
top of the crucible presents a reduced heating system, to avoid the escape of the Al.
This part is the cold lip[14]. It allows the sublimation of Al by increasing the tem-
perature up to 1400 ºC. The temperature in the bottom part (hot) of the crucible
is measured with a thermocouple and it is kept constant during the deposition.

The insulating barrier was produced by oxidizing the Al wire. In a separated
chamber, an oxygen plasma with a pressure of 3-4 10-3 mbar was created with the
help of a radio-frequency inductively-coupled plasma source. In contrast to the
works aimed to make the barriers for the magnetoresistive tunneling devices, the
plasma was extracted without using the acceleration voltage, thereby avoiding the
sputtering effect of the O-ions on the surface of the Al wires.
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Properties of the ferromagnetic insulators

Ferromagnetic insulators are a class of materials that exhibit magnetic ordering
even in the absence of external field while the flow of current is impeded. Thanks to
these unique properties, they are appealing materials for fundamental research and
technological applications. They have been used to study physical phenomena as
magnetic phase transitions, spin waves, magnon trans- port or spin currents [37–39].
They have been found multiple applications in a wide range of fields, being exten-
sively used in magnetic memory storage devices [40], spin filters and spin polarizers
in devices such as magnetic tunnel junctions (MTJs) [41, 42] or spin valves [43], and
exhibiting potential for applications in quantum computing, to create and manip-
ulate qubits [1, 2]. In the present chapter, the chemical, structural and magnetic
properties of the ferromagnetic insulators employed in this thesis, reported for bulk,
will be introduced.

3.1 Bulk properties of ferromagnetic insulator EuS

Since the discovery of ferromagnetism in EuO in 1961[44], the research in Eu
chalcogenides was developed. The importance of semiconducting ferromagnets for
applications in data storage motivated the investigation in this family of materials.
Out of this class of materials, EuO and EuS are ferromagnetic, EuTe is antiferro-
magnetic and EuSe presents both phases[45].

Europium is a lanthanide, with 63 as atomic number and an electronic config-
uration of [Xe]4f76s2. When forming the EuS compound by bonding to sulfur, Eu
shares the 2 6s electrons with S, resulting in an +2 oxidation state, with a half-filled
4f shell with a spin of 7/2.

EuS crystallizes in a cubic rock salt structure, with a lattice constant of 5.968
Å, as displayed in Fig. 3.1.

As opposed to transition metal compounds, where the magnetism arises from
the 3d orbitals, the magnetic properties of EuS, as in the rest of the europium
chalcogenides, come from the 4f-shell of Eu. The 4f-shell is spherical and more
tightly bound to the nucleus of the atom than the 3d orbital. For that reason, the
electrons that are responsible of its magnetism are shielded by the electrons in the
5s and 5p orbitals, so the 4f electrons do not participate in the chemical bonding
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Eu S

Top view Side viewa) b)

Fm-3m symmetry group

Rock salt structure

a=5.968 Å

Figure 3.1: Crystal structure of EuS: a) top view and b) side view.

between the atoms. The magnetic moment is 7µB/Eu atom, since the 7 electrons
in the 4f orbital are aligned, following the Hund’s rules, being pure spin moment,
without orbital component. The ferromagnetism of EuS comes from the positive
exchange interaction between the Eu2+ ions in EuS, that are aligned below the Curie
temperature (16.8 K). Since the electrons that take part in the magnetism of EuS
are highly localized in an orthogonal orbital, it can be considered as a Heisenberg
ferromagnet, and the effective exchange energy (Hex) can be described as:

Hex = −2
∑
i<j

JijŜiŜj (3.1)

where Si(j) is the spin angular momentum operator at site i (j), and Jij is the exchange
constant.

3.2 Layered van der Waals dihalides: NiBr2 and

FeBr2

The field of bidimensional materials is growing fast in the last two decades, since
the exfoliation of graphene in 2004 [46]. The new intringuing physical properties
that come up when the dimensionality of materials is decreased lead to potential
applications. Among other applications, the possibility of substituting silicon by
van der Waals heterostructures in the complementary metal-oxide-semiconductor
switches for lower power consumption has increased the number of publications in
this field. With that aim, investigation of the properties of those heterostructures,
both on the microscopic and mesoscopic level, reaching the length scale relevant for
possible low-dimensional applications is required.

There are plenty of theoretical studies predicting magnetism in monolayered
materials[37, 47–53], but only a few intrinsic 2D ferromagnets were experimentally
found. [54–65] The most explored magnetic 2D materials are trivalent halides MX3

(M=metal, X=halide), that were first mechanically exfoliated and recently found
to be grown by Molecular Beam Epitaxy (MBE) in ultra high vacuum (UHV)[66].
Bulk divalent halides (MX2) are known to be magnetic, but there were not studies
in the limit of a single layer[67, 68].
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NiBr2 is a van der Waals semiconducting material, with a Ni plane embedded
between two Br planes. Its in-plane lattice constant is 3.7 Å, and the interlayer
distance, 3.24 Å[65]. The oxidation state of Ni atoms is 2+, since they use 2 valence
electrons to bond to the Br atoms. The Ni2+ ions are octahedrally coordinated, with
a 3d8 electronic configuration with a filled t2g and a half-filled eg levels. The nominal
magnetic moment of Ni ions is 2 µB, which only contribution comes from the spin
moment, while angular momentum is quenched. For the bulk material, the ordered
magnetic state consists in ferromagnetic slabs stacked antiferromagnetically along
the crystallographic c-axis, with a Curie temperature of 52 K [67]. The theoretically
predictions for bidimensional NiBr2 suggest a ferromagnetic ground state with a net
magnetic moment between 1.57 and 1.88 µB [55, 65]. For the Curie temperature
of a monolayer of NiBr2, a calculated value of 136–140 K has been reported. This
value is rather higher than the TC of 2D trivalent halides (below 45 K) [55, 65].

Ni (Fe)

Br

3.24 Å

3.7  Å
1 T

Figure 3.2: Schematic representation of the NiBr2 structure. Side (left) and top
(right) view.
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Chapter 4

Ferromagnetic insulator EuS thin films

In the previous Chapter (3.1), the properties of bulk EuS were presented. How-
ever, in this thesis, EuS is implemented in devices as thin films, where properties
strongly depend on the thickness, the composition and the structure. And all this
parameters are determined by the film deposition. Thus, in the present chapter the
aim is focus on the evaporation of EuS thin films and how the preparation process
unveiled strong variation of the chemical composition. The thermodynamics of the
sublimation process were studied in detail by Smoes and coworkers in [69], showing
that EuS powder decomposes during evaporation and the ratio Eu:S in the gas phase
varies with increasing temperature, from nearly 1:1 ratio at 1100 ℃to the Eu-rich
mixtures at temperatures above 1700 ℃.

The study of the properties of the thin layers made out of this ferromagnetic insu-
lator, which are necessary for applications in devices, have been focused principally
in the epitaxial growth on substrates that are not suitable for many applications.
The poor reproducibility of the performance of the devices and a lack of understand-
ing of the causes motivate this study.

In this chapter, are discussed the properties of thin EuS films sublimated in
UHV conditions. First, thin films of EuS were grown on InAs(100) to explore the
epitaxial growth on this semiconductor. Next, the impact of the parameters of
the deposition (pressure, thickness, sublimation temperature) on the chemical and
magnetic properties of this layers of EuS are presented.

The EuS was evaporated from stoichiometric powder using a electron beam evap-
orator, varying the thickness or the power supplied to the evaporator depending the
case. The chemical properties were explored by XPS, the structural characteriza-
tion was performed by a combination of LEED, AFM, STM and TEM, and the
magnetism was studied via XMCD, VSM and ac-susceptibility.

4.1 Polycrystalline epitaxial growth on InAs(100)

Single-crystal magnetic materials exhibit enhanced magnetic behaviour with re-
spect to polycrystals. Thus, the implementation of an epitaxial layer of a magnetic
material in a device, allows for the performance at higher temperature, due to its
higher TC with respect to the amorphous material.
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The research on the epitaxial growth of EuS started long time ago and several
substrates have been employed for that purpose. Chen and Zeitman reported the
first attempt in 1964 [70], where the epitaxial growth of EuS on MgO, CaF2, NaBr
and NaCl were reported as well as the formation of polycrystalline films on Cu,
Si, Ge and mica. In 1973, Reichelt and Viehweg achieved the epitaxial growth of
EuS on mica [71], and in the 80s Zinn et al. proved it on Si [72–74]. Some of
these outcomes are striking, given the significant discrepancy between the lattice
of EuS and materials such as MgO or Si. In order to explain their results, the
authors determined that the substrate temperature during the crystallinity growth
of EuS films was a determining factor. Thus, Zinn et al. reports that below 900℃a
polycrystalline EuS layer is produced on Si while single crystal films grow above this
temperature. More recent works focus on PbS and BaF2 substrates, and determine
that the most ordered films were deposited at a substrate temperature ranging from
200 to 400 ℃[75, 76]. Most recently, Goschew et al. [77] demonstrated the epitaxial
growth of EuS on PbS and InAs. Both materials present a zinc-blende crystalline
structure with a lattice constant of 5.869 and 6.058 Å, respectively, that compared
to the lattice parameter of EuS (5.968 Å), results in a mismatch of only 1.7 % and
1.5 %, respectively. InAs has also been shown as a good candidate to form nanowires
where EuS is deposited epitaxially. Some of the facets were covered with EuS while
in the others superconducting Al was grown. This hybrid structure was proven to
exhibit exchange coupling in the absence of external applied field[78].

Given these results, InAs was chosen as the substrate for the epitaxial growth
of EuS in this work. Indium arsenide is a semiconductor composed of indium and
arsenic. The InAs (100) face can end in In or As. After the preparation under UHV
conditions, in the absence of an As atmosphere, the InAs (100) typically shows
a c(4 × 2)/(8 × 2) surface reconstruction due to the formation of In rows. First
step to achieve the epitaxial growth of EuS on InAs(100) is to obtain a clean, flat
and ordered substrate. To find the optimal parameters to clean the InAs(100), a
wafer with 10x10 mm2 area was introduced in the UHV chamber and degassed prior
to proceed with subsequent cycles of Ar+ sputtering and annealing. The surface
crystallinity was followed via LEED and RT-STM, and the most relevant results are
presented in Fig.4.1.

For temperatures below 400℃ (Fig.4.1a), the LEED pattern, although visible,
presents a strong background, meaning that the surface is not well ordered. This is
confirmed by STM that reveals a surface formed by very small grains. Increasing the
temperature of the annealing (from 410 to 465 ℃), Fig.4.1b-c, the surface roughness
reduces and large terraces appear. The LEED pattern presents the 4x2/c(8x2)
reconstruction expected for In-rich surface [79]. When the annealing temperature
reaches 500℃, the LEED is still presenting the same reconstruction, but bubbles can
be observed in the STM images (marked with green arrows in Fig.4.1d) meaning that
an overheating of the surface has taken place.

Once the substrate preparation has been optimized, EuS is evaporated by elec-
tron beam sublimation, in UHV conditions (10-9 mbar), with the substrate at room
temperature and maintaining the deposition rate around 0.1 nm/min. A thin layer
of EuS was inspected via RT-STM, but the insulating character of the EuS hindered
the acquisition of reliable images, hence, AFM images, as the ones shown in Fig.
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Figure 4.1: The evolution of the surface ordering of InAs (100) with the preparation
cycles.

4.2, were measured. Five micrometer size image shows a quite smooth layer formed
by small crystals (Fig. 4.2a), as confirms the high magnification image on Fig. 4.2b.

200 nm

b)

1 μm

a)

Figure 4.2: AFM images of an EuS layer grown on InAs (100) at different scale a)
5x5µ2 and b) 1x1µ2

A thicker EuS layer (≈40 nm) was produced and covered with approx5 nm of Al
to prevent the oxidation outside the UHV chamber. The structural characterization
of the sample was performed via a combination of Transmission Electron Microscopy
(TEM), X-Ray Diffraction (XRD) and X-Ray Reflection (XRR), as represented in
Fig. 4.3. The cross section of the sample was inspected via TEM and the images are
presented in Fig. 4.3 a-c. TEM confirms the ordering in the InAs substrate that was
already observed by LEED and STM in Fig. 4.1. The EuS layer also shows ordering,
specifically along the (200) axis, as XRD displays the (200) and (400) EuS peaks
at 30◦ and 62.0◦, respectively. This ordering may result contradictory regarding the
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results from AFM images (Fig. 4.2) where a polycrystalline textured growth of EuS
was presented. However, at the interface between EuS and InAs, a different phase
is observed. As aforementioned, the mismatch between EuS and InAs lattices of
≈ 1 % permits the epitaxial growth of EuS/InAs bilayers but Liu and coauthors[63]
find at the interface a region with around two monolayers thickness with a 10%
lattice compression. In Fig.4.3a, the interface is around 5 nm thick, and this extra
thickness is attributed to the In atoms diffusion into the EuS phase, caused by the In-
terminated surface obtained during the preparation of the substrate, and the absence
of temperature of the substrate during the deposition of EuS, which is highlighted
in previous works[72–74, 77]. Despite this could be regarded as a disappointing
result, given the thick interlayer between the two materials, the fact that ordered
EuS can be produced at room temperature is positive for the application in devices,
where sometimes EuS has to be evaporated onto patterned substrates that cannot
be heated up, and also it is easier for a possible scale to industry. The microscopic
result from TEM is confirmed also by a macroscopic technique, XRR, which shows
the exact same 5 nm interface between EuS and InAs (Fig.4.3 e).
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Figure 4.3: TEM image of the cross section of 40 nm on InAs, with three differ-
ent areas (from top to bottom): ordered EuS, interface and InAs substrate. (b-c)
Zoomed TEM image of EuS and InAs, respectively. d) XRD with the EuS peaks,
showing the (200) orientation of the layer. e) Schematic representation of the sample
based on the XRR results, confirming the presence of a 5 nm interface between EuS
and InAs, with higher density than the ordered EuS.

The disordered interface was proven by means of a different approach: two EuS
layers were grown on InAs(100), each of them with different thickness. The first
layer was 1 nm thick, which is below the thickness of the interface, and the second
layer was 5.5 nm, a value right above the interface. The LEED patterns of both
were collected and presented in Fig. 4.4. For the case of the thinnest sample, no
pattern was observed, confirming that the surface is composed of multiple small
crystal aranged in random orientations. By contrast, the 5.5 nm sample exhibits
the 1x1 LEED pattern, typical for a rock salt structure, revealing that the surface
is epitaxial, as indicated in Fig. 4.3. Nonetheless, the diffraction spots are quite
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broad, indicating the presence of defects, such as dislocations.

a) b) c)

Figure 4.4: LEED patterns measured at 65 eV of a) pristine InAs (100), b) 1 nm
and b) 5.5 nm of EuS grown onto it.

In order to determine magnetic domains of the grown EuS layer, a sample with
≈10 nm thick EuS was measured using Magnetic Force Microscopy (MFM). A com-
parison of the topography and magnetic response at zero and 10000 Oe is presented
in Fig. 4.5. In this configuration, the applied magnetic field is perpendicular to the
sample, which may not affect the appearance of MFM images with and without the
field. Moreover, the images at zero field were acquired after the magnetization of
EuS.

Not clear magnetic contrast is observed neither in absence nor in the presence of
magnetic field. The maximum contrast is obtained around a defect (at the left top
corner of the images), which was used by the AFM tip as reference. This means that
the samples in this study are single domain, in contrast with the P. Tischer et al.
work[80], that showed magnetic domain walls in an EuS layer with 40 nm thickness
at a similar scale, using a Lorentz microscope.

In summary, the deposition of EuS layers on clean, ordered and flat InAs(100)
surface at room temperature leads to the formation of an ordered, crystalline EuS
layer, with an interface of 5 nm thickness caused by the diffusion of In atoms on
EuS.

4.2 Chemical and magnetic properties

The production of thin films of EuS is a challenging process that with significant
implications in a vast range of fields. Despite EuS is the most characterized material
of its family, Eu and S can form other compounds as di-, tri- and tetrasulfides of Eu.
Moreover, europium has a strong affinity for reacting with oxygen to form oxides
and sulfates (compounds that contains Eu, S and O). Some of them, as EuO, are
magnetic materials, but most of them are paramagnetic.

The stability and properties of these materials depend of the synthesis conditions
and composition. Therefore, its is crucial to study how the growth conditions affect
the chemical composition and the magnetic properties of the thin films. Thus, in
this section, a combination of XPS, VSM, ac-susceptibility, and XMCD techniques
was used to elucidate the parameters that control the chemical composition and,
consequently, the magnetic properties.
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a) b)

c) d)

Figure 4.5: MFM images of 11 nm of EuS on InAs (100): topography (top) and
magnetic contrast (bottom), in the absence of field (left) and with a perpendicular
applied magnetic field of 10000 Oe (right). Images were acquired at 10 K.

For a better understanding of the XPS results that will be discussed in this thesis,
and specially in this section, an example of the Eu 3d core level XPS spectrum of thin
film of EuS is presented in Fig. 4.6. This core level is presented after a background
substraction. First, the photoemission spectrum is composed by two main peaks
associated to the spin orbit components: Eu 3d3/2 and Eu 3d5/2 centered at 1154.14
eV and 1124.95 eV, respectively (∆E = 30 ± 1 eV between them). Second, this
core level presents several shake-up and satellite peaks, as labelled in the image.
The shake-up components are originated by the non-monochromatic character of
our XPS lamp (at 9.8eV lower B.E. w.r.t. the core level). The satellite, located at
1133.1 eV and 1161.1 eV, coincide with the previous assessment of the Eu2+ oxidation
state[81]. Finally, in order to properly fit the entire core level, two additional peaks,
centered at around 1134.03 eV and 1163.03 eV, are necessary. They are associated
to a small contribution from Eu3+ phase according to previous works [82–84].

Now that the XPS spectrum has been introduced, the impact of the growth
conditions on the chemical and magnetic properties will be studied.

4.2.1 The importance of Ultra High Vacuum

For the fabrication of devices containing EuS, groups are commonly working in
the High Vacuum regime, with a base pressure of approximately 10-7-10-6 mbar.
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Figure 4.6: Example of a XPS spectrum of EuS at the Eu 3d core level, with the
contributions labelled.

Under this condition, the residual gas in the vacuum chamber typically contains O2,
H2O, and CO2. In order to probe whether these gases affect the chemical composition
of the deposited layers, EuS was sublimated under different pressure conditions.
Figure 4.7a shows the Eu 3d core level measured for 3 nm EuS layers grown with
the same parameters on SiO2/Si, under three different vacuum conditions: Ultra
High Vacuum (UHV), 10-9 mbar, and High Vacuum (HV) 10-7 mbar and 10-6 mbar.
The intensity of all the spectra have been resized to make all the S 2s spectra have
the same height, and are presented after subtracting a Shirley background.

For the sample prepared under UHV conditions, the main contribution comes
from the Eu2+ component, matching the reports from Eu2+ oxidation state[81]. For
the sample prepared under 10-7 mbar, as opposed to UHV conditions, the intensity
of the Eu3+ component is significantly larger, being even the most important for 10-6

mbar, suggesting that samples are oxidizing due to the presence of residual gas. For
a better understanding of what is happening, Fig. 4.7b-c, shows the S 2s and O 1s
core levels acquired for the UHV (black) and the HV (10 −6 mbar) (green) samples

In the S 2s spectra (Fig. 4.7b) the same chemical state for sulphur is observed,
regardless the pressure during deposition, while the amount of oxygen in Fig. 4.7c
dramatically increases when the pressure is high. Thus, Eu is bonded to O as
Eu3+ state, forming Eu2O3. Note that the small contribution to the O 1s core level
observed on the UHV sample is due to the oxygen in the SiO2 substrate.

Hence, the residual gas in the chamber and, therefore, the pressure of the system
plays an important role on the chemical composition of EuS, highlighting the im-
portance of working under UHV conditions to obtain the proper 2+ oxidation state
of Eu in EuS.
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Figure 4.7: XPS spectra at Eu 3d core level of EuS grown under different pressures:
10-9 (black), 10-7 (blue) and 10-6 (green) mbar.

4.2.2 The role of sublimation temperature

In order to increase the thickness of a deposited material there are two possible
strategies: extending the time of the evaporation and increasing the deposition rate.
Since in some materials, principally metals, an increase of the evaporation time
causes the oxidation of deposited layer, the usual approach is to maintain a constant
time and increase the deposition rate, which directly depends on the power supplied
to the evaporator, i.e., the sublimation temperature. In the case of EuS, to maintain
a constant deposition rate between evaporations, it is necessary to increase the flux
and, therefore, the sublimation temperature. At the beginning of this Thesis, when
studying the properties of EuS thin films prior to its implementation in devices,
multiple evaporations were performed and a lack of reproducibility on the results
was observed. For that reason, a systematic study of the chemical properties of
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EuS layers deposited at different sublimation temperatures was performed. EuS
layers with 11 nm thickness were grown under UHV conditions, onto a SiO2(100
nm)/Si substrate, varying the sublimation temperature among the samples. This
sublimation temperature was estimated via the power vs temperature calibration
curve provided by the evaporator manufacturer.

The chemical composition of these samples was studied via XPS. Fig. 4.8 sum-
marizes the photoemission spectra acquired at the Eu 3d (left) and S 2s (right) core
levels to make the comparison. The shape of the Eu 3d and S 2s spectra do not
change significantly, except the peak B (in Eu 3d), that narrows when the sublima-
tion temperature increases. The changes in the intensity are not reliable in these
spectra, since they are not normalized.

a) b)A
B

Figure 4.8: XPS spectra of 11 nm thick EuS films on SiO2 deposited with variable
sublimation temperature at a) Eu 3d and b) S 2s core levels.

Since the aforementioned differences in the spectra are subtle, it is difficult to
quantify the chemical changes just by observing the figure. In order to do so, an
alternative representation for the chemical composition data was performed. The
XPS Eu 3d spectra were normalized to the area of the corresponding S 2s peak,
and a Shirley background was subtracted. Then, the evolution of the Eu 3d peaks
as a function of the sublimation temperature was plotted as a colour scale graph.
Thus, in Fig. 4.9a, the x axis corresponds to the binding energy (in eV), the y axis
is the sublimation temperature and the z axis represents the intensity of the Eu
3d spectra. The main Eu2+ peaks at the Eu 3d XPS spectra become more intense
as the sublimation temperature increases, meaning that the amount of europium
grows with respect to the sulphur for higher temperatures. To have a more accurate
estimation of this effect, the ratio Eu:S was calculated with Eq. 4.1:

Ratio(Eu : S) =
A
SF
|(Eu3d)

A
SF
|(S2s)

(4.1)

In this formula, the area of the peaks is normalized to the sensitivity factor, S.F., a
coefficient that depends on the angle between the X-Ray gun and the detector and
the cross section and the inelastic mean free path (IMFP) of the electrons of a given
element in a defined energy level. Hence, for a given angle between the X-ray gun
and the detector, this parameter is unique for each transition and element, being in
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this case 14.00 for Eu 3d5/2 and 1.44 for S 2s [85]. The tendency, displayed in Fig.
4.8b, is clear: the amount of Eu with respect to S increases with the sublimation
temperature, doubling from around 0.7 for 1500 ℃to≈1.4 for 1700 ℃. Note that
the error in the estimation of the ratio Eu:S from the XPS data is ≈20-25 %. The
sample deposited with highest sublimation temperature has a Eu:S ratio of 1.4, 40
% higher than the nominal value for EuS.

In addition, the evolution of the percentage of Eu3+ phase was extracted from
the XPS spectra. The Eu 3d XPS peaks were deconvoluted, in the same manner
as displayed in the example spectra in Fig. 4.6. However, as previously discussed,
it is difficult to establish a proper relation between Eu2+ and Eu3+, since the peaks
located at a binding energy of ≈1163.03 eV and ≈1134.03 eV come from two con-
tributions: the Eu3+ main peak and the satellite peaks of the Eu2+. The analysis of
the data is not accurate enough to give an exact proportion between the two phases,
because the area of the two contributions inside this peak strongly depends on the
fitting parameters. For that reason, and taking into account that the shape of B
peak in Fig. 4.8 differs between the light blue curve and the rest, it will be assumed
that at the highest temperature the contribution from Eu3+ phase is negligible and,
therefore, the peak B comes exclusively from the satellite peaks of Eu2+. Subtract-
ing the peak B from the light blue curve to the rest (after imposing that all the Eu
3d curves have the same area), and dividing by the area of Eu 3d3/2, the proportion
of Eu3+ phase is estimated. The results are presented in Fig. 4.9 c, where a Eu3+

phase percentage about 1-2% is observed, with a slight trend to decrease.
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Figure 4.9: XPS study of the chemical composition of an EuS 11 nm thick layer with
variable sublimation temperature. a) Evolution of the Eu 3d peaks (normalized to S
2s) with the sublimation temperature. b) Ratio between Eu and S, extracted from
the areas of the XPS and calculated with Eq.4.1. c) Ratio between Eu3+ and Eu2+
oxidation states. The error of XPS data is assumed to be ±20 %.

The poor reproducibility of the tunnel junctions that will be presented in next
chapter motivated this study. Now that it has been shown that the material changes
when the sublimation temperature varies, the impact of this change in the magnetic
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properties has to be checked. These magnetic properties were first explored via a
combination of ex-situ techniques, as ac-susceptibility and VSM. All the samples
were covered with 7 nm CaF2 protective layer, to prevent the oxidation of the EuS,
which has been proven to be sensitive to the presence of oxygen. A small piece of
the sample was cut and introduced in a PPMS machine. Fig. 4.10 contains the main
results of the experiments done for the magnetic characterization.

c) d)

b)a)
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Figure 4.10: Dependence of the magnetic properties of EuS on the sublimation
temperature: a) real part of the ac-susceptibility, under an applied field of ≈ 1 Oe, b)
Curie temperature extracted from the ac-susceptibility measurements, c) magnetic
moment at 200 Oe and 5 K and d) magnetization loops measured via VSM at 5 K.

In order to determine the Curie temperature of the thin EuS layers, the suscep-
tibility was measured under an ac-signal. The measurements were done recording
the XXXXX at a temperature range between 5 and 20 K. and the results of the
real part, as a function of the sublimation temperature, are displayed in Fig. 4.10
a. Although the imaginary part of the signal tends to be more sharp, in this case is
more noisy, thus, the real part was selected to extract the Curie temperature from.
The maximum in these curves corresponds to a transition from ferromagnetic to
paramagnetic material, i.e. the Curie temperature of the layer. The extracted value
of TC was represented as a function of the sublimation temperature in Fig. 4.10b. It
can be observed a tendency to increase the Curie temperatures with the sublimation
temperature, reaching a maximum in TC of ≈17 K for a sublimation temperature of
1640 ℃, and subsequently, a decrease until ≈12 K for higher sublimation tempera-
tures.

The magnetic moment from the VSM measurements measured with a 200 Oe
parallel applied field, at 5 K, is shown as a function of the sublimation temperature
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in Fig. 4.10c. The moments were measured in emu and converted to G by means of
the volume of the piece introduced in the PPMS. The same behaviour as for Curie
temperature is observed, an almost constant value for the magnetic moment at 200
Oe around 6000 G is observed for all the samples, until the sublimation temperature
reaches the highest value (light blue dot), exhibiting a moment of ≈1500 G.

The magnetization loops (Fig. 4.10 d) were obtained by VSM, at 5K, with a
sweeping parallel applied field of ± 200 Oe. It can be observed that for sublimation
temperatures between 1500℃ and 1650℃ (dark blue and red loops), the changes in
the response of the magnetization to the applied field are negligible: both curves
show a coercive field of ≈24 Oe, with a squared shape typical from a ferromag-
netic material. For the sample grown at the highest sublimation temperature (light
blue), the magnetic moment is lower, almost six times smaller, and the shape is less
squared. However, these values are far from the moment for bulk EuS of ≈16050 G1

and, moreover, the films need high fields, around a few Tesla, to saturate.
This result could be attributed to the existence of a different phase of Eu. There-

fore, XMCD measurements were carried out at Boreas beamline, in ALBA syn-
chrotron. A 5.5 nm thick layer of EuS, was measured at 2 K, under two different
geometries, normal incidence (NI) and grazing incidence (GI), under an applied
magnetic field ±6 T, recording the dichroism at the Eu M4,5 edge (normalized to
pre-edge), as displayed in Fig. 4.11, showing a saturation magnetization of about 7
µB, as predicted theoretically.

Figure 4.11: Magnetization loops of EuS at the Eu M4,5 edge, for a 5.5 film of EuS,
at 2 K, for two different geometries: grazing incidence, GI (70◦, light blue) and
normal incidence, NI (0◦, dark blue).

The main difference in the results from VSM and XMCD is that VSM accounts
for the magnetic response of the sample, while the loops measured in XMCD are
element-specific. From the comparison of the loops from both techniques it can be
concluded that Eu is in the proper phase, exhibiting a saturation moment ≈7 µB/Eu
atom, but the moment of the layer is reduced with respect to the reported value for

1Value calculated from the nominal 7 µB/Eu at
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the bulk. It implies that the polycrystalline EuS film includes a certain amount of
superparamagnetic grains, weakly coupled to the main film. The relatively small
value of the coercive field corroborates this observation. Indeed, for the magnetiza-
tion reversal dominated by the domain walls movement, the coercive field increases
with the size of the magnetic irregularities. Therefore, fine polycrystalline structure
results in lower coercive fields[86]. Comparing the magnetization loop presented in
Fig. 4.10d with the data reported in Ref. [86], it is clear that the coercive field
in these samples is similar to the coercive field of thin EuS films grown at 77 K
which were found to have grains with 4.4 nm diameters. Since EuS has no mag-
netocrystaline anisotropy, it is reasonable to expect very low values of the blocking
temperature for the small superparamagnetic grains [87]. In the PPMS, it was not
possible to measure the magnetization loops below 1 K. However, since the EuS films
were implemented in tunneling junctions (more details in next Chapter), as shown
in Fig. 4.12. The dependence of the bottom Al layer’s resistance interfaced with
EuS film on the magnetic field provides indirect confirmation of this conjecture.

Ferromagnet

A

+ - 

B

Substrate

EuS

Al bottom wire
AlOx barrier

Al top wire b) c)a)

Figure 4.12: a) Schematic representation of the tunneling junction used to study
the magnetic response of EuS at 30 mK, via the dependence of the resistance of
the Al bottom layer on the applied magnetic field. The stacking structure is CaF2
(7 nm)/Al(12 nm)/AlOx(5 nm)/Al(12 nm)/EuS (16.5 nm)/substrate. The config-
uration to measure along the bottom Al wire is included. b) The hysteresis of the
resistance of the Al wire adjacent to the EuS layer at T=30 mK. c) The B-field
dependence of the resistance of the Al wire adjacent to the EuS layer at different
temperatures (30 mK, 0.5 K, 1 K).

At 30 mK, all superparamagnetic particles are in the blocked state. The R vs B
curve shows distinctive jumps that can be interpreted as the magnetization reversal
of the components with different magnetic anisotropy (Fig. 4.12). If the exchange
coupling between the grains is weak, the orientation of their magnetic moments de-
pends on the dipolar interaction with the rest of the film and with the coupling with
the external field. Whereas the external field will try to align the particles’ moment,
the dipolar interaction tries to orient their moment in the direction opposite to the
magnetic moment of the film. Considering a descending branch of the resistance (red
curve in Fig. 4.12), it can be observed that all the moments are aligned at a high
positive field, and the effective exchange field is high (no superconductivity). When
the field decreases down to zero, the dipolar interaction dominates. The resistance
decreases in steps that correspond to consecutive switching of the magnetization of
the superparamagnetic particles. The average magnetic moment becomes smaller
and leads to a decrease in the effective exchange field. This decrease allows the
Al wire to become superconducting. The zero-resistance state remains up to small
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negative values of the field. Further increase of the negative magnetic field leads
again to consecutive reversal of the particles’ magnetic moments accompanied by
the switching of the total magnetic moment. The effective exchange field is large
again and quenches superconductivity. This gives rise to the increase of the resis-
tance. The same measurements performed at a higher temperature (Fig. 4.12 c)
show that the critical fields corresponding to the reversal of the superparamagnetic
particle progressively disappear, showing the transition to the unblocked state.

4.2.3 The contribution of the interface EuS/InAs

Beyond the monolayer regime, more specifically in the nanometer range, as the
samples studied in this chapter, the magnetic properties such as Curie temperature,
coercive field or magnetic moment are independent of the thickness. Nonetheless, a
5 nm-thick interface between EuS and InAs was found (Section 4.1). This interlayer
may exhibit a different magnetic behaviour with respect to the ordered EuS. In the
present section, the impact of the interface EuS/InAs in the magnetic properties
will be studied. For that, EuS layers of variable thickness, ranging from 2 to 20 nm,
were grown on InAs(100), all at a similar sublimation temperature (≈1600 ℃).

a) b)
Eu 3d

Figure 4.13: Chemical composition of EuS thin layers with variable thickness (from
2 to 20 nm). a) XPS spectra at Eu 3d core level, normalized to the area of this
peaks. b) Calculated ratio Eu:S, calculated from the Eq.4.1, from the areas of Eu
3d and S 2s, normalized to In 3d5/2, as a function of the thickness.

The chemical composition was measured by XPS in situ. As can be observed
in Fig. 4.13 a, all the Eu 3d core level spectra present the same peaks, with the
same proportion between them (note that the spectra have been normalized to 1
for a better comparison). This indicates that apparently all compositions are very
similar, and that the In interdiffuses on the EuS, as discussed in Section 4.1. With
respect to the ratio Eu:S, calculated from Eq. 4.1, the proportion between the two
elements remains almost unchanged, taking into account the error from the analysis
of the XPS spectra, being close to the expected 1:1 ratio for stoichiometric EuS.

Once the chemical composition has been proven to be constant in this series of
samples, they were covered with an Al layer of ≈7 nm, to prevent the oxidation of
EuS, and taken out the chamber to measure the magnetic properties via VSM and
ac-susceptibility. In Fig. 4.14a the comparison of the magnetization loops measured
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via VSM is presented. The magnetic moments are normalized to the corresponding
saturation magnetization (MS). All the loops exhibit a shape compatible with a
ferromagnetic material. The main difference between them is the coercive field, that
increases with the thickness, ranging from 0.8 to 2.3 mT, when the contribution
from the interface is overcome.

The Curie temperature was extracted from the ac-susceptibility, as in the previ-
ous section, and represented in Fig. 4.14b. It can be observed that the transition
temperature grows with the thickness, tending to a constant value around 24 K, for
the thickest sample. The results from both techniques confirm that the interface has
an impact in the magnetic behaviour of EuS, shrinking the coercive field and the
Curie temperature.

b)a)
2 nm
5 nm
11 nm
20 nm

Figure 4.14: Magnetic properties of EuS as a function of the thickness. a) Magne-
tization loops at 5 K. b) Curie temperature.

Moreover, it is noticeable that the Curie temperature is higher for EuS/InAs
bilayer than for EuS/SiO2. To compare these results, the growth parameters have
to be the same, so the samples to compare are the 11 nm EuS deposited at 1600 ℃.
Their Curie temperatures are 22 K for EuS/InAs and 16 K for EuS/Si2, accounting
that the ordering of the layer helps enhance the transition temperature.

The impact of the interdiffusion of In atoms into the EuS layer in the magnetism
of this ferromagnetic insulator is also visible in the XMCD measurements. Fig. 4.15
shows the comparison of the magnetization loops of thin films of EuS on InAs, with
two different thicknesses: one above the interlayer (5.5 nm) and the other, below (1
nm). The values of the magnetic moments, extracted from the sum rules analysis of
XMCD spectra are presented in Table 4.2.3.

Since the samples were measured at different values of the applied field, to make
a proper comparison between the magnetic moments, the values at H=3 T were
extracted from the normalized magnetization loops of Fig. 4.15, and collected in
Table 4.2.3, where a decrease of about 20-25% is observed for the thinnest sample.
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Table 4.1: Coefficients from sum-rules analysis (r, p, q) to calculate the magnetic
orbital moment (mL), the spin magnetic moment (mS) and the total moment, as a
function of the thickness of EuS.

Thickness Conditions
Coefficients Magnetic moment (µB/Eu atom)

r p q mL mS Total

5.5 nm
NI; 6 T 69.1 -27.5 -13.2 0.9 5.7 6.6
GI; 6 T 86.5 -33.4 -14.9 0.8 5.7 6.5

1 nm
NI; 3 T 8.4 -2.5 -1.1 0.6 4.4 5.0
GI; 1 T 8.0 -1.2 -0.6 0.4 2.1 2.5

GI

B

NI

B

b)a)

Figure 4.15: Comparison of the magnetization loops at the Eu M4,5 energy, for EuS
thin layers with variable thickness.

Table 4.2: Total magnetic moment (µB/Eu atom) extracted from magnetization
loops in Fig. 4.15, for two different thicknesses.

Thickness Geometry Magnetic moment (µB/Eu atom)

5.5 nm
NI 5.5
GI 5.5

1 nm
NI 4.4
GI 4.0

Summary

In this first experimental chapter, by a combination of in-situ and ex-situ tech-
niques, a structural, chemical and magnetic characterization of EuS thin layers was
performed. First of all, the epitaxial growth of EuS on InAs at room temperature
was shown. The substrate was prepared in ultra high vacuum, leading to an In-
terminated surface. After the deposition of EuS, an interface of ≈5 nm appears, due
to the diffusion of In atoms in the first EuS layers. Beyond this thickness, epitaxial
growth of EuS is obtained.

Moreover, the importance of controlling the parameters during the evaporation
of EuS has been highlighted. Working in ultra high vacuum, the desired Eu 2+ phase
is deposited, while increasing the pressure to 10-7-10-6 mbar the presence of Eu with
3+ oxidation state increases, as demonstrated via XPS. The sublimation tempera-
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ture also plays an important role: observing a trend to Eu-richer phase for higher
sublimation temperatures. This change in the chemical composition is reflected in
the magnetic properties, with an increment in the magnetic moment and Curie tem-
perature until a critical point (≈1650 ℃) is reached. From the VSM measurements,
a magnetic moment ∼ 1

3
of the reported value for bulk EuS is found. The magnetic

moment per Eu atom was measured via XMCD, with a saturation moment about
7 µB/Eu atom, as expected, confirming thus the presence of a superparamagnetic
phase, as indicated via tunneling spectroscopy. The aforesaid interlayer between
EuS and InAs has been shown to be less magnetic, with lower Curie temperature
and magnetic moment.

This complete study of the evaporation of EuS thin films and the impact of the
growth parameters on the chemical, structural and magnetic properties of the layers
will enhance the applicability of EuS in devices, as presented in the following two
chapters.
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Chapter 5

Engineering the spin-split density of
states in superconducting Al for

spin-dependent tunneling devices

Once the properties of EuS and their dependence with the preparation condi-
tions have been studied in detail, this ferromagnetic insulator can be implemented
in devices.

As introduced at the beginning of this manuscript, this Thesis has been developed
in the framework of the SUPERTED project [5] (Funding from the European Union’s
Horizon 2020 research and innovation program, grant agreement No 800923), which
purpose is to develop a radiation sensor based on the giant thermoelectric effect
predicted theoretically by A. Ozaeta and coworkers[6]. For the giant thermoelectric
effect to occur, two conditions have to be fulfilled: the spin-splitting density of states
of the superconductor and the spin filtering of the current through an insulating
barrier. Despite several groups have shown the spin-splitting, only the group of
Dr. J. Moodera has reported this effect in the absence of magnetic field[12, 88].
However, a detailed study on the conditions of the growth of the different layers,
their chemical and structural characterization, and their impact in the properties
still was undone.

From a surface science approach, this Chapter consists in the detailed study
of the fabrication of the junctions, layer by layer, focusing mainly in the interface
superconductor/ferromagnetic insulator and the insulating barrier, and the impact
of the preparation conditions and properties of the elements on the performance of
the devices, tested via tunneling spectroscopy.

5.1 The basis of the giant thermoelectric effect

Prior to discuss about the characterization of the materials and the devices, a
short introduction to the giant thermoelectric effect has to be done. As already
mentioned, there are two ingredients that lead to this effect:

i. The spin splitting of the density of states (DoS) of the superconductor. When
a superconducting material is in the presence of a magnetic field, a broadening
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Figure 5.1: a) A tunnel junction consisting on an insulating barrier separating a
ferromagnetic electrode and a superconducting electrode. b) Density of states of the
FM and the SC, separated by the insulating barrier. On the left, the ferromagnetic,
presenting a conduction band with uneven population of spin-up (blue) and spin-
down (red) electrons at the Fermi level, that tunnel through the insulator (green).
On the right, the energy gap (2∆) in the DoS of the superconductor and the Zeeman
splitting (2µBH) in an applied magnetic field H. The tunneling spin polarization P
is defined as the ratio of the relative number of up and down spin-polarized carriers
(weighted by their mobility) to their total number. c) Tunneling conductance (green)
as a function of bias voltage across the electrodes. At H = 0 (top), the conductance
reveals only the SC energy gap. In an applied field, the Zeeman splitting lifts the
degeneracy between the spin-up and spin-down states. If the counterelectrode is a
normal metal (P = 0), the spin-up and spindown peaks are of equal strength (middle
plot). In the case of a ferromagnetic counterelectrode (bottom), the nonzero spin
polarization of tunneling electrons turns the conductance asymmetric[89].

of the DoS is observed, due to the orbital depairing. However, for Al thin films
with parallel applied magnetic field, a spin splitting of the Bardeen-Cooper-
Schrieffer (BCS) density of states has been reported[90]. It is the so-called
Zeeman splitting, being the energy difference between the splitted peaks 2µH,
µ the moment of the electron and H the applied field. The demonstration is
simple: the Cooper pairs conserve their moments (k↑, -k↓) even in presence
of an external magnetic field, but one is increased by µH and the other, de-
creased by -µH. The excited states remain separated from the paired states
by ∆, so that in a tunneling measurement of the DoS, the peaks for different
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spin polarization appear at different values of the voltage. In Fig. 5.1 c, in
the central pannel, the resulting DoS is shown. This effect has been confirmed
by several experiments, even at zero field, by placing a ferromagnetic insula-
tor material in contact with the superconductor. A combination of materials
SC/FI that reported good results is Al/EuS [12, 91, 92]. In this case, the Zee-
man splitting occurs due to the interfacial exchange interaction between the
localized magnetic moments in the ferromagnetic insulator and the electrons
in the conduction band of the superconductor.

ii. The spin filtering of the current through the insulating barrier. With the aim to
create a net spin-polarized current through the barrier, an imbalance between
the spin-up and the spin-down components has to be produced. Introducing
a ferromagnetic material as the counterelectrode (as in Fig. 5.1 a) or as the
barrier, its band structure is splitted by an amount called exchange energy,
and the probability of tunneling the barrier changes for each polarization, as
represented in Fig. 5.1 b) and the bottom panel of Fig 5.1 c).

In particular, in the project the proposed FI/Al junction to develop the sensor
was based on EuS as FI and Al as Superconductor. In this chapter I will present the
results on the implementation of the ferromagnetic insulator EuS thin films stud-
ied in the previous chapter (4) in heterostructures together with superconducting
materials to produce a superconducting detector. I will present a detailed study
on how the properties of the materials that take part of the devices can be tuned
by modifying the growth conditions, and how this is reflected in the performance
of the devices. For that, a combination of surface science techniques and tunneling
spectroscopy measurements will be carried out.

5.2 Detailed preparation of the devices

Tunneling junctions as the represented in Fig. 5.2 were fabricated to measure
the I-V curves via tunneling spectroscopy in a four probe configuration. Those
junctions consist on a superconducting electrode, in contact with a ferromagnetic
insulator and, in turn, separated from a ferromagnetic counterelectrode by a thin
insulating barrier. The width of the electrodes is 200 µm. In this case, to increase
the number of junctions to test and double check the results, the ferromagnetic top
layer consists in two parallel wires, giving rise to two junctions in each device. The
superconducting electrode and the ferromagnetic counterelectrodes present the same
Fermi level at absence of any applied voltage. However, when a voltage is applied
to one electrode, some current can flow through the barrier and reach the other
electrode. The magnitude to measure is the current (or its derivative) as a function
of the applied voltage. The set up for the four probe method is also displayed in the
figure.

The first experiments, prior to develop the radiation detector with an spin-
filtering junction, focused on demonstrating the spin-splitting of the devices and con-
trolling the fabrication of the EuS/Al junction, as well as the insulating barrier, made
out of AlOx. Hence, the first devices that we investigated were Al/AlOx/Al/EuS/silica.
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Figure 5.2: Schematic representation of the devices based on ferromagnetic insula-
tor/superconductor junctions and the four probe tunneling spectroscopy measure-
ment.

Once we understood how to relate the fabrication parameters and the tunneling spec-
troscopy curves, we moved to devices with spin-filtering, being Co/AlOx/Al/EuS/substrate,
the combination of materials to probe.

All the employed substrates (SiO2, silica, SiN) were cleaned ex situ, following
the same routine: three minutes of ultrasound bath in acetone, three minutes of
ultrasound bath in isopropanol and dried in N2.

EuS continuous layers were evaporated from the stoichiometric powder as de-
scribed in the previous chapter, and the deposition rate and chemistry were con-
trolled to ensure the reproducibility of the results. Thanks to the understanding
of the chemical changes in EuS due to the sublimation temperature, studied in the
previous Chapter, it is possible to tune the exchange coupling strength supercon-
ductor/ferromagnetic insulator, via the control of the sublimation conditions of the
latter, being one of the most relevant results of this work.

Once the EuS layer is deposited on the substrate, the Al electrode has to be
produced. In the early works of Meservey, Tedrow and later of Moodera and co-
workers, the in situ shadow mask evaporation was used to create the crossed-wire
tunneling junctions in the high vacuum environment (10-8 mbar)[91, 93]. Although
this method is simple and efficient, it did not allow to make the junctions smaller
than 200×200 µm2 and was less convenient for developing more complex structures.
Therefore, various attempts of lithography based nanofabrication were used to cre-
ate the devices with exchange split DoS, especially based on the combination of Al
and EuS. It was shown that the exposure of EuS to atmosphere before the deposi-
tion of the superconductor, occurring during the lithography process, does not allow
maintaining the exchange splitting without external magnetic field even after the
initial saturation of the magnetization below the Curie temperature of the EuS [94,
95]. These results imply that EuS was partially oxidized during the lithographic
nanofabrication, which causes formation on the interface of the paramagnetic Eu-
based compound with zero magnetic remanence. For this reason, the shadow mask
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evaporation was chosen as the method to deposit the aluminum electrode. In Chap-
ter 2, more details about the preparation chamber and shadow masks can be found.

Next, the aluminum electrode was partially oxidized in oxygen plasma, with a
pressure of 4 10-3 mbar and a power supplied to the cracker source of 180 W, enough
to produce an AlOx barrier with a resistance on the order of the dozen of Ω in 5 h.
More details on the plasma calibration process are given in Chapter 5.3.

Next step is the growth of the two parallel top metallic wires, that will act as
counterelectrodes. They were made of Al or Co. Independent of the deposited
material, evaporation through shadow mask was done. For Co evaporation, an e-
beam evaporator was used, sublimating Co from a rod with 2 or 3 mm of diameter.

Before taking the samples out of the UHV chamber, the whole device was covered
with a transparent, insulating material: CaF2, with 7 nm thickness, to prevent the
oxidation of the device, but allow for the measurement via tunneling spectroscopy.

The process followed after the optimization of all the layers is summarized in
Fig. 5.3.

Substrate EuS sublimation Al evaporation Oxidation in plasma Co evaporation
(CVD from 

stoichiometric powder)
(PVD from 

a rod)
(PVD from 

cold lip evaporator)

Substrate at liquid N2 temperature

Figure 5.3: Schematic representation of the growth of the devices.

5.3 The insulating barrier: oxidation in plasma

source

The operation of the devices that have come up with the recent development
of quantum technologies[96–106] is based on Josephson junctions (JJs), magnetic
tunnel junctions (MTJs) or metal-insulating-metal junctions in general, where a
usual choice for the metal is Al, and for the insulator its oxide, AlOx. Although
oxidation of Al has actively been explored over years[107–112], in the last decades the
interest in this topic has increased, since the performance of such devices is affected
by the tunneling through the oxide barrier[113–117], which depends on the barrier
characteristics. Likewise, the uniformity of the oxide thickness and the quality of the
oxide-metal interface are the most important factors which define the functionality
of the AlOx barrier[118–120].

The fabrication procedure of the barrier determines its characteristics. The tra-
ditional method to grow the AlOx barrier is thermal oxidation, where aluminum is
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directly exposed to air (or pure molecular oxygen), at high temperature or even at
room temperature. Some studies reveal that the first layers of oxides grown by ther-
mal oxidation are amorphous, leading to a disordered interface, that can affect the
final properties of the device[121]. During oxidation with molecular oxygen, subse-
quent processes take place: first, O2 molecules adsorb in the substrate surface, then
their bonds break and at the end, oxygen atoms penetrate into the sample. Theoret-
ical calculations predict maximum oxide thickness of around 2 nm using molecular
oxygen due to the decrease in adsorption energy of oxygen molecules[122].

Among alternative methods to produce tunnel barriers, the most popular is radio
frequency plasma oxidation, that employs atomic oxygen for producing both thin
and thick barriers in real short times[123]. Despite the reduction of the oxidation
time can be considered as a advantage, the shorter the time is, the less control of the
thickness. In addition to this inconvenience, this is an aggressive technique, where
the oxygen atoms that arrive to the sample have high kinetic energy, giving rise to
defects.

Low defect barriers are obtained by atomic layer deposition (ALD)[124], where
volatile materials, called precursors, arrive to the surface, chemisorb and react pro-
ducing the desired material[125]. However, the majority of ALD systems work in
relatively high pressure (0.1–10 mbar), which implies the emergence of contaminants
at the interfaces.

In this thesis, the selected method for the barrier fabrication was microwave
plasma oxidation. Unlike radio-frequency plasma, times are longer and the oxygen
atoms energy is lower thus, the oxidation is easier to control and the barrier presents
less defects. The advantages of the proposed method are: 1) feasibility of obtaining
thicker barriers than those obtained by thermal oxidation; 2) manage to obtain high
quality tunnel barriers compared to those obtained by other plasma treatments; 3)
the possibility of doing this in a highly controlled environment, compatible with
ultra high vacuum[126].

Following the work methodology shown in the previous chapter, the first experi-
ment carried out was the study, by XPS, of the chemical composition of the barrier
to relate the exposure time to plasma with the thickness of the barrier. With that in
mind, Al layers with ≈10 nm thickness were grown on silica and exposed to plasma
oxygen for different times (1, 4.5 and 8 hours). The XPS spectra at the Al 2p and
the O 1s core levels were measured before and after the oxidation and represented
in Fig 5.4.

The Al 2p core level of the as deposited layer, centered at 72.2 eV can be fitted
using 2 components, which corresponds to the two spin-orbit splitting components
of the 2p core level[127]. With subsequent oxidations, this metallic component,
decreases, while a component, associated with oxides grows. This component shifts
from 75 eV to 74 eV with increasing oxidation time. The same increment of the
oxide is measured for the O 1s core level. The O 1s core level was fitted using
two component, one in the range of 530.5-531.3 eV, attributed to the oxide and
another one at higher BE associated with chemisorbed oxygen, which does not bond
to aluminum. This contribution has been assigned to contamination surface species,
such as OH- or O2

2-[128, 129]. The small signal detected on the as deposited Al layer
around the O 1s core level comes from the SiO2 substrate. The proportion between
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Figure 5.4: XPS spectra and fitting components at the energies of a) Al 2p core level
and b) O 1s core level, before and after different exposure times to plasma oxygen.

Al and O was calculated in also the cases, with Eq. 4.1, with a sensitivity factor
of 0.234 for Al 2p and 0.711 for O 1s, finding an Al:O ratio ≈0.56 %, which is in
the error range of 20 %. It is important to mention here that the Al 2p core levels
measured on the plasma exposed samples and shown in Fig 5.4 were rigidly shifted
to maintain the metallic Al component aligned to the as deposited one. The same
energy shift was imposed to the O 1s core level. The uncorrected spectra are shown
in Fig. 5.4 as insets. The 1h and 4.5h oxidation time spectra show a progressive
rigid shift due to a change in the workfunction, meaning that the sample is more
insulating when the plasma exposure time increases, as expected. Surprisingly, the
8h oxidation time exhibits a lower shifting than expected. This is because, in XPS
experiments, the measured states are excited states. If the oxide layer is thick, the
screening process is slower, and the excited state that is measured has not decayed
totally to the initial state when it is excited again[130].

To compare the oxidation via oxygen plasma with molecular oxidation in atmo-
sphere an Al layer was exposed to air during 12 hours. The XPS spectra at Al 2p
and O 1s core levels of this sample were measured and represented together with
the spectra for the samples exposed for short times to oxygen plasma in Fig.5.5.

The oxidation in atmosphere during 12h produced a bigger oxide contribution in
Al 2p, as well as higher O 1s peak, than short times in oxygen plasma (5-15 min),
while 1 hour under oxygen plasma was enough to exceed the oxidation.

The average thickness of the AlOx barrier can be calculated from the ratio be-
tween the metallic and oxidic contributions in the Al 2p XPS, by means of the
Strohmeier equation[107]:
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Al 2p O 1s
b)a)

Figure 5.5: XPS spectra at the a) Al 2p core level and b) O 1s core level, for short
times in plasma (5 min, 10 min, 15 min and 1h) and 12h exposed to air.

dXPSox = λo sinθ ln

[
Nmλm
Noλo

Io
Im

+ 1

]
(5.1)

The only parameters introduced in Eq 5.1 that changes from one to another case
are the areas of the metallic and oxidic contributions to the Al 2p peak, Im and
Io. The inelastic mean free path (IMFP) values were calculated with the TPP-2M
method[131], with a kinetic energy of 1412 eV, resulting λm=3.11 nm and λo=3.28
nm. The ratio of the volume densities of Al atoms in metal to oxide Nm/Nox = 1.6,
was calculated using the densities 2.7 g/cm3 and 3.1 g/cm3 for the metal and oxide,
respectively. θ=10, is the take-off angle with respect to the normal of the sample
surface. Figure 5.6 shows, as blue points, the estimated thickness extracted from
Eq. 5.1 as a function of the exposure time.

For thin films (< 20 nm), the kinetics of the oxidation of a metal follows the
inverse logarithmic law that Mott and Cabrera established in 1949[132]. Initial
linear oxidation is followed by a slow logarithmic reaction which rate depends on
the oxide film crystallization to form grain boundaries. Thus, the thickness of the
oxide barrier and the plasma exposition time are related as follows:

dox = k ln

(
t

t0
+ 1

)
(5.2)

where k and t0 are parameters to be fitted. From the fitting of the experimental
data presented in Fig.5.6, the obtained values for the parameters are: k= 0.81±0.21
nm and t0= 0.012 ± 0.016 h.

The oxide thickness extracted from XPS is an average value, but XPS gives no
information about the presence of defects in the topography of the oxidized layer
that can have important implications in the performance of devices. As already
mentioned, when fabricating tunneling barriers for devices, defects such as pinholes
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or inhomogeneities can appear. Hence, for applications, the quality of the barrier,
i.e. the absence of defects, has to be checked. Tunneling spectroscopy measurements
in a dc four-probe setup were performed on Al/AlOx/Al/silica junctions at room
temperature, as represented in Fig. 5.2. The differential conductance was evaluated
via numerical differentiation of the obtained I-V curves at large bias voltage (10 µV),
and the resistance of the barrier was calculated as the inverse of the conductance.
The values of the resistance are collected in Table 5.1.

Table 5.1: Resistance of the barrier of the tunneling junctions.
Exposure time to plasma (h) Resistance (kΩ)

1 0.1
2 4.8

2.5 8.2
3 7.7

3.5 7.3
4.5 15.4

From the extracted conductance, the effective thickness of the barrier, dox
TUN,

can be calculated, using the linear approximation on Simmons’ formula[133]. This
is an analytic expression for the current density that relates the measured current-
voltage I-V characteristic and the effective barrier thickness and width. If the bias
voltage is big enough, as in this case, a linear behaviour is observed. The expression
that relates the conductivity (Gn) with the thickness of the barrier (dTUNox ) is the
following[112, 133–139]:

Gn

S
=

G02π

4dTUNox d0
exp

(
−d

TUN
ox

d0

)
(5.3)

where S is the surface of the barrier (200x200 µm2=4 1010 nm2), and d0 and G0 are
constants which values can be calculated from the following expressions:

d0 =
~

2α(2mφ0)
1
2

= 0.18 nm

G0 =
2q2

~
= 4.9 10−4 S

where m and q are the electron mass and charge, respectively, α=1 is a correction
function for nonlinearities and φ=1.835 eV[140] is the barrier height. Solving the
equation introducing the value of the parameters, the expression for the thickness
in terms of the conductivity is:

dTUNox (nm) ≈ 0.18 W

(
9.5 108

Gn

)
(5.4)

where W(Gn) is the Lambert function.
The comparison between the average values from XPS and the effective values of

the thickness of the insulating AlOx barrier are displayed in Fig. 5.6. The difference
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Figure 5.6: Calculated values of the barrier thickness from XPS (blue) and tunneling
spectroscopy (orange) measurements. Logarithmic fitting of the XPS data (dotted
blue curve).

between both thicknesses (average and effective) gives an estimation of the quality
of the barrier, being better when they are more similar.

It has been demonstrated that the oxidation via oxygen plasma allows for the
production of barriers with few nanometer thickness in relative short times, com-
pared with the oxidation in air, as shown in Fig. 5.5. Although some works re-
ported the use of acceleration voltage in the oxidation via plasma for the fabrication
of magnetic tunnel junctions[141], their real short times (few minutes) represent a
parameter difficult to control, decreasing the reproducibility of the barriers, in ad-
dition to the possible damages that could cause in the superconducting wire the
bombardment with O ions.

Therefore, the production of the insulating barrier via the oxidation in plasma
without acceleration voltage allows for uniform, few nanometer-thick barriers with
resistances in the order of kΩ. Moreover, this method is compatible with UHV.

5.4 Chemical proof of intermixing layer at Al/EuS

interface

The spin-splitting in the BCS density of states is due to the interfacial exchange
field that penetrates the superconductor. This exchange field, as aforementioned,
can be produced with an applied magnetic field, but also proximitizing the su-
perconductor with a ferromagnet. The splitting decreases with increasing of the
thickness of the superconducting film in close accordance with the predictions of the
de Gennes’ theory [142]. Yet, the quality of the interface is crucial to obtain reli-
able and reproducible amplitudes of the exchange splitting, since it has been shown
that introducing a the thin insulating layer between the magnetic and the supercon-
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ducting films can result in complete quenching of the exchange interaction[91, 143].
Furthermore, Al has been proven to react with chalcogenides when deposited onto
them, forming compounds with the chalcogen [144].

Hence, the interface Al/EuS has to be studied in detail. For that, a 12 nm layer
of EuS was grown onto a SiO2 substrate, followed by the deposition of a 4 Ålayer
of Al, and finally covered with 8 nm of Al. The sample was analyzed by XPS after
each deposition. Fig. 5.7 collects the the Eu 3d, the S 2s, and the Al 2p core levels,
showing the spectra of bare EuS in black and EuS covered with Al in light green.
The 8 nm thick Al layer, in dark green, is shown as a reference.
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Figure 5.7: XPS spectra at different core levels for a complete layer of 12 nm EuS
(black), covered with 4 Å of Al (light green) and 8 nm of Al (dark green). a) Eu
3d with dashed lines indicating the position of Eu 3+ 3d 3/2 (–), Eu 2+ 3d 3/2
(–), Eu 3d 3/2 satellite (–), Eu 3+ 3d 5/2 (–), Eu 2+ 3d 5/2 (–) and Eu 3d 5/2
satellite (–). b) S 2s. c) Al 2p normalized to the edge-pre edge height to observe
the features. The red arrow points a secondary peak appearing at higher BE for the
4 Å Al case. As an inset, the spectra without normalization.

The Eu 3d and S 2s XPS spectra do not present any remarkable change upon
deposition of the Al, except the reduction of the intensity due to the attenuation of
the signal produced by the Al layer that is on top.

The Al 2p presents two peaks. The main one is centered at 72.2 eV and, as we
discussed in the previous section, corresponds to metallic Al, as confirmed by the
reference of 8 nm layer included in Fig. 5.7c). The extra peak in the Al 2p spectrum
for thin Al layer (pointed with a red arrow in Fig 5.7 c), appears at higher binding
energy, at the energy position attributed to +3 oxidation state of Al in Al2S3 [145].
This may be caused if some Al atoms reacts with the S atoms, leading to formation
of Eu ions in the interface Al/EuS. This effect is not visible in the S 2s spectrum,
since the EuS layer is much thicker than Al, thus the percentage of S ions bonded
to Al is negligible with respect to the total amount of S.

5.5 Fabrication of spin-splitting tunnel junctions

The first tunnel junctions that were fabricated consisted in two electrodes of Al
separated by an insulating AlOx barrier, and one of them proximitized by EuS, as
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shown in Fig. 5.8. From this series of samples, the splitting of the DoS of Al was
demonstrated[146]
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Figure 5.8: a) Schematic representation of the first tunneling junctions used to study
the splitting of the density of states of superconducting Al. The stacking structure
is CaF2 (7 nm)/Al(12 nm)/AlOx(5 nm)/Al(12 nm)/EuS (16.5 nm)/silica. The four
probe configuration for the tunneling measurements is included. b) Differential
conductance (dI/dV) of this junction, with an in plane external magnetic field of 4,
12 and 20 mT, measured at 30 mK[146].

Although the superconducting gap of Al is predicted to be 200 µV, Fig. 5.8b
shows a superconducting gap of 400 µV, due to the presence of two Al layers (the
bottom and the top electrodes). It can be observed that this gap remains constant
while changing the applied field. Due to the exchange coupling between Al and
EuS, the population of spin-up and spin-down states is uneven, thus, secondary
peaks appear at ±2µBH, this is the so-called Zeeman splitting, introduced at the
beginning of this Chapter. It can be observed that with increasing applied field, the
peaks at higher absolute value of voltage decrase, increasing the degeneracy between
spin up and down states.

The exchange coupling depends on the thickness of EuS and Al: in samples with
very thin Al, the superconductivity is suppressed by the strong magnetism of EuS,
whereas, in samples where Al is thick compared to EuS, the spin splitting is absent
at distances away from the interface. In [146], a critical value for the thickness of
Al, dc≈6 nm was found, when the thickness of EuS was ≈15 nm.

The tunneling spectroscopy curves measured in this junctions confirm that no
applied field is needed to split the density of states of Al in the presence of EuS.
However, it was observed that EuS needed to be magnetized to make the spin
splitting appear. This fact is represented in Fig. 5.9, where the comparison of
the differential conductance before (black) and after (red) the magnetization of the
junction in Fig. 5.8a is shown.

Before magnetizing the EuS layer, the DoS of Al displays two wide peaks at ±0.4
mV. The broadening of these peaks with respect to the expected shape for a super-
conducting material comes from the interaction with the ferromagnetic insulator.
But this interaction is not strong enough to completely spin-split the DoS. This in-
dicates that there are magnetic domains with sizes larger than the superconducting
coherence length ξ0 in the EuS film as described in previous works[12]. Domain sizes
much below ξ0 would lead to a vanishing average spin splitting. When an external
magnetic field is applied, the magnetic domains of EuS start to align. When this
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Figure 5.9: Differential conductance of Al/AlOx/Al/EuS/silica tunneling junction,
in the absence of applied magnetic field, before and after the magnetization of EuS,
measured at 30 mK.

field is suppressed, the spin-splitting is observed (Fig. 5.9, in red). These results
confirm, therefore, the superparamagnetic behaviour of EuS.

The most relevant result on this section is that thanks to the exhaustive study
on the deposition of EuS thin films of the previous Chapter, and the impact of
the preparation conditions of the properties of the layers, it is possible to obtain
tunnel junctions that are reproducible in terms of spin splitting of Al DoS. Once the
parameters have been optimized, around 70 junctions have been produced and close
to 100 % of them worked.

5.6 Spin-filtering tunnel barriers

As shown in the introduction of the Chapter, for the thermoelectric effect, in
addition to the spin-splitting of the DoS of the superconductor, a spin asymmetry of
the current through the barrier is needed. To obtain this non-reciprocal transport
from a FI/S based tunnel junction a spin selective probe is required. This can be
achieved in two different modes: (i) by using a FI as a spin selective tunnel barrier
in S/FI/N [91, 147–150] or S/FI/S [86, 91, 150–152] junctions and (ii) by means of
a ferromagnetic probe in F/I/S/FI [89, 147] and S/FI/F [153] configurations. For
both configurations the non-reciprocity was visible in the asymmetry of the tunneling
spectroscopy.

In this experiment, the selected configuration was F/I/S/FI due to the depen-
dence of the properties of EuS on the preparation conditions, which would lead to a
lack of reproducibility of the tunnel barrier. Thus, tunneling junctions substituting
the top Al electrode by a Co electrode were produced, as displayed in Fig. 5.10.

Although the asymmetry of the I-V curve is observed, an increment of the zero
bias conductance is accompanied by an increment of the zero bias conductance (from
0, in the case of Al/AlOx/Al/EuS to 400 µS for Co/AlOx/Al/EuS). In order to probe
if it was caused by the magnetic interaction between EuS and Co, a tunnel junction
without the EuS layer proximitizing the superconductor was explored and repre-
sented in Fig. 5.11. As expected, the spin splitting of the DoS of Al is not observed,
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Figure 5.10: Comparison of tunneling spectroscopy measurements of a tunnel junc-
tion with two metallic (Al) electrodes (purple) and a junction with metallic (Al) bot-
tom electrode and magnetic (Co) counterelectrode (black). Both samples were mea-
sured at low temperature (30 mK) and under a magnetic field of 4 mT (Al/AlOx/Al)
and 20 mT (Co/AlOx/Al).

since the superconductor is not in contact with a ferromagnet. The conductance
around V=0 has decreased from 400 µS (in the junction with EuS) to 35 µS, after
the magnetization (without the EuS layer). However, it does not decrease to the
expected value for a superconductor (G=0 at V=0), as it was shown in the case of
Al/AlOx/Al/EuS.

Figure 5.11: Differential conductance of Co/AlOx/Al tunnel junction, before and
after applying a magnetic field, measured in the absence of field, at 30 mK.

The in gap conductance even in the absence of EuS leaded us to think whether
the AlOx barrier was interdifussing in the Co stripes. This motivated a study in
which a thin Al interlayer with variable thickness (0.8-2 nm) was grown between
the AlOx barrier and Co, measuring the I-V response via tunneling spectroscopy, as
presented in Fig. 5.12.
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Figure 5.12: Differential conductance of tunneling junctions with stacking structure:
CaF2/Co/AlOx(X nm)/Al/EuS/SiO2, where X=0.8 (blue), 1.6 (green) and 2 (red).

Although in principle the addition of the interlayer should decrease the in-gap
states (ideally to zero), it can be observed that the thicker the interlayer, the higher
the conductance at zero bias. And moreover, the sample with the thinnest interlayer
(0.8 nm) exhibits a small ratio between normal and superconducting conductance
(GN/GS). None of the samples show spin splitting nor spin filtering.

The origin of this subgap conductivity is still under debate, and further studies
are needed.

5.7 The influence of the substrate temperature

Among others, one strategy to improve the performance of junctions has been
to decrease the substrate temperature during the growth. It has been reported that
the low temperature growth of Al/EuS bilayers allow for the application of lower
magnetic fields due to a decrease of the coercive field of EuS when deposited onto
a cold substrate (77 K). Via XRD it has been shown that the crystals are smaller
for low temperatures [86, 154]. The growth of metals on cooled substrates has been
proven to present several advantages, being a good strategy to reduce the thermal
stress on the substrate and to improve the quality of the metal films by reducing
the formation of defects, such as voids and grain boundaries. The main properties
of the metals grown at low temperature, compared to room temperature growth,
are the reduction of the grain size and of the surface roughness, both due to the
reduced surface mobility of metal atoms [155, 156]. In this section, a comparison
on the topology (measured via AFM) of Al and EuS for bilayers grown at room
temperature and liquid nitrogen temperature (77 K) will be presented.

Prior to study the topology, the chemical composition of EuS was checked, since,
as demonstrated several times along the previous chapter, the composition of this
compound is sensitive to the preparation conditions. Two identical 11 nm EuS thin
films were deposited on SiO2 with a sublimation temperature ≈1600 ℃, varying the
substrate temperature from room temperature to 77 K. The chemical composition
was studied in situ via XPS, measured at the Eu 3d core level, as shown in Fig.
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Figure 5.13: XPS spectra at Eu 3d core level of a 11 nm thick layer of EuS grown on
SiO2 at room temperature (top) and 77 K (bottom), with respective deconvolution
of photoemission peaks.

5.13. A Shirley background was subtrated from the photoemission spectra and the
peaks were deconvoluted as previously shown in chapter 4, to perform a quantitative
analysis.

Table 5.2: Percentage of area of the analysis of the XPS spectra at Eu 3d core level,
for room temperature (RT) and low temperature (LT, 77 K) of the substrate during
the growth.

Eu 3d (% area)

Prep
3/2 5/2 Total

A B A B A B
RT 35.1 8.3 46.2 10.4 81.3 18.7
LT 33.3 9.6 45.4 11.7 78.7 21.3

As aforesaid, it is difficult to separate the contribution from Eu2+ and Eu3+,
since the peaks centered at 1134 eV and 1164 eV are formed by the satellite of Eu2+

and the main peak of Eu3+, and the deconvolution is very fitting-dependent. So
for the comparison of the chemical composition, the A and B peaks will be studied.
The area percentage of each contribution is in Table 5.2.

Both spectra show the same peaks, located at the same binding energy, and the
percentage areas in 5.2 do not show major differences, taking into account the error
of measurement and analysis. Therefore, the chemical state of EuS remains the same
when changing the substrate temperature from room temperature to 77 K. The ratio
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Figure 5.14: Atomic Force Microscopy images of EuS and Al grown at room temper-
ature, (left) and at low temperature (77 K, right). The distribution of the heights
is included as an inset.

Eu:S was also calculated, via Eq. 4.1, finding values around 1 for both cases. On the
other hand, since aluminum is a metal, its chemical composition is not affected by
the sublimation temperature, neither the substrate temperature during the growth.

Hence, the 12 nm thick Al wire (200 µm width) were grown also at room tem-
perature and at 77 K. The topography of Al/EuS bilayers was examined via atomic
force microscopy ex situ in order to see whether the surface roughness changes. This
information is extremely useful from the standpoint of device fabrication because it
reveals the shape of the interface between the grown materials and the substrate.
Fig. 5.14 shows the topography of EuS (top) and Al(bottom), measured in air in
tapping mode, for room temperature (left) and low temperature (right). An inset
with the distribution of heights in included.

The AFM images of EuS do not show main differences when the substrate tem-
perature is changed. Although more dark lines appear in the 77 K image, they come
from the substrate, that seems to be scratched during the cleaning in ultrasound
bath. However, the topography of the EuS remains the same: for both cases, the
average height of the EuS layer is around 2-3 nm. In the case of Al, the topography
is affected by the sustrate temperature, being more favorable the growth at 77 K,
where a flatter surface is produced, decreasing the granular appearance with respect
to the room temperature evaporation.
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Table 5.3: Parameters extracted from atomic force microscopy (AFM) measure-
ments, for the Al/EuS bilayers grown at variable substrate temperature (room tem-
perature and 77 K).
Layer Temperature Roughness average (nm) Average height (nm)

EuS
RT 1.31 4.81
LT 1.04 3.32

Al
RT 0.69 3.55
LT 1.07 3.89

The temperature of the substrate during the growth process affects the perfor-
mance of the final device, improving the spin splitting of the EuS/Al heterostructure.
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Figure 5.15: Comparison of differential conductance measured via tunneling spec-
troscopy in four probe configuration of tunneling junctions grown at room tem-
perature (black) and 77 K (blue), measured with an external, parallel applied
magnetic field of 20 mT. The stacking structure of the junction (top-bottom) is:
CaF2/Co/AlOx/Al/EuS/SiO2. The temperature during the growth applies only for
the Al and EuS layers. The measurements were performed at 30 mK.

Due to the better performance of the junctions when Al and EuS are grown in
cold, for the production of electromagnetic sensors, all the junctions were fabricated
with the substrate at 77 K during the deposition of these two materials.
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a) b)

Figure 5.16: Electromagnetic radiation sensors fabricated from the tunnel junctions
studied along the chapter: a) Fake-color optical micrograph of the processed junction
for the X-Ray detector. b) THz detector testing setup and colored optical image of
the processed junction. Figures taken from [157].

5.8 Implementation in radiation sensors

In addition to the study already presented in this Chapter, the collaborators of
the project have implemented the devices in sensors, which can be observed in Fig.
5.16. On the one hand, in the group of I. J. Maasilta, Z. Geng investigated the im-
plementation of the junctions in X-Ray detectors. For that purpose, an absorber has
to be added. The absorber consists in a 350 nm thick superconducting Sn square,
with an area of 100 µm × 100 µm, which contacts directly the superconducting Al
electrode (with the insulating barrier AlOx removed chemically) and is placed lat-
erally next to the junction area. On the other hand, in the group of F. Giazotto, E.
Strambini and M. Spies were able to nanopattern an absorber in the Al wire via UV
lithography, in order to enhance the sensitivity of the junctions to incoming THz
radiation. It was proved that the junction detected photons at 150 GHz, being the
first proof of thermoelectric effect in the THz range. With decisive optimisations,
this detector might have the potential to compete with the existing cryogenic sensors
operating at THz frequencies, such as Kinetic Inductance Detectors (KID), Transi-
tion Edge Sensors (TES), high-impedance bolometers and others. This data is the
first demonstration of biasless superconductor-based radiation sensing. However, its
analysis and optimization requires still further work.

Since the deposition of EuS thin films has been proven to strongly depend on
the preparation conditions, the reproducibility of the data despite being possible, re-
quires an exhaustive control. For that reason, a new class of ferromagnetic insulators
was explored, in order to simplify the process.

Summary

Thanks to the control of the chemical composition of EuS by means of the power
(sublimation temperature) of the e-beam evaporator, it is possible to tune its prop-
erties and obtain reproducible results in sense of exchange coupling with the su-
perconductor Al. In the interface EuS/Al a chemical reaction Al-S seems to take
place. The topology of the interface improves when the substrate is kept at low
temperature, being translated into a better splitting of the DoS of Al.
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The oxidation of aluminum via oxygen plasma leads to uniform AlOx barriers,
with resistances in the order of kΩ. As a result of the addition of Co as the coun-
terelectrode, the current across the junction is spin-filtered. As a result from the
implementation of this junction in radiation sensors, the first proof of concept of the
thermoelectric effect has been done.



Chapter 6

Beyond TED sensors: implementation of
EuS in devices for spintronic application

The knowledge on the properties of EuS and the control of the magnetic re-
sponse by means of the growth conditions opens up the possibility of implementing
this ferromagnetic insulator in different heterostructures, which have application in
spintronics. By adapting the characteristics of EuS to the requirements of each ex-
periment, and collaborating with other research groups, EuS has demonstrated to
be a useful material that serves to demonstrate quantum effects and discover new
properties of other materials. In the current chapter, the applications of EuS apart
from the superted sensors will be presented.

6.1 Superconducting spintronic tunnel diode

The same stacking structure explored in the superted project worked as a rec-
tification diode. Diodes are non-linear and non-reciprocal circuits with a strongly
direction-selective electron transport. The search for symmetry-breaking structures
has focused on semiconducting and metallic junctions. However, the emerging cryo-
genic technologies require the work at sub-Kelvin temperatures. Semiconductors,
due to their large energy gap, are not suitable at very low temperatures. This prob-
lem can be overcome by using low-dimensional materials, such as quantum dots [158,
159], but the impedance of these systems tend to be high, decreasing the rectified
currents. Superconductors are good candidates, since they present intrinsically low
impedance, and lower energy scales of the superconducting gap (∼meV) compared
to semiconductors (∼eV). But, as aforementioned, the implementation of a super-
conducting diode requires breaking the spin-hole symmetry, being contradictory to
the BCS superconducting state, which implies electron-hole symmetry. There are
different approaches to break this symmetry, but this study focused on the FI/S
heterostructures, as in the previous chapter, which combine the spin splitting and
filtering. When these two effects are present it is possible to break the electron-hole
symmetry of the system and generate direction-selective electron transport [11, 160].
Fig. 6.1 summarizes the rectification diode effect in the F/I/S/FI junctions.

Although the rectification effect has been also demonstrated in a different het-
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a) c)b)

d) e) f)

Figure 6.1: Rectification of a superconducting diode [147]. a) Schematic repre-
sentation of the measured tunneling junctions with a stacking structure: CaF2

(7 nm)/Al(12 nm)/AlOx(5 nm)/Al(12 nm)/EuS (16.5 nm)/SiO2. b) Current-to-
Voltage (I(V)) characteristic of the junction measured at T≈50 mK, B = 0 T. c)
Differential conductance obtained from the numerical derivative of b. d) Symmetric
and anti-symmetric parts of the I(V) characteristic in b showing a sizable symmetric
component of the voltage. e) and f) Rectification coefficients evaluated from the I(V)
characteristics in current and voltage bias, respectively (black line). The comparison
of the rectification extracted from the full numerical model is also shown (red line).
The details of the fittings are in [147].

erostructure consisting on S/FI/N, which presented higher rectification with respect
to the F/I/SC/FI samples of this study, the latter has two main advantages: rec-
tification of the current even at zero applied magnetic field (due to the presence of
spin-splitting at B=0) and the possibility to invert the diode (just by changing the
relative magnetization of EuS and Co, that can be parallel or antiparallel). These
two characteristics convert this materials combination in an appealing diode for
applications.

6.2 Magnetic interaction with Phthalocyanine

Molecules

The magnetic properties of molecules, as well as their interaction with substrates,
have been widely studied due to their potential application in the field of spintronics,
such as data storage and processing [161]. An interesting case is the interface between
magnetic molecules and inorganic magnets, which act as spin injection materials and
serve as electrodes [162].

Phthalocyanine (Pc) is an aromatic, organic molecule with an atomic formula
(C8H4N2)4H2, which center can be occupied by a metallic atom, as represented in
Fig. 6.2. The magnetic properties of metal phthalocyanines are determined by the
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metal ion at the center of the molecule. In general, phthalocyanines containing tran-
sition metal with unpaired electrons exhibit paramagnetic behavior, while those with
paired electrons exhibit diamagnetic behavior. The presence of unpaired electrons
in the transition metal ion can lead to a magnetic moment, which can interact with
external magnetic fields.

The magnetic interaction between Mn-phthalocyanine (MnPc) and EuO was
shown to be antiferromagnetic [163]. The loop at Mn L2,3 edge exhibited an opposite
direction of magnetization with respect to the loop measured at the Eu M4,5. This
antiferromagnetic coupling was also observed in the inversion of the XMCD signal
around the Mn L2,3 edge. These results, combined with the results of EuS as a spin
injector[148, 164], motivated the study of magnetic coupling between phthalocyanine
molecules and EuS.

Figure 6.2: Sketch of the structure of the magnetic phthalocyanine

In this study, the central atom was chosen to be Cu or Mn. Both CuPc and MnPc
are paramagnetic due to the presence of unpaired electrons in their d-orbitals. Re-
garding the magnetic anisotropy, CuPc has an in-plane magnetic anisotropy, mean-
ing that its magnetic moments are preferentially oriented within the plane of the
molecule. This is because CuPc has a planar structure and the magnetic orbitals
are mainly located in the π-system of the molecule, which is oriented parallel to
the plane of the molecule. On the other hand, MnPc has an out-of-plane magnetic
anisotropy, having its magnetic moments preferentially oriented perpendicular to the
plane of the molecule, because MnPc has a distorted structure with a slight wrinkling
of the molecule, which results in the magnetic orbitals being oriented perpendicular
to the plane of the molecule [165]. The magnetic response of these molecules in the
monolayer regime, grown onto different substrates, has been studied via different
techniques, as XMCD. To interpret the results from CuPc/EuS and MnPc/EuS, the
XMCD results on non-magnetic substrates will serve as a reference for the magnetism
of the molecules themselves. The XMCD signal of these molecules on Ag(001) was
published by Stepanow and co-authors[166]. They reported a XMCD signal for 1
ML of CuPc on Ag(001) of around 46 % of the XAS signal for normal incidence
and ≈ 10 % for grazing incidence, indicating an in-plane magnetization, while for
MnPc, the ratio XMCD/XAS was 28 % for normal incidence and 37 % for grazing
incidence.
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a) b)

Figure 6.3: XLD of a) MnPc and b) CuPc at N L2,3 edge, measured at 2 K in the
absence of an applied magnetic field.

Mn L2,3
T=2 K, μ0H=6 T, GI

Cu L2,3
T=2 K, μ0H=6 T, GI

Mn L2,3
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a) b)

c) d)

Figure 6.4: XAS and XMCD spectra for MnPc at Mn L2,3 edge (top) and CuPc
at Cu L2,3 edge (bottom), measured at 6 T, 2 K and different geometry: normal
incidence (left) and grazing incidence (right).

Experimentally, a ML (or close to a ML) of MPc (M=Mn and Cu) molecules were
deposited on top of 5.5 nm of EuS grown on InAs. As it is discussed in Chapter 4,
the EuS shows high degree of crystallinity when grown on InAs and therefore it is
an ideal surface to do XMCD upon molecular deposition.

Prior to investigate the magnetic interaction of the molecules with the EuS,
the possible orientation of the molecules on the surface was checked. To do that
X-ray linear dichroism (XLD) spectra were measured at the N L2,3 edge. At the
microscopic level the dichroism comes from the anisotropy of the charge or the
spin. In the absence of applied field, the spins of the MPc are not aligned and the
differences in the absorption of the light due to the polarization direction depend
only on the charge distribution. In XLD, if the polarization of the light is parallel
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to the molecular orbital there is absorption while this is not happening if light and
orbital are perpendicular. In molecules such as MPc, the σ orbitals are in the plane
of the molecule and the π orbitals are perpendicular to the ring. Fig. 6.3 shows the N
L2,3 edge, measured at grazing incidence, with horizontal and vertical polarization
of the light, at 2 K and in the absence of applied field. In this geometry, with
the sample normal forming an angle of 70deg with the incident beam, the vertical
polarization corresponds to in plane polarization and the horizontal, with almost
out of plane polarization. The two spectra of each sample have a different shape,
however, the differences are subtle and no preferred orientation for the molecules on
EuS can be determined.

In Fig. 6.4, the XAS and XMCD of 1 ML of CuPc (MnPc) on EuS/InAs,
measured at the Cu (Mn) L2,3 edge, at 2 K and applying an external magnetic field
of 6 T is displayed. The red and black curves correspond to the absorption with
right and left circular polarization, respectively. And the purple and orange curves
are the differences between both.

For the case of the MnPc molecules (purple curve), there is XMCD signal, with
same sign than reported for non-magnetic substrates [166], opposite to the reported
data for MnPc/EuO, where an inversion of the XMCD spectra was observed, re-
vealing an antiferromagnetic interaction [163]. On the contrary, the XMCD spectra
of CuPc (yellow curves) do not show any peak. The quenching of the magnetic
moment of CuPc would be attributed to the hybridization of the molecular and
surface states. This is the mixing of the electronic states of the molecules and the
surface they are in contact with, CuPc and EuS in this case. These hybridized states
can have different spin orientations than the original molecular states, changing the
magnetic response. The degree of hybridization depends on various factors, such as
the chemistry of the molecule, the properties of the surface, and the orientation of
the molecule relative to the surface.

Comparing the magnetization loops at the Eu M4,5 edge before and after the
deposition of the phthalocyanine molecules it is possible to determine whether the
hybridization affects the magnetic response of EuS. In Fig. 6.5, the magnetization
loops of EuS before the deposition of molecules are represented in grey, while the
loops for EuS covered with molecules are plotted in purple/orange. Some differences
can be observed in the magnetization loops, despite they are not drastic, the shapes
slightly change. Note that the change in the magnetic response of EuS can be less
noticeable since the EuS layer is thicker than the ML of molecules.

Moreover, the magnetization loops of the 1 ML MnPc/EuS sample were measured
at normal and grazing incidence, at 2 K and under a sweeping magnetic field±6 T, at
the Mn L2,3 edge and the Eu M4,5 edge, as displayed in Fig. 6.6. Note that the curves
are normalized to the saturation magnetic moment obtained from the sum-rules of
the XMCD data, to ease the comparison between the loops. Since XMCD gives
element-specific magnetization loops, it is an useful technique to identify the origin
of the magnetic response in heterostructures. In this case, while the EuS (grey curve)
behave as a ferromagnetic material, as expected, the MnPc (purple dots) does not
exhibit magnetic response (linear dependence with the field and small signal almost
comparable with the noise). These results do not coincide with the experiment
performed in the MnPc/EuO system [163], where an antiferromagnetic coupling
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Figure 6.5: Magnetization loops at the Eu M4,5 edge measured at 2 K before (grey)
and after of the deposition of MnPc (up, purple) and CuPc (bottom, orange) at
normal incidence (left) and grazing incidence (right).

was observed. There are multiple reasons that could explain this difference in the
behaviour of both systems. One of them is that the different chemical environment
in EuO and EuS changes the energy levels, impeding the coupling between these
ferromagnetic insulators and the MnPc. Another reason is the orientation of the
molecules on the FI substrate, which has been reported to be flatter in the case
of EuO. Since the magnetism in EuS and EuO is due to the indirect exchange, it
extremely depends on the bonds and angles between them, thus, a change in the
geometry could modify the magnetism. Anyway, further studies on this MnPc/EuS
system is required, to find an explanation of the magnetic response, accompanied
by theoretical calculations.

For the case of CuPc, since this sample did not show XMCD signal at the Cu
L2,3, it made no sense to measure the magnetization loops.
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Figure 6.6: Magnetization loops of 1 ML of MnPc on EuS, measured at Eu M4,5

edge (grey), and Mn L2,3 edge (purple), under an applied magnetic field ranging ±
6 T, at 2 K, at NI (a) and GI (b).

6.3 Ferromagnetic resonance of EuS

Recent theoretical and experimental studies suggest that the spin transport in
thin film superconductors can be probed via spin pumping, which is a technique that
allows for the transfer of the spin angular momentum from a ferromagnetic thin
film adjacent to a superconducting thin film via ferromagnetic resonance (FMR)
[167, 168]. The efficiency of spin pumping is linked to a parameter of the ferro-
magnet called the Gilbert damping (α) in the phenomenological Landau-Lifshitz-
Gilbert. Experimentally, it can be extracted from the frequency dependence of the
FMR linewidths [167, 169]. The Gilbert damping describes how much the system
is damped under FMR. The superconducting transition will excite the quasiparticle
density of states, which acts as an additional spin carrier to the system [167].

This work has been performed in two different systems, both based in EuS thin
films, in collaboration with two research groups. On the one hand, the ferromagnetic
resonance was measured on Nb/EuS bilayers grown on InAs, as part of the Master
Thesis of Hisakazu Matsuki[170], under the supervision of Dr Chiara Ciccarelli from
the group of Microelectronics at the University of Cambridge. These heterostruc-
tures consist on 20 nm of EuS grown on InAs and covered by a Nb film of (i) 5 nm
or (ii) 30 nm thick. The spin transport of the superconducting Nb was measured in
this systems, as a function of the frequency, at 8.6 K (above the critical temperature
of Nb), as represented in Fig. 6.7. In these plots, the Gilbert damping parameter,
α is extracted from the linear fitting of the FMR linewith, i.e. the field where the
maximum is located at vs the applied frequency. The values for α are 5.4 10-2 and
4.5 10-2, for 5 nm and 30 nm of Nb, respectively.

On the other hand, in collaboration with the group of Dr Fèlix Casanova and
Dr Luis Hueso in nanoGUNE, a similar experiment was carried out. FMR measure-
ments were performed on EuS thin films grown on pyrex, which is an amorphous
substrate, and a value of α=4 10-2 was found [171]. This result indicates that the
crystallinity of the EuS does not play an important role on the Gilbert damping.
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Figure 6.7: FMR measurements of the Nb/EuS bilayers on InAs at 8.6 K [170].

6.4 Magnon currents in Pt/EuS bilayers

Magnons are collective bosonic excitations in systems with magnetic order that
allow the transport of spin angular momentum, even in insulators. The transport of
spin information by exploiting magnon currents is a promising approach for develop-
ing spin-based information devices. In this context, magnetic insulators are an ideal
platform for propagating spin information. The transport of the magnons has been
mainly reported through Y3Fe5O12 (YIG) and a few other ferri-and antiferromag-
netic insulators [172]. However, not previous works studied magnon propagation on
pure ferromagnets.

As part of the PhD thesis of Monsterrat Xochitl Aguilar-Pujol, under the su-
pervision of Dr. Fèlix Casanova, in nanoGUNE, we studied the magnon currents
in Pt/EuS bilayers grown on pyrex. The Pt layer was patterned to use them as
electrodes (injectors and detectors), with variable distance between them. The mea-
surements were performed at a temperature in the range of 2-30 K (below and above
the Curie temperature of EuS) and under a magnetic field up to 9 T. Several tests
were performed, depositing EuS with variable sublimation temperature and finding
that the biggest magnon diffusion length was obtained for those samples grown at
the highest sublimation temperatures.

By performing both local and non-local transport measurements in 18-nm-thick
films of EuS using Pt electrodes, we detected magnon currents arising from thermal
generation by the spin Seebeck effect. By comparing the dependence of the local
and non-local signals with the temperature and magnetic field, we confirmed the
magnon transport origin of the non-local signal. Finally, we extract the magnon
diffusion length in the EuS film of ≈140 nm. Although this value is lower compared
with Pt/YIG bilayers (probably due to the lower Curie temperature and Gilbert
damping in EuS), this results are the first demonstration of incoherent magnon
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transport in a pure ferromagnetic insulator.

b)a)

Figure 6.8: a) Optical microscope image of a device showing the measurement con-
figuration. b) Representative LOC and NL angular dependent signal detected for
thermally excited magnons at 2 K and 0.3 T.

6.5 Spin Hall Effect in Pt/EuS bilayers

One of the key challenges in spintronics is to efficiently transfer spin-polarized
electrons between a ferromagnetic material (FM) and a non-magnetic material (NM)
in a device. For that purpose, a strong exchange interaction at the interface is re-
quired, which can be characterized by the spin-mixing conductance (G). This G
factor determines the efficiency of spin transfer and is influenced by the spin Hall
effect (SHE) and the anomalous Hall effect (AHE). Recent studies have shown that
the G factor can be quantified via the spin Hall magnetoresistance (SMR), in a
variety of materials. In particular, the interface between a FM and a topological
insulator (TI) has been shown to exhibit a large G factor, making it a promising can-
didate for spintronic devices. However, the use of TIs is limited by their small Curie
temperature, which hinders their practical implementation in spintronic devices.

In this context, the use of ferromagnetic insulators with large Curie temperature
has been proposed as an alternative to TIs. As aforesaid, the Curie temperature
of EuS thin films is around 17 K, which together with the high magnetic moment,
makes it an ideal candidate for spintronic devices. However, little was known about
the interface between EuS and a NM. Thus, our aim was to investigate the SMR in
a Pt/EuS heterostructure.

Bilayers consisting also on Pt/EuS, as in previous section, with a different pat-
terning were employed to measure the spin Hall magnetoresistance (SMR) [173],
in collaboration with Dr Juan Manuel Gómez Pérez, from the group of Dr. Fèlix
Casanova. The experimental results were fitted by a microscopic model. We found
that the G factor at the interface is dominated by the spin-mixing conductance
(Gi) rather than the spin-mixing resistance (Gr), as is typically observed in het-
erostructures consisting in ferromagnets and topological insulators. The study also
quantified the exchange interaction between the conduction electrons of Pt and the
localized moments of Eu and determined the values of Gs, Gr, and Gi as a func-
tion of the temperature. These findings provide valuable insights into the interfacial
exchange field in ferromagnet insulators, which has important implications for the
development of spintronic devices.
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Figure 6.9: a) Sketch of the Pt/EuS device and configuration for the measurements.
b) Transverse resistivity measurement in Hall configuration. Dash purple lines cor-
respond to the linear fit performed at large magnetic fields and extrapolated to zero.
The red arrow shows the amplitude corresponding to ∆ρ2/ρ.

These results are the first measurements of SMR of Pt on a purely ferromagnetic
insulator. Again, the EuS layers that produced the best results were deposited at a
high sublimation temperature, finding no interfacial exchange field between Pt and
EuS in layers grown at lower sublimation temperatures. Furthermore, this work
provides an easy method to quantify this interfacial spin-splitting field, which plays
a key role in emerging fields such as superconducting spintronics.

In summary, this study highlights the potential of EuS as a promising material
for spintronic applications and paves the way for further research in this area.

Summary

The detailed study of the properties of EuS thin films and the imapct that the
preparation conditions have on them motivated the implementation of this ferromag-
netic insulator in different systems. Thanks to the control of the magnetic response,
it is possible to obtain EuS thin films with ”on demand” behaviour, adapted to
the requirements of each experiment. This expertise opened up the door to several
collaborations, which have been presented in this chapter. Each of them combines
EuS with other materials (magnetic molecules, other superconductors and metals),
being a motivation to study the interface of this FI with other materials, beyond
superconducting Al. Moreover, it has been demonstrated that devices can be fab-
ricated via a combination of techniques, such as lithography or deposition in ultra
high vacuum, being totally compatible.



Chapter 7

Epitaxial bidimensional transition metal
dihalides

Although EuS has been proven as a material that can be implemented in de-
vices, where its magnetic properties can be tuned via the preparation conditions, this
dependence of the properties on the conditions of the experiment make this ferromag-
netic insulator a material difficult to work with. Thus, a new class of bidimensional
materials which in the bulk form exhibit magnetic properties was explored.

In this chapter, a detailed study on thin films of layered, bidimensional van der
Waals magnetic materials is presented. The epitaxial growth of NiBr2 is confirmed
onto two substrates: Au(111) and NbSe2. The chemical and magnetic properties
down to the monolayer regime are studied. In addition, another material of this
class (FeBr2) is introduced as a comparison.

7.1 Epitaxial growth of NiBr2

Thin films of NiBr2 were grown by sublimating a stoichiometric powder from
a Knudsen Cell at a temperature of approximately 400 ℃. A Knudsen cell is an
effusion evaporator, commonly used in Molecular Beam Epitaxy (MBE) due to the
easy control of the temperature. The thickness of the layers was monitored by a
quartz microbalance before and after every deposition.

7.1.1 Deposition on a metal, Au(111)

The first chosen substrate to grow the 2D-TMDH was gold. First of all, to
avoid effects derived from the interaction between the ferromagnetic insulators and
superconducting substrate and attribute the results from magnetic characterization
only to the magnetic response of the material. Second, because gold is a well-known
metal, extensively studied and employed as a substrate, with an easy cleaning routine
that allows for the subsequent experiments. Moreover, gold is usually employed as
a contact in devices.

The growth of NiBr2 was followed in-situ via a combination of UHV techniques
such as LEED, XPS and LT-STM. The dependance of the structure and chemical
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composition with thickness was extracted, by measuring various thicknesses of NiBr2
on Au (111), ranging from submonolayered (0.5 ML) to multilayered (2.5 ML) films.
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Figure 7.1: XPS spectra for different coverages of NiBr2 on Au (111) at (a-d) Ni 2p,
e) Br 3p 3/2 and f) Au 4d core levels. All the spectra were normalized to Au 4d.

The chemical composition was explored by XPS, as represented in Fig. 7.1,
where a comparison of the spectra at Ni 2p core level for three different coverages
can be observed. The energy shift of the spectra was corrected to the energy of
Au 4d, and the spectra were normalized to the area of Au 4d. All of the spectra
show the spin-orbit components, Ni 2p 1/2 and Ni 2p3/2, separated by an energy of
∆ ≈ 17.3 eV. Moreover, the complex structure consisting in eight peaks coming
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from the different core-hole final states and plasmon resonances is observed[174].
The comparison of the XPS spectra in Fig. 7.1a highlights the changes in the shape
and position of the peaks while the amount of material increases.

The detailed analysis of the spectra at the energy of Ni 2p 3/2 was performed
first by sustracting a Shirley background from the spectra and then, deconvoluting
the peaks according to [174], resulting in three peaks located at 864.6, 860.7 and
855 eV, as shown in Fig. 7.1 b-d, in pink. However, a second phase appears, shifted
2.5 eV towards lower binding energies. In this phase (represented in green in Fig.
7.1 b-d) Ni exhibits lower oxidation state. This more metallic-like Ni phase, that
will be called NiBrx hereafter, consists in a debrominated phase. As the coverage
increases, less debrominated phase is obtained, corroborating that the NiBrx phase
exists only in the interface, meanwhile a stoichiometric NiBr2 is grown from the
second layer. According to thermochemical investigations, sublimation of NiBr2
produces a gas of monomers and dimers of stoichiometric NiBr2, while a thermal
decomposition of the precursor is negligible[175]. However, the Au (111) acts as a
catalyst in the dehalogenation reaction, leading to the decrease of the energy barriers
for dissociation of halogen atoms[176]. Therefore, the presence of residual Br atoms
is most probably a result of the dissociative adsorption of some part of the NiBr2
molecules[177].

To study the structural differences in the NiBr2 and NiBrx phases, LT-STM and
LEED experiments were carried out. In Fig. 7.2, low-temperature STM images for
different NiBr2 coverages on Au (111) are shown, as an overview (Fig. 7.2 a-c) and
more in detail (Fig. 7.2 d-g). In the sub-monolayer regime, with a nominal coverage
of≈0.1 ML (Fig. 7.2 a), bidimensional islands exhibiting high order, coexist together
with atomic chains on the Au (111) surface. Comparing this result with the XPS
spectrum in 7.1 b, we attribute these to residual Br atoms forming a mesh on the gold
surface[178]. Moreover, the Au(111) reconstruction seems to be slightly modified,
suggesting a chemical interaction of the NiBrx with the substrate.

This result is confirmed also by the LEED patterns. Fig. 7.3 contains patterns
of Au (111) and NiBr2 thin films grown onto it. As expected from a clean Au (111)
surface, an hexagonal pattern is obtained (marked in Fig. 7.3 a), which nominal unit
cell is 2.87 Å. The LEED pattern of NiBr2 consists in 4 x 4 superstructure, with an
unit cell 4/3 times larger than Au (111). The nominal value reported for NiBr2 bulk
is 3.68 Å, which is close to 4/3 of 2.87 Å. Therefore, we claim that NiBr2 is composed
of a Ni plane that is Au-commensurate with Br atoms chemically bounded onto it.

The internal layer structure of the NiBrx island, depicted in Fig. 7.2 d, presents
a complex chiral structure, with atomic periodicity of ≈ 3.6 Å, and an additional
superstructure of ≈ 11.9 Å, calculated from the fast Fourier transformation (FFT),
in Fig. ?? b. The Fourier Transformation consists in four sets of hexagonal patterns:
the inner hexagons (green, yellow and blue circles), and the outmost hexagon (red).
The inner hexagons are slightly rotated with respect to the red hexagon, suggesting
a chiral structure of NiBrx. The periodicity of the red hexagon is ≈ 3.6 Å

It is worth to say that with exception of the rotation of the two inner hexagons in
the FFT, the LEED pattern for NiBrx in Fig. 7.3 b resembles very much. Since the
LEED image was acquired at room temperature and the STM at 7 K, the chirality
in the STM image may be a consequence of a phase transition of the NiBrx phase,
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Figure 7.2: LT-STM images of different coverages of NiBr2 on Au(111) and the
corresponding layer structure. a) Submonolayer regime: islands of NiBrx (labeled
with a green rectangle) and Br atoms distributed on the surface. I=60 pA, U=1 V. b)
Coexistence of three different types of first layer (green, yellow and red rectangles)
and islands from the second layer (blakc rectangle). I=100 pA, U=1V. c) NiBr2
multilayer. I=30 pA, U=1 V. d) Atomic layer structure of NiBrx (green rectangle),
second (black rectangle), and third (violet rectangle) pristine layer of NiBr2, showing
the same lattice parameters: e) I=4.7 nA, U=0.01 V, scale bar:2 nm; f) I=1.8 nA,
U=0.05 V, scale bar:2 nm; g) I=100 pA, U=-1.6 V, scale bar:1 nm.

a) b) c)

Clean Au(111) Sub-ML NiBr
2

Multilayered NiBr21-2 ML NiBr2

d)

Figure 7.3: Evolution of the LEED patterns with the coverage of NiBr2 on Au (111).
All images were taken at 137 eV: a) clean Au (111), b) submonolayered NiBr2, c)
1.5 ML of NiBr2 and d) multilayered NiBr2.
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taking place at low temperatures.
The stoichiometic NiBr2 layers on the Au(111) surface, beyond the monolayer

regime, leads to the appearance of additional hexagonal regions (red square in Fig.
7.2 b) with a lattice constant of 3.8 Å (Fig. 7.2 e). We attribute this layer to intact
NiBr2 domains, since their structure and lattice periodicity coincide with that of
the nominal value for a free two-dimensional NiBr2 layer (with lattice constant 3.7
Å, according to DFT simulations[lu2019, 179]). Note that the first NiBr2 layer
appears with some contrast formed by brighter and darker patches, probably caused
by interaction with the underlying substrate. The STM images for this coverage also
show some nucleation of the second layer onto the first NiBr2 layer, with the same
periodicity as the NiBr2 bulk (black rectangle, see Fig. 7.2 b,f. The second layer does
not show any prominent bright-dark superstructure. Fig. 7.3 c represents a LEED
pattern for the 1.5 ML case. It is similar to the pattern in Fig. 7.3 b. However, the
spots forming the blue hexagon are more prominent, suggesting the coexistance of
both phases, NiBrx and NiBr2, with higher proportion of the latter. STM images
of thicker NiBr2 films, with an estimated coverage above 2 ML, show the nucleation
of the third NiBr2 layer on top of a complete second one (Fig. 7.2 c), also with
the bulk lattice structure (Fig 7.2 g), confirming a layer-by-layer growth mode. The
LEED pattern of the multilayer film displays only the diffuse hexagonal pattern and
has no traces of the bare Au(111) pattern. The dimension of the hexagonal cell in
Fig. 7.3 d, fits well with the unit cell of the bulk NiBr2 (3.8 Å). The absence of
additional spots characteristic of the 4 × 4 superstructure emphasizes the growth of
exclusively stoichiometric NiBr2 layers for higher coverages.

The layer by layer growth was also confirmed in the mesoscopic scale via LEEM
and XPEEM in CIRCE beamline, at ALBA synchrotron. A sample with more than
one monolayer was grown at room temperature, following the same procedure as
done in our the laboratory. However, in the micrometer scale, nearly no contrast is
observed, as represented in Fig. 7.4 confirming, thus, that the size of the islands is
smaller than 1 µm.

In order to obtain bigger islands, we tried to anneal the sample up to 100 , taking
images every second, but the NiBr2 desorbed from the Au (111), obtaining a clean
gold surface. Therefore, a sample with ≈1.5 ML was grown at 100 . In Fig. 7.5 b,
a µ-LEED pattern is presented. This pattern is similar to the pattern acquired in
our chamber for the same coverage (in Fig. 7.3 c), despite the fact that the µ-LEED
(Fig. 7.5 b) is distorted, since the experiment was performed with the microscope
working at 10 kV, energy for which the lenses were not completely aligned in the
diffraction mode. The image formed at the (00) spot of the µ-LEED, i.e the bright
field image, in Fig. 7.5 a, despicts bright islands on the order of the micrometer on a
dark substrate, while the image formed at the (01) spot of the NiBrx reconstruction
(dark field image in Fig. 7.5 c) presents the opposite constrast. For a deeper study,
x-peem experiment was carried out, taking an image at the Ni L3 edge of the XAS
spectrum. The brighter areas in this image correspond to the Ni-richer areas in the
sample, confirming thus that the 4x4 reconstruction from the NiBrx is only present
in the first layer (where there is less Ni), and that the second layer consists in islands
of NiBr2.
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3  μm

Figure 7.4: LEEM image of > 1 ML of NiBr2 grown on Au (111) at room tempera-
ture.

7.1.2 Deposition on superconducting NbSe2

Once the growth was explored on Au (111), the next chosen substrate was super-
conducting NbSe2. This layered material was cleaved in UHV before the deposition
of the 2D-TMDH. A similar procedure was followed to study the growth of NiBr2 on
NbSe2. The chemical composition was examined via XPS, in the Swiss Light Source,
at the PEARL beamline. The spectra are represented in Fig. 7.6. Due to the high
resolution obtained in the synchrotron, it was possible to deconvolute the peaks into
the reported X contributions. Since the composition remained stable with the cov-
erage, only the deconvolution of 1.5 ML is represented. For futher information, the
area percentage of each contribution for the three thicknesses is collected in Table
7.1.

Table 7.1: Area percentage of the peaks
Cov/peak (eV) 868.2 867 864.6 863 860.6 859.7 855.4 854.7 852.5

0.5 ML 0.8 2.7 11.7 8.2 8.2 12 26.6 28.8 1
1 ML 0.6 2.5 12.1 10.1 8.4 14.6 22.4 27.2 2.1

1.5 ML 1.2 2.5 10.7 7.3 8.6 17.9 23 27.5 1.3

LT-STM measurements were carried out, as well as LEED, to study the structure
of the van der Waals thin films. The low temperature STM images of a submonolayer
of NiBr2 on NbSe2 are presented in Fig. 7.7. The deposition at room-temperature
leads to stoichiometric NiBr2 islands distributed along the surface (Fig. 7.7a). The
atomic resolution image in Fig. 7.7 b reveals a periodicity of ≈ 3.7 Å, as expected
from the theoretical results, as well as from experiments of Refs. [64, 65] and coin-
cides with the lattice constant observed for NiBr2 on Au(111). In Fig. 7.7 b, in the
bottom left corner, the structure of the NbSe2 surface can be observed, showing the
reported 3x3 charge density wave (CDW) superlattice [180, 181]. Note that there
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Figure 7.5: (a) Bright-field LEEM image of ≈1.5 ML NiBr2 grown on Au(111)
at 400 K. (b) Corresponding LEED pattern, where the red circle highlights the
(00) spot used for the bright-field (BF) images and the yellow circle indicates the
spot characteristic of the 4 × 4 superstructure employed for the dark-field (DF)
imaging. Dashed red circles show (10) and (01) spots that belong to the pattern of
the Au(111) hexagonal crystal structure. (c) Dark-field LEEM image. (d) XPEEM
image showing the contrast in the absorption of the X-rays with the energy of the
beam tuned to the peak of the L3 edge of Ni. As indicated by a dotted blue rectangle,
all images were taken in the same area. LEEM images were acquired at STV=8 V.

are bright features at the edges of the islands (observable at Fig. 7.8 b). These
attached materials seem to be fractions of NiBr2 adsorbed on the surface and stuck
to the islands. However, the shape of the islands is not as sharp and well defined as
reported for similar materials grown on NbSe2, as in the case of CdBr3 [182]. For
that reason, the growth was repeated, increasing the temperature of the substrate
during the deposition, to around 200 ℃. The images of the islands of NiBr2 for
sub-monolayer and >1 ML are displayed in Fig. 7.8.

The size of the NiBr2 islands deposited with the substrate at 100 ℃(Fig. 7.8
(a, d)) is bigger, with sharper edges. However, there is some additional material
adsorbed to the surface, next to the islands (Fig. 7.8a) that could be attributed
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0.5 ML

1 ML

1.5 ML

Figure 7.6: XPS spectra at the Ni 2p core level for three different coverages (0.5
ML, 1 ML and 1.5 ML) of NiBr2 on NbSe2

40 nm 5 nm

a ≈ 3.7 Å 

NbSe2

a) b)

Figure 7.7: LT-STM images of <1 ML of NiBr2 on NbSe2 grown at room tempera-
ture. Atomic resolution of NiBr2 and NbSe2, the latter showing the charge density
wave.

to the decomposition of the NiBr2, but, as aforesaid, the high resolution XPS data
show the proper, stoichiometric NiBr2 phase. A closer look of one island reveals a
Moiré structure with a periodicity of ≈ 6.2 nm (Fig. 7.8 b. This Moiré pattern
is produced by the slight rotation angle and periodic mismatch between the NiBr2
and NbSe2 lattices. Its Fast Fourier Transform (FFT) is presented in Fig. 7.8 c and
matches the LEED pattern in Fig. 7.9, which is hexagonal.
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b) c)

a)

d)

e)

40 μm 

40 μm 

1st layer

2nd layer

1st layer

Figure 7.8: a) LT-STM image of the growth of NiBr2 on NbSe2 of the first layer
of NiBr2 on NbSe2. b) Moiré. c) FFT of image. d) LEED pattern of >1 ML. e)
LT-STM image of >1 ML of NiBr2 on NbSe2. All the samples were grown at 100
℃.

Clean NbSe2 1.2 ML NiBr2

Figure 7.9: LEED pattern of bare NbSe2 and >1 ML of NiBr2 acquired at 137 eV.
Orange hexagon indicates the pattern of NbSe2 and blue hexagon, the NiBr2 pattern.
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7.2 Magnetic properties

The magnetic behaviour of thin films of NiBr2 on both substrates (Au (111) and
NbSe2) was studied via XMCD. In the case of Au (111), three different coverages
were explored: two submonolayered samples and a complete monolayer. Each of
these two submonolayered samples is rich in one of the phases discovered via XPS
(Fig. 7.1): NiBrx and the proper NiBr2. The absorption spectra (XAS) and the
dichroism (XMCD) signals are presented separately for each sample in Fig. 7.10 (a-
c). Moreover, a comparison of the XMCD signal of the three samples is shown in Fig.
7.10 d. The shape and height of the peaks for XAS and XMCD is different for each
phase, as in the XPS experiment (Fig. 7.1). The sample with the highest content in
NiBrx phase has a prominent XMCD peak at ∼849.5 eV, while the submonolayered
NiBr2 phase-rich sample presents its main XMCD peak at ∼852 eV and a small
contribution from the NiBrx phase. The thickest sample (>1 ML) only presents a
XMCD peak at the same energy as the stoichiometric phase.
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Figure 7.10: XAS and XMCD spectra at Ni L2,3 energy for three different sam-
ples of NiBr2 on Au (111): a) sub-monolayered NiBr2 with the NiBrx phase, b)
sub-monolayer of stoichiometric NiBr2, c) more than a monolayer of NiBr2 and d)
comparison of the three XMCD spectra. All the samples were measured at GI, 2K
and 6.5 T.

The estimated value of the spin and orbital magnetic moments was calculated
from the XMCD results via sum-rules analysis, for each phase, as shown in Fig. 7.10
(a-b). Fig. 7.11 contains the curves, their integrals and the coefficients (r, p and q)
needed for the calculation of the moments. The values of the moments are collected
in Table 7.4
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a) b)

d)c)

Figure 7.11: Sum-rules analysis of the XAS and XMCD spectra of the two submono-
layer samples at GI measured at 2K and 6.5 T.

Table 7.2: Magnetic orbital and spin moments of NiBr2 submonolayer on Au (111),
measured at 6 T, 2 K and grazing incidence (70 deg).

Phase
Magnetic moment (µB/Ni at)

Orbital moment Spin moment Total moment
NiBrx 0.337 1.453 1.789
NiBr2 0.357 1.272 1.629

The magnetization loops were measured by sweeping the applied magnetic field
±6.5 T while measuring the x-ray absorption at the highest peak of the Ni L3 edge
(≈849.5 eV for NiBrx and ≈852 eV for NiBr2). These curves were normalized to the
total magnetic moment in Table 7.4.

a) b)

Figure 7.12: Magnetization loops for the two different phases of NiBr2 grown on Au
(111): a) NiBrx and b) NiBr2, at two different geometries (GI and NI).

Fig. 7.12 presents the magnetization loops for both phases measured at normal
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and grazing incidence, at 3 K. The NiBrx-phase rich sample (Fig. 7.12 a) exhibits
magnetic behaviour, with an almost constant remanence for NI configuration. Note
that the measurements of this kind are not capable of assessing the magnetic mo-
ment close to zero field, with artifacts appearing within ±0.1 T, and therefore, a
hysteresis with a coercive force in this range is not observable. However, the value
of the remanence (magnetization at zero internal field) can be estimated from the
XMCD experimental data. Since the NiBrx phase has out-of-plane (OOP) magnetic
anisotropy, the internal magnetic field is lower than the applied field by demagne-
tization field of the infinite plane 4πM [183]. The magnetization of NiBrx can be
estimated using the calculated magnetic moment m= 1.8 µB of the Ni atom listed in
the Table 7.4 and the average atomic volume of the NiBr2 structure[184] ν ≈ 24 Å3.
With these assumptions, demagnetization field can be calculated as:

4πM =
4πm

3ν
=

12 · 1.8 · 9.3 · 10−21

3 · 24 · 10−24
≈ 2.6 · 103 G = 0.26 T (7.1)

It must be taken into account that the 9.3 · 10−21 factor appears as a consequence
of converting the 1.8 µB to erg/G.

It means that internal field is zero when the external field is lower than 0.26 T
and therefore the remanence is equal to the magnetization at 0.26 T, which is clearly
visible in Fig. 7.12 a, in dark blue. Furthermore, it is easy to demonstrate that non-
zero remanence does not originate from magnetic anisotropy as, for example, in the
molecular magnets. Indeed, Fig. 7.12 a (light blue) allows us to estimate the value
of field that saturates the magnetization in the hard magnetization direction HA ≈2
T, the so-called anisotropy field. With this value, the anisotropy energy, EA per Ni
atom can be found as[183]:

EA =
mHA

2
=

1.7 · 5.8 · 10−5 · 2
2

≈ 9.9 · 10−5 eV ≈ 0.1 meV (7.2)

Using the definition 25=EA/kBTB[185], the superparamagnetic blocking tempera-
ture per Ni atom is:

TB =
EA

25 · kB
=

1 · 10−4

25 · 8.6 · 10−5
≈ 1

20
K = 0.005 K (7.3)

This value is much lower than the temperature of measurements (≈3 K) and
therefore, the magnetic anisotropy is too weak to provide a non-zero remanence as
observed in Fig. 7.12a (light blue curve). As a conclussion, islands of NiBrx, possess
a non-zero magnetic moment in zero internal magnetic field that does not increase
further when an external field up to 6.5 T is applied along the out-of-plane direction
at 3 K.

On the other hand, the NiBr2 phase shows an almost zero magnetic moment
at low magnetic fields for both orientations. The nonhysteretic magnetization loop
and the lack of remanent magnetization lead to discard a collinear ferromagnetic
order down to 3 K in the submonolayer-thick NiBr2. However, the loops do not
resemble the Curie-Weiss shape expected from a paramagnetic material. Indeed,
the saturation field for NI is almost twice as high as for the GI geometry. The loops
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don’t present the characteristic S-shape, but, instead, an almost linear trend of the
magnetization with respect to the field until the saturation is observed. The small
nonlinear contribution around zero can come from the minor amount of NiBrx phase
in this sample.

a) b)

c) d)

a)

Figure 7.13: Arrott plot of the proper NiBr2 phase showing a Curie temperature of
about 27 K.

To further study this magnetic behaviour of NiBr2, XMCD measurements at
variable temperature (ranging from 2 to 25 K) were performed and displayed in Fig.
7.13 in the almost in-plane configuration (30 º off). From the sum-rules analysis, the
magnetic moment of NiBr2 was calculated for each temperature, and represented as
a function of the temperature in Fig. 7.13 a. The decay of magnetic moment with
temperature for NiBr2 phase differs from the quick decay predicted by the Brillouin
function for a paramagnetic material[183], discarding the paramagnetic behaviour
and thus, indicating magnetic ordering of NiBr2. Therefore, the Arrott plot analysis
was performed to the XMCD magnetization loops at different temperatures. This
is a well-defined tool that has been widely used to define the magnetic ordering of
materials from their magnetization loops acquired by different techniques, including
XMCD [183, 185–187], and also to estimate the transition temperature. This tech-
nique is based on the power series expansion of the thermodynamic potential close
to the phase transition temperature.

E = MH (7.4)

And its partial derivative:
∂E

∂M
= H (7.5)

Assuming that the energy close to the transition from ferromagnetic state to para-
magnetic state is small, the energy can be expressed as a power series expansion of
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magnetic moment:

E ∼ a

2
M2 +

b

4
M4 + ... (7.6)

Taking the partial derivative:

∂E

∂M
∼ aM + bM3 + ... = 0 (7.7)

Making Eqs. 7.5 and 7.7, the result is:

aM + bM3 = H (7.8)

a+ bM2 = H

M2 =
1

b

(
H

M
− a
)

(7.9)

It was shown analytically that the temperature-dependent factor of the M2 term in
the expansion (a) has to be zero at the transition point. This factor is equal to the
zero-field inverse magnetic susceptibility (χ). The mean field theory predicts that in
the paramagnetic state, the interception will be at a positive value of H/M, while for
a ferromagnetic (ordered) material this occurs at a negative value of the H/M axis.
From the XMCD magnetization loops for different temperatures, a M2 vs H/M plot
can be built. The linear (high-field) part of this plot is extrapolated to the low-field
region and the sign of cross with the H/M axis (hereafter, ”a” factor) is extracted,
as shown in Fig. 7.13 c. The a factor is represented in Fig. 7.13d, where the cross
interception with the x axis determines the Curie temperature.

b) c)

a)

Figure 7.14: Arrott plot of the NiBrx phase showing a Curie temperature of about
40 K.
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In the case of the sub-monolayered NiBr2 sample, the negative intercept values
prove the existence of magnetic order, whereas the linear fit of the H/M(M=0) vs
T (Fig. 7.13 d) yields ≈27 K as an estimation of the Curie temperature. Modified
Arrott plot technique could be also used to find the critical exponents fitting M1/β

vs (H/M)γ, but the presence of two phases (NiBr2 and NiBrx) with different Curie
temperatures would undermine the precision of these data[188].

The Curie temperature of the NiBrx phase was calculated also via the Arrott
plot. Fig. 7.14a displays the magnetization loops at different temperatures (3-40
K). As in the previous case, the a factor was estimated from the linear fitting of the
M2 vs H/M plot (Fig. 7.14b). The linear fitting of the a factor vs temperature plot
crosses the x axis at ∼40 T, as represented in Fig. 7.14c.

The magnetic response of NiBr2 deposited onto NbSe2 at the sub-monolayer
regime depends on the coverage, with a magnetic moment that increases from 0.46
to 1.7 µB/Ni atom, when the amount of NiBr2 is duplicated (from 0.4 to 0.8 ML)
at grazing incidence. The shape of the magnetization loops also changes with the
coverage, from a more S-shaped curve to a more ferromagnetic behaviour. This can
be observed in Fig. 7.15, where the magnetization loops are represented for 0.4, 0.5
and 0.8 ML.

GI NI

0.4 ML 0.5 ML 0.8 ML

a) b)

Figure 7.15: Magnetization loops of submonolayered NiBr2 films on NbSe2, measured
at 3 K at a) grazing incidence (70 deg) and b) normal incidence (0 deg.

Moreover, taking a look at the magnetization loops at different temperatures for
the sub-monolayer samples, for example for the 0.8 ML coverage (without loss of
generality), a special behaviour can be observed (Fig. 7.16): the magnetic moment of
NiBr2 on NbSe2 is lower at 3 K than at 7 K. The reason is the interaction between the
magnetism of NiBr2 and the superconductivity of NbSe2, which lowers the magnetic
moment. It is well known that NbSe2 has its transition to normal state around 6 K,
so above this temperature NbSe2 does not interact with NiBr2 and the magnetism
is preserved.

The magnetic behaviour of a complete monolayer of NiBr2 on NbSe2 was studied
in detail. The X-ray absorption spectra were measured at 6.5 T at the Ni L2,3

edge, at 3 K, with circular polarization and represented in Fig. 7.17, as well as
the whiteline and dichroism. Their integrals with the coefficients needed for the
sum-rules analysis are also represented in the figure, and listed in Table 7.3.
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Figure 7.16: Magnetization loops of 0.8 ML of NiBr2 on NbSe2 measured at GI, at
the Ni L2,3 edge, for a temperature in the range of 3 to 32 K.

Table 7.3: Magnetic moments of a monolayer of NiBr2 on NbSe2 at 3K, 6.5 T and
GI.

Magnetic moment (µB/Ni at)
Orbital moment Spin moment Total moment

0.342 1.354 1.696

In this case, a unique NiBr2 phase is obtained, with a XMCD spectrum that
coincides with the NiBr2 phase grown on Au (111), confirming the XPS results.

The magnetization loops, measured under a magnetic field of ±6.5 T, at 3 K,
at grazing and normal incidence are displayed in Fig. 7.18. These loops resemble
the curves for the NiBr2 phase in Au (111) presented in Fig. 7.12 b: magnetization
loops exhibiting a linear trend at low values of magnetic field, with no remanence
or hysteretic behaviour in any orientation. Also, with the saturation of the moment
at normal incidence at double field than for grazing incidence. The only change
between the NiBr2 phase in Au (111) and in NbSe2 is that the former presented
a small contribution from the NiBrx phase, as a non-linear response at low fields,
while in NbSe2 the trend is fully linear.

In order to calculate the Curie temperature of this phase and compare with the
case in Au (111), the Arrott plot analysis was performed at grazing incidence as
represented in Fig. 7.19. The estimated value of the Curie temperature is ≈ 20
K, while for NiBr2/Au (111) was 27 K. This difference is attributed to the already
mentioned contribution of NiBrx phase in Au (111).
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a) b)

Figure 7.17: Sum-rules calculation for 1.2 ML of NiBr2 on NbSe2 measured at 2 K,
6.5 T and GI.

GI

NI

Figure 7.18: Hysteresis loops of 1 ML of NiBr2 on NbSe2 for the two different
geometries (GI and NI).

7.3 Comparison with a different transition metal

dihalide, FeBr2

As introduced in Chapter 3, FeBr2 is a layered van de Waals transition metal
dihalide, with a predicted magnetic moment of 4 µB/Fe at, and preferred orientation
of the magnetic moments along out of plane axis.

The growth of FeBr2 on Au (111) has been studied in detail in [189], via a
combination of surface science techniques such as LEED, LT-STM, XPS, PEEM or
LEEM. FeBr2 exhibits a reconstruction in LEED for the first layer (Fig. 7.20 a-b), as
happened for NiBr2. However, the islands of FeBr2 grow directly on the Au surface,
without any decomposed phase between the island and the substrate, as shown
via LT-STM in Fig. 7.20 c, where the Herringbone reconstruction of Au (111) is
observed between the islands. The second layer of FeBr2 (Fig. 7.20 d) grows flat, on
top of the first. This result is corroborated by the XPS spectra, which demonstrate
that in FeBr2, Fe is in the 2+ oxidation state, and a stoichiometric phase (proportion



88 7.3. Comparison with a different transition metal dihalide, FeBr2

a)

b) c)

Figure 7.19: Hysteresis loops for 1 ML of NiBr2 on NbSe2 at different temperatures
(ranging from 2 to 55 K), measured at GI. Arrott plot and procedure to estimate
the Curie temperature.

Fe:Br close to 0.5) is calculated. In the PEEM/LEEM experiment, islands on the
micrometer scale were observed, with the substrate at room temperature during the
deposition, while in NiBr2/Au(111) the islands at room temperature were too small
and the temperature had to be increased to 100 ℃.

When FeBr2 is deposited on NbSe2, a Moiré pattern is observed, as expected
from a bidimensional material growing on top of another with a slight mismatch in
their lattices. The STM images in Fig. 7.21 (a-b) show this Moiré, together with the
atomic resolution, displaying an atomic distance of ≈3.9 nm. In the XPS spectrum
acquired at the Fe 2p core level (Fig. 7.21 c), Fe exhibits the proper 2+ oxidation
state.

To establish a comparison between the magnetic behaviour of NiBr2 and FeBr2,
XMCD measurements were performed. The XAS signal was acquired at the Fe L2,3

edge, using circular polarization, at 2 K and under an applied magnetic field of 6 T,
for FeBr2 deposited onto the two different substrates. The whiteline (average signal
between right and left circular polarizations) and the XMCD (difference between the
spectra) are displayed in Fig. 7.23, as well as their integrals. The coefficients needed
for the sum rules analysis are also included in the figure. The magnetic moments
calculated from the integrals are collected in Table 7.4.

These magnetic moments differ from the expected 4 µB/Fe atom for bulk FeBr2,
being lower for the case of FeBr2/Au (111). This is explained in [189], where the
reduced magnetic moment of the sub-monolayered FeBr2 was attributed to a spin
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Figure 7.20: The growth of FeBr2 on Au (111): from submonolayer to multilayer:
(a-b) LEED patterns at 137 eV. (c-d) Low temperature STM. e) XPS spectra at Fe
2p core level. f) LEEM image at bright field. g) XPEEM image at the Fe L2,3 edge.

Moiré

b)c)

40 nm

b)a)

Figure 7.21: The growth of FeBr2 on NbSe2: (a-b) Low temperature STM images
of submonolayered coverage. c) XPS spectrum at the Fe 2p core level, showing an
unique phase.

frustration. The magnetic moment for thicker samples (above 1 ML) was shown
to be higher, demonstrating that the first layer contributed to the decrease of the
magnetic moment while the second layer has a magnetic moment of ∼3.3 µB/Fe
atom.

The magnetization loops of FeBr2 on Au (111) and NbSe2 at the monolayer
regime are presented in Fig. 7.22 a and b, respectively. The loops are normalized
to the magnetic moments in Tab. 7.4. As aforementioned, the saturation magnetic
moments are lower than expected. Moreover, the loops for FeBr2/Au (111) have
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Table 7.4: Magnetic orbital and spin moments of FeBr2 monolayers on Au (111) and
NbSe2 substrates.

Substrate Orientation
Magnetic moment (µB/Fe at)

Orbital moment Spin moment Total moment

Au (111)
NI 0.53 2.07 2.61
GI 0.46 2.12 2.58

NbSe2
NI 0.76 2.47 3.23
GI 0.53 2.10 2.62

a similar shape for both geometries, while in the case of FeBr2/NbSe2 the curve
saturates at lower field in the NI configuration than in the GI. Again, this material
exhibits an almost zero magnetic moment at low field for the two orientations, thus
discarding the collinear ferromagnetic ordering.

1 ML FeBr2/Au(111) 1 ML FeBr2/NbSe2a) b)

GI

NINI

GI

Figure 7.22: Magnetization loops of FeBr2 on a) Au (111) and b) NbSe2. The
curves were acquired at the Fe L2,3 edge, at 2 K and different geometries (normal
and grazing incidence).
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Figure 7.23: XAS and XMCD spectra of 1 ML of FeBr2 on Au (111) (green) and
NbSe2 (red), measured at 6 T, 2K at normal and grazing incidence.
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7.4 Implementation in devices: the supercurrent

diode

As aforesaid, the work presented in this chapter is mainly focused on the char-
acterization of this new class of materials, however, in this section, the first imple-
mentation in a device will be presented. This work was done in collaboration with
the group of Dr. F. Giazzoto and Dr. E. Strambini, as the Master Thesis of T. An-
geloni [190], from Scuola Normale Superiore di Pisa. The aim was to demonstrate a
superconducting diode behaviour.

A conventional superconductor is characterized by a zero resistance state, where
the current (called supercurrent) does not dissipate. This supercurrent is usually
reciprocal, meaning that the maximal amount of supercurrent can be sustained both
in the forward and in the backward direction. Recently, research is focused to create
a non-reciprocal superconducting device, named supercurrent diode. This device
ideally sustains supercurrent in one direction and transitions to the normal state
for the opposite direction. The aim of this work is to achieve diode properties in
a superconducting Al wire, by inducing a magnetochiral anisotropy when placed in
contact with NiBr2, which was demonstrated to exhibit non-collinear magnetic order
[191].

b) c)

B

V

NiBr2 (5 nm)
Al (variable thickness)

a)

Figure 7.24: a) Sketch of the supercurrent diode. b-c) Absolute value of the positive
(green) and negative (red) critical currents measured for an Al/NiBr2 bilayer, in
orthogonal magnetic field at 100 mK. The external field was swept: b) from -20 mT
to 20 mT, c) from 20 mT to -20 mT.

In the experiment, the critical current of each sample was measured, as a function
of the applied magnetic field and the temperature in the cryostat. The current
was injected in the aluminium strip, ramping the source from zero to an increasing
current. Simultaneously, the voltage drop across the strip was measured, as displayed
in Fig. 7.24 a. The critical current is the minimum value of the current on the ramp
at which a meaningful voltage drop is measured.

When an external magnetic field is applied, a clear diode effect is visible, as
represented in Fig. 7.24 (b-c). For instance, applying 6 mT of orthogonal in plane
field (as in the sketch of Fig. 7.24 a), the negative critical current is greater (in
magnitude) with respect to the positive one, demonstrating the non reciprocity of
the supercurrent, while reversing the field swaps the role of the positive and negative
critical currents, IC,+ and IC,-, as expected from the time reversal symmetry IC,+(B)
= IC,-(-B). The observed asymmetry is around 15 %. In [190], more details about
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the dependence of the effect on the temperature and thickness of the Al strip can
be found.

Summary

The growth of bidimensional transition metal dihalides, down to the submono-
layer regime was followed via a combination of ultra high vacuum techniques such
as XPS, LEED, LT-STM and LEEM/PEEM. The magnetism has been explored in
situ by XMCD.

The first layer of NiBr2 has shown to grow onto Au (111) in two different phases:
the proper, stoichiometric NiBr2 and a debrominated phase, NiBrx. The first of
them exhibits a non-collinear magnetic ordering, while the second is ferromagnetic.
The Curie temperature of both phases was measured via the Arrott plot analysis,
estimating a value of 27 K and 40 K for NiBr2 and NiBrx, respectively. For thicker
coverages, only the proper NiBr2 phase is deposited.

On the superconducting NbSe2 substrate, NiBr2 presents the stoichiometric phase
from the submonolayer, with the saturation magnetic moments increasing with the
coverage. The interaction between superconductivity and magnetism is observed in
the NiBr2/NbSe2 bilayers, as a lower magnetic moment below the transition tem-
perature of NbSe2. When more than a layer is deposited, the same non-collinear
magnetic ordering as in Au (111) is exhibited.

Moreover, another material of the same class was studied: FeBr2, onto the same
two substrates (Au (111) and NbSe2). This material does not present the debromi-
nated phase when it is grown on Au (111) nor on NbSe2. However, the magnetic
measurements do not show a collinear ferromagnetic ordering.

In summary, the transition metal dihalides are a promising class of materials
that exhibit magnetic behaviour down to the submonolayer regime, with repro-
ducible results, independent of the preparation conditions, with an easy method to
be deposited onto different substrates. These materials still need to be explored
when implemented in different devices.
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Chapter 8

Concluding remarks and outlook

As aforementioned, the emergence of new quantum technologies is closely linked
to the development of new materials to fulfill the requirements of the applications.
To develop these materials, an exhaustive study of their production and properties
is needed. For that purpose, surface science techniques are a powerful tool, leading
to a controlled growth and characterization of materials at the nanoscale. However,
there seems to be a gap between materials science and nanotechnology, being only
few works relating the properties of the materials and the performance of the devices
where they are implemented, resulting in a lack of reproducibility of the results and
a poor understanding of the effects that take place.

This thesis establishes a link between surface science and the fabrication and
characterization of devices, remarking the importance of controlling the materials
and their interfaces at the nanoscale. By means of a combination of in situ and ex
situ characterization techniques, accompanied by the measurement of the electrical
response of the tunnel junctions, the impact of the preparation conditions on the
properties of the materials and interfaces and, in turn, on the performance of these
junctions has been proven.

Throughout this work, the ability to tune the properties of the materials via
the preparation conditions, understanding how each condition affect the properties
and how each property has, in turn, an impact on the performance of the device
has been highlighted. This control at the nano- and mesoscale has demonstrated a
positive impact enhancing the performance of the devices, together with a higher
reproducibility of results.

Concerning the results from the chapters about EuS, thanks to the tuning of
the properties of this ferromagnetic insulator via the preparation conditions, the
giant thermoelectric effect has been demonstrated, together with the rectification
effect, even in the absence of an applied magnetic field, understanding why some-
times devices do not work or show a lowered spin-splitting of the density of states.
Moreover, the applicability of EuS has been demonstrated in various experiments,
by collaborating with other groups, experts in spintronics, which needed a ferro-
magnetic insulator. In addition to this, from a more technical point of view, the
implementation of the manipulator and the shadow masks, the integration of the
plasma chamber to produce oxides and the improvement of the preparation chamber
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to fabricate the tunnel junctions opens up the door to fabricate other junctions, con-
sisting in different materials, which can be characterized in situ, without breaking
the vacuum. The expertise gained by the members of the group during my phD,
leaded them to start new collaborations and projects, even buying a dilution fridge
to perform tunnel spectroscopy measurements in junctions.

Therefore, the research does not finish after this thesis, but starts in several
different paths that will be shortly discussed next.

The superted radiation sensor for imaging and

spectroscopy

The first proof of concept of the thermoelectric effect in the junctions based in
Al/EuS bilayer is the first step to obtain the radiation sensor. However, further
research on this detector has to be performed. On the one hand, the sensitivity of
the detector has to be improved, by carrying out more experiments on the imple-
mentation of the tunnel junctions in both, the THz and X-ray detector. On the
other hand, the multiplexing has to be explored. The multiplexing is the capability
to be operated as a sensor-array with readout-multiplexing. For that purpose, the
continuation of superted project, extending the collaboration with Pisa, Jyväskylä
and Grenoble is needed.

The development of materials for quantum

technologies

The expertise in fabricating Al/EuS/InAs heterostructures, demonstrated in this
thesis, will be exploited to fabricate spin qubits consisting in InAs nanowires partially
covered by Al and EuS. These qubits will be measured in the new dilution fridge,
recently bought to perform electric measurements at very low temperatures, as the
tunneling measurements presented in chapter 5.

As aforesaid, magnons are important for quantum technologies, since they can be
used for quantum information processing and communication. They could be used in
qubits because they possess long coherence times and it is possible to manipulate, as
well as have the potential to be used in quantum sensing, where they can be used to
measure magnetic fields with high precision. Concerning the results of the magnon
transport in EuS, a possible application is to measure very small magnetic fields in
combination with SQUIDs (Superconducting Quantum Interference Devices). These
could potentially lead to improved quantum sensing and measurement capabilities
and are commonly used in a variety of applications, such as medical imaging and
geophysical exploration. This research line already started, in collaboration with
the group of Q-MAD of Universidad de Zaragoza.
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The growth and characterization of bidimensional

magnetic materials

The bidimensional transition metal dihalides have demonstrated a big potential,
with intringuing physical properties down to the submonolayer regime. The easy
deposition method to grow these materials, accompanied by the proven magnetic
behaviour at the monolayer make this class of materials interesting to study via
surface science. Therefore, the research on different materials of this class such
as diclorides or dibromides of Co or Mn will be followed by different students of
our group. Moreover, the electronic properties will be explored via ARPES and
calculations to understand these properties will be performed by another student of
the group.

The applications of bidimensional magnetic

semiconductors

Given the good results on the first implementation of NiBr2 in a device (the
supercurrent diode), this material, together with the rest of the family are poten-
tial candidates to build up new devices which need flat surfaces and non-collinear
magnetic ordering. Although the EuS/Al bilayer has been demonstrated to exhibit
the proximity effect, the exhaustive control of the preparation conditions necessary
to deposit the EuS to fabricate the junctions make this process difficult to follow
and scale up to the industry, motivating the possible implementation of these bidi-
mensional magnetic materials in the tunneling junctions explored throughout this
thesis.

Therefore, this thesis has been the first of a big saga of works related with the
research on materials for quantum technologies, establishing the first steps to grow
and characterize materials of these classes, producing the first tunnel junctions and
starting collaborations that will be very fruitful for the group.
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2. C González-Orellana, D Bikaljevic, AJ Thakur, A Weber, D Streiner, P Gar-
giani, J Dreiser, JI Pascual, C Rogero and M Ilyn. Single-layer magnetism
of epitaxial NiBr2 salt on NbSe2. In preparation.
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P Gargiani, L Aballe, J Naumann, MA Niño, M Foerster, S Rúız-Gómez, S
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