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Abstract 
From the first experiments in the seventeenth century to understand 
electricity to the present day, where devices surround us at every 
moment, the charge of the electron has long been at the heart of 
electronics. Electronics exploits this degree of freedom to transport and 
store information. To achieve this, chips have been continuously scaled 
down, allowing an increase in transistor density, the main components 
of devices, within the same area. However, this miniaturization has led 
to challenges such as quantum effects and energy dissipation. To reduce 
energy consumption and overcome the limitations of scaling, new 
technologies such as spintronics, spin-orbitronics, or most recently 
orbitronics have emerged to complement or replace conventional 
charge-based CMOS technology. These fields exploit the spin or orbital 
angular momentum of the electron instead of, or in addition to, its 
charge. 

Spintronics exploits the flow of spin angular momentum, which can be 
carried by moving electrons in a non-magnetic conductor or by 
collective excitations of magnetization of localized electrons 
(magnons) in a magnetic material. In contrast, orbitronics operates with 
the flow of orbital angular momentum. All of these can be integrated 
with conventional electronics. A key mechanism enabling this 
integration is the spin Hall effect (SHE), which converts a charge 
current into a spin current. Similarly, the orbital Hall effect (OHE) 
converts a charge current into an orbital current. These two effects form 
the basis of this thesis, serving as fundamental tools to investigate spin- 
and orbital-related phenomena. 

In this context, this thesis explores both the transport of spin and orbital 
angular momentum. In the first part, Chapters 4 and 5, we investigate 
the propagation of magnon spin currents in a pure ferromagnetic 
insulator, providing insights into a textbook ferromagnetic insulator: 
europium sulphide (EuS). The SHE is employed to generate and detect 
spin currents, providing a robust platform to probe magnon transport. 
We demonstrate the excitation and transport of thermally-induced 
magnons and extract the magnon diffusion length in this system, in 
contrast to previously explored ferrimagnetic and antiferromagnetic 
materials. Furthermore, we study the low-temperature magnetic 



dynamics of EuS, largely unexplored and reported only in bulk crystals. 
Ferromagnetic resonance measurements on polycrystalline and 
epitaxial EuS thin films reveal a Gilbert damping of 10−3 for 
temperatures below 10 K, comparable to that of permalloy films.  

In the second part, Chapter 6, we study the large Hanle 
magnetoresistance in Vanadium, a 3d metal, with weak spin-orbit 
coupling, and reveal its orbital origin. This phenomenon is intimately 
connected to the OHE, which mediates the conversion between charge 
and orbital currents. Using magnetotransport and ferromagnetic 
resonance measurements, we determine the key orbital transport 
parameters, providing a comprehensive characterization of orbital 
current propagation in this material. These results highlight the role of 
the orbital degree of freedom in metals and open new possibilities for 
orbitronics. 

Overall, this thesis advances our understanding of spin and orbital 
transport, providing a solid foundation for future developments in 
spintronics and orbitronics. 



Resumen 
Desde los primeros experimentos en el siglo XVII para comprender la 
electricidad hasta la actualidad, donde los dispositivos nos rodean en 
todo momento, la carga del electrón ha estado durante mucho tiempo 
en el corazón de la electrónica. La electrónica explota este grado de 
libertad para transportar y almacenar información. Para lograrlo, los 
chips se han ido reduciendo continuamente de tamaño, permitiendo un 
aumento de la densidad del transistor, el componente principal de los 
dispositivos, dentro de una misma área. Sin embargo, esta 
miniaturización ha generado desafíos como los efectos cuánticos y la 
disipación de energía. Para reducir el consumo energético y superar las 
limitaciones de la miniaturización, han surgido nuevas tecnologías 
como la espintrónica (spintronics), la spin-orbitrónica (spin-
orbitronics) o, más recientemente, la orbitrónica (orbitronics), que 
complementan o sustituyen a la tecnología CMOS convencional basada 
en la carga. Estos campos aprovechan el spin o momento angular orbital 
del electrón en lugar de, o además de, su carga. 

La espitrónica explota el flujo de momento angular de espín, que puede 
ser transportado por electrones en movimiento en un conductor no 
magnético o por excitaciones colectivas de la magnetización de 
electrones localizados (magnones) en un material magnético. En 
cambio, la orbitrónica opera con el flujo de momento angular orbital. 
Todos estos enfoques pueden integrarse con la electrónica 
convencional. Un mecanismo clave que permite esta integración es el 
efecto Hall de espín (SHE), que convierte una corriente de carga en una 
corriente de espín. De manera similar, el efecto Hall orbital (OHE) 
convierte una corriente de carga en una corriente orbital. Estos dos 
efectos constituyen la base de esta tesis, sirviendo como herramientas 
fundamentales para investigar fenómenos relacionados con el espín y 
con el momento angular orbital. 

En este contexto, esta tesis explora tanto el transporte de momento 
angular de espín como de momento angular orbital. En la primera parte, 
capítulos 4 y 5, investigamos la propagación de corrientes de espín de 
magnones en un aislante ferromagnético puro, proporcionando 
información sobre un aislante ferromagnético de referencia: el sulfuro 
de europio (EuS). El SHE se utiliza para generar y detectar corrientes 



de espín, ofreciendo una plataforma robusta para estudiar el transporte 
de magnones. Demostramos la excitación y el transporte de magnones 
inducidos térmicamente y extraemos la longitud de difusión de 
magnones en este sistema, en contraste con los materiales 
ferrimagnéticos y antiferromagnéticos explorados previamente. 
Además, estudiamos la dinámica magnética a bajas temperaturas del 
EuS, en gran medida inexploradas y reportada únicamente en cristales 
volumétricos. Las medidas de resonancia ferromagnética en películas 
delgadas policristalinas y epitaxiales de EuS revelan un 
amortiguamiento de Gilbert del orden de 10−3 para temperaturas por 
debajo de 10 K, comparable al de las películas de permaloy. 

En la segunda parte, capítulo 6, estudiamos la gran magnetorresistencia 
de Hanle en el vanadio, un metal 3d con acoplamiento espín-órbita 
débil, y revelamos su origen orbital. Este fenómeno está íntimamente 
ligado al OHE, que media la conversión entre corrientes de carga y 
corrientes orbitales. Mediante medidas de magnetotransporte y 
resonancia ferromagnética, determinamos los parámetros clave del 
transporte orbital, proporcionando una caracterización exhaustiva de la 
propagación de corrientes orbitales en este material. Estos resultados 
ponen de relieve el papel del grado de libertad orbital en los metales y 
abren nuevas posibilidades para la orbitrónica. 

En conjunto, esta tesis amplía nuestra comprensión del transporte de 
espín y de orbital, proporcionando una base sólida para futuros 
desarrollos en espintrónica y orbitrónica. 
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Chapter 1 
Introduction 
The first experiments to understand the basic principles of electricity 
started in the seventeenth century, but it was in 1891 when G. J. Stoney 
suggested the name “electron” for a hypothetical small unit of electric 
charge [1]. The electron, one of the elementary particles that form the 
atoms, was discovered six years later by Professor J.J. Thomson, who 
determined its charge to mass ratio. The investigation and development 
of electronic devices were based on the electron most known intrinsic 
property, the electric charge, whose value corresponds to the negative 
elementary electric charge (−𝑒𝑒). It was the beginning of the age of 
electronics, based on the control and manipulation of electrons in 
movement. This was achieved during the early 20th century by means 
of the vacuum tube, a glass tube which contained electrodes in near-
vacuum, enabling the development of electronic devices. Vacuum tubes 
were used in early telecommunication systems, radios and televisions.  

Later, with the discovery of transistors in the mid-20th century, followed 
by the invention of the integrated circuit, electronics experienced a 
breakneck development. Transistors were smaller, more efficient and 
more reliable than vacuum tubes, enabling the miniaturization of 
electronic devices. Of utmost importance was the complementary 
metal-oxide-semiconductor (CMOS) integrated circuit, which included 
metal-oxide-semiconductor field effect transistors (MOSFET), 
announced in 1963 [2,3]. In 1965, G. E. Moore realized that the number 
of components per chip of an integrated circuit increased by a factor of 
two every year [4], which later updated to a factor of two every two 
years [5]. This trend, known as Moore’s law, comes from the 
combination of shrinking the size of individual transistors and 
increasing chip area. Throughout all this time, industry has been 
looking for higher performance, cheaper manufacturing, and 
miniaturization.  As a result, microprocessors, firstly introduced by Intel 
in the early 1970s, now incorporate billions of transistors in a single 
device.  

Microprocessors have revolutionized information and communication 
technologies (ICTs) and, therefore, our society: we can find 
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microprocessors in our daily life in a variety of devices including 
smartphones, laptops, industrial apparatus and space-based equipment. 
Although microprocessors continuously improve, energy efficiency 
became the focal point after the 1990s. To reduce energy consumption, 
techniques such as dynamic voltage, frequency scaling and power 
gating were implemented, contributing to environmental 
sustainability [6,7]. However, the shrinkage of transistors, that 
nowadays is at sub-10-nanometre scale, encounters barriers like leakage 
currents at the gate dielectric due to quantum tunnelling, which increase 
idle power usage, or increasing heat generation, requiring more 
advanced cooling devices [8]. Although electronics and ICTs have 
transformed our lives, the physical limitations of the current CMOS 
technology make Moore’s law more and more difficult to maintain. 
Therefore, we are at the limit of continuing using the same technology. 
Of particular importance, we need to find new ways to make ICTs more 
efficient. In this regard, spintronics, spin-orbitronics, and more recently 
orbitronics have arisen as new possibilities to replace or complement 
conventional charge-based CMOS technology [9–11]. 

To understand the basics of spintronics and orbitronics, we need to 
consider another property of electrons, the angular momentum, which 
has two distinct sources, the orbital 𝑳𝑳 and the spin 𝑺𝑺, sometimes referred 
as extrinsic and intrinsic angular momentum, respectively. The orbital 
angular momentum is a characteristic property of the rotational motion 
of an electron around the nucleus (see Figure 1.1). Classically, an 
electron circulating in its orbit, of radius 𝑟𝑟 and with velocity 𝑣𝑣, is 
equivalent to a current loop where the current direction 𝐼𝐼 is opposite to 
the sense of circulation because of the negative electronic charge. 
According to Ampère, the elementary magnetic moment 𝑚𝑚 resulting 
from the circulating current can be represented by 𝑚𝑚 = 𝐼𝐼𝐼𝐼, where 𝐴𝐴 is 
the area of the current loop and the current is 𝐼𝐼 = −𝑒𝑒/𝑇𝑇, where 𝑇𝑇 =
2𝜋𝜋𝜋𝜋/𝑣𝑣 is the period of rotation. The orbital magnetic moment is then 
𝒎𝒎𝑳𝑳 = −1

2
𝑒𝑒𝒓𝒓 × 𝒗𝒗 which, in terms of the angular momentum, 𝑳𝑳 =

𝑚𝑚𝑒𝑒𝒓𝒓 × 𝒗𝒗, where 𝑚𝑚𝑒𝑒 is the mass of the electron, results: 

𝒎𝒎𝑳𝑳 = −
𝑒𝑒

2𝑚𝑚𝑒𝑒
𝑳𝑳 (1.1) 



3 

In Quantum Mechanics, the orbital angular momentum is quantized as 
𝐿𝐿 = �𝑙𝑙(𝑙𝑙 + 1)ℏ, where 𝑙𝑙 is the orbital quantum number and ℏ is the 
Planck´s constant ℎ divided by 2𝜋𝜋. Then, it is convenient to express the 
quantum orbital angular momentum as: 

𝒎𝒎𝑳𝑳 = −
𝑔𝑔𝐿𝐿𝜇𝜇𝐵𝐵
ℏ

𝑳𝑳 (1.2) 

where 𝑔𝑔𝐿𝐿 is the orbital g-factor (the ratio of the magnetic moment of a 
particle to that expected classically, i.e., Eq. (1.1), that for the electron 
is 1), and 𝜇𝜇𝐵𝐵 = 𝑒𝑒ℏ/(2𝑚𝑚𝑒𝑒) is the Bohr magneton. 

Figure 1.1. Classically, an electron with charge -e and velocity 𝑣𝑣 orbits a 
nucleus with positive charge 𝑍𝑍𝑍𝑍 forming a current loop. The orbital motion 
creates an orbital angular momentum 𝑳𝑳 with the orbital moment 𝒎𝒎𝑳𝑳 pointing 
in the opposite direction.  

Moreover, the electron has a spin angular momentum 𝑺𝑺, which does not 
have a classical equivalent. The spin is a universal property of the 
electron in all states of matter at all temperatures. It was postulated in 
1925 by G. Uhlenbeck and S. Goudsmit [12]. Electrons, like protons 
and neutrons, are fermions. Such particles have half-integer values of 
spin and obey the Pauli exclusion principle. The quantum spin magnetic 
moment 𝒎𝒎𝒔𝒔 due to the electron spin is equal to: 

𝒎𝒎𝒔𝒔  = −
𝑔𝑔𝑆𝑆𝑒𝑒
2𝑚𝑚𝑒𝑒

𝑺𝑺 = −
𝑔𝑔𝑆𝑆𝜇𝜇𝐵𝐵
ℏ

𝑺𝑺 (1.3) 

where 𝑔𝑔𝑆𝑆 is the spin g-factor that for the electron is close to 2. The spin 
possess discrete quantized values presented as the projection along an 
axis, usually the z-axis, that is 𝑆𝑆𝑧𝑧 = ℏ𝑚𝑚𝑠𝑠 being 𝑚𝑚𝑠𝑠 the magnetic 
quantum number that can take two discrete values 𝑚𝑚𝑠𝑠 = ± 1/2, so 
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there are only two possible spin angular momentum states, generally 
named spin-up (↑)  and spin down (↓). 

Moreover, the electron spin and orbital momentum can couple by spin-
orbit coupling (SOC), generating an important source of spin dynamics. 
To understand this coupling, we can take the electron’s frame of 
reference and assume the electron to be at the centre with the nucleus 
𝑍𝑍𝑍𝑍 circling around it with a given velocity 𝑣𝑣 (Figure 1.2a). The motion 
is equivalent to a current which creates a magnetic field 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠:  

𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠 =
𝜇𝜇0𝑍𝑍𝑍𝑍𝑍𝑍
4𝜋𝜋𝑟𝑟2

(1.4) 

being 𝜇𝜇0 the permeability of free space. 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠 interacts with the electron 
spin with an energy 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = −𝜇𝜇𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠. 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 can be rewritten in terms of 
the Bohr radius 𝑎𝑎0 by using 𝑟𝑟 ≃ 𝑎𝑎0/𝑍𝑍, and 𝑚𝑚𝑒𝑒𝑣𝑣𝑣𝑣 ≈ ℏ giving: 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 ≈ −
𝜇𝜇0𝜇𝜇𝐵𝐵2𝑍𝑍4

4𝜋𝜋𝑎𝑎03
(1.5) 

According to this simplified picture that leads to the equation, the SOC 
scales as 𝑍𝑍4, indicating that it becomes more important for heavy 
elements. Then, it is expected to be smaller for 3d transition metals and 
higher for 4d and, especially, 5d transition metals. In fact, the 3d series 
follow quite well the expected 𝑍𝑍4 behaviour (see Figure 1.2b). 
However, 4d elements in the left part of the periodic table have lower 
SOC than 3d elements in the right part, even though for each column of 
the periodic table the 4d element has stronger SOC than the 
corresponding 3d element, which accounts for a more complicated 
connection of the SOC strength. In fact, the SOC strength for the 
outermost electrons increases much more slowly as 𝑍𝑍2, which agrees 
with the Landau-Lifshitz scaling (see Figure 1.2b) [13].  
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Figure 1.2. a) Spin-orbit coupling from the viewpoint of the electron. The 
nucleus is orbiting around the electron and the resulting orbital magnetic 
moment interacts with the spin of the electron, leading to the spin-orbit 
coupling. b) Spin-orbit coupling strength 𝜆𝜆𝑛𝑛𝑛𝑛 for atoms as a function of their 
atomic number Z. Calculated results using the Hartree-Fock method (solid 
lines) are compared to the hydrogenic 𝑍𝑍4 dependence (upper dashed line) 
which is computed for the 3d series. For the outermost electrons (indicated by 
the circles and the shaded area), the spin-orbit coupling increases much more 
slowly, roughly following the Landau-Lifshitz 𝑍𝑍2 scaling (lower dashed line), 
although within each series, the dependence remains closer to 𝑍𝑍4. Figure 
adapted from [13]. 

The correct version of the SOC, resulting from a relativistic calculation, 
is represented by the Hamiltonian:  

ℋ𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜆𝜆𝑛𝑛𝑛𝑛𝑳𝑳 ∙ 𝑺𝑺 (1.6) 

where 𝜆𝜆𝑛𝑛𝑛𝑛 is the strength of the SOC, and 𝑳𝑳 and 𝑺𝑺 are operators. 

Up to now, we have considered that we have only one electron, but 
every solid contains a very large number of electrons. The attractive 
electrostatic interaction between the negative charges of the electrons 
and the positive charge of the nuclei is responsible for the cohesion in 
solids. There, the electrons are arranged in energy bands separated by 
regions in energy for which no wavelike electron orbitals exist (energy 
gaps) [14]. Moreover, in solids, electrons are the main source of 
magnetic moments. The nucleus also has a small magnetic moment, but 
it is insignificant compared to that of the electrons, and it does not affect 
the gross magnetic properties. The microscopic theory of magnetism is 
based on the quantum mechanics of electronic angular momentum, 
which means that it is based on the orbital motion and spin as well as 
on the SOC. 
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Given the fact that electrons possess not only charge but also angular 
momentum, new ways to exploit this property gave rise to a new 
generation of electronics named spintronics, which takes advantage of 
the flow of spin (see Figure 1.3b) [10,15]. Later, several subfields 
emerged. One direction focuses on the collective excitations of spins 
leading to the development of magnonics (also illustrated in Figure 
1.3b) [16]. Another approach to manipulating spin involves exploiting 
the SOC, which lead to the evolution of spintronics into spin-
orbitronics [17]. Finally, it has very recently been found that the orbital 
angular momentum can be directly exploited in a similar way as the 
spin, giving rise to the emerging field of orbitronics (see Figure 
1.3c) [18]. 

Figure 1.3. a) Electronics is based on the transport and manipulation of the 
electron charge. b) Spintronics is based on the transport and manipulation of 
the spin angular momentum of the electron, which can be realized by 
conduction electrons or by quasiparticles like magnons. c) Orbitronics is based 
on the transport and manipulation of the orbital angular momentum of the 
electron. 

The aim of this thesis is to study the spin and orbital transport in metallic 
and insulating systems: 

Chapter 1 (Introduction) gives a brief overview of the evolution of 
electronics since its birth to the present day. Although the charge of the 
electron was the main property used in electronics, over time and 
increased demand from the technological industry and society new 
fields arise, such as spintronics and orbitronics.  

Chapter 2 (From spintronics to orbitronics) provides a theoretical 
background of spin and orbital physics, introducing concepts such as 
spin and orbital injection, transport and detection. 

Chapter 3 (Experimental techniques) gives details about the techniques 
used for the fabrication, characterization and analysis of the spintronic 
and orbitronic devices used in this thesis. 
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The following three chapters present different approaches to study spin 
and orbital transport in various systems. First, Chapters 4 and 5 focus 
on magnetic insulators, where magnon spin currents can propagate. 
Chapter 4 (Magnon currents excited by the spin Seebeck effect in 
ferromagnetic EuS thin films) shows how magnon spin currents 
propagate in a pure ferromagnetic insulator. Chapter 5 (Gilbert 
damping in EuS thin films by ferromagnetic resonance spectroscopy) 
explores further spin dynamics in EuS thin films with different 
thicknesses and crystallinity. Chapter 6 (Orbital Hall conductivity and 
orbital diffusion length of Vanadium thin films by Hanle 
magnetoresistance) investigates Vanadium, a transition metal with 
weak SOC, where the orbital Hall conductivity is expected to be orders 
of magnitude higher than the spin Hall conductivity. 

Chapter 7 (Conclusions and outlook) summarizes the main results of 
this thesis. 
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Chapter 2 
From spintronics to orbitronics 
2.1 Spintronics 
The starting point of spintronics is that, in an electrical conductor, 
charge carriers possess a charge and a spin degree of freedom which 
can be used not only to transport charge in the form of an electrical 
current, but also to transport spin angular momentum in the form of a 
spin current. In this case, the spin current can be viewed as the flow of 
spin angular momentum mediated by electrons. Precisely, the discovery 
of giant magnetoresistance (GMR) exploited the influence of the spin 
in the mobility of the electrons through a current flowing between two 
ferromagnetic elements separated by a thin non-magnetic spacer (see 
Figure 2.1) [19,20], starting the era of spintronics. The phenomenon of 
GMR was implemented in magnetoresistive read heads on hard disk 
drives (HDDs) that detect the sign and magnitude of the magnetic fields 
above the disk with high resolution [21]. The increased sensitivity 
resulted in a quick growth of the storage density in HDDs, and in 2007 
Albert Fert and Peter Grunberg received the Nobel prize in Physics for 
their discovery, independently, of the GMR.  

Figure 2.1. a) Discovery of GMR in Fe/Cr(001) multilayers (Fig. taken 
from [19]). b) Schematic of the mechanism of the GMR. In the parallel 
configuration (left), the electrons with one of the spin directions can go easily 
through all the magnetic layers and this leads to a low resistance. In the 
antiparallel configuration (right), the electrons of each spin channel are slowed 
down at one of the magnetic layers and the resistance is high. c) Schematic of 
a GMR read head introduced for HDDs (Fig. adapted from [15]). 
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Whereas spintronics was first used to read information being stored in 
HDDs, later other possibilities arose, such as magnetic random-access 
memories (MRAM) [22], which instead uses tunnel magnetoresistance, 
or spin-based logic [9–11,23]. Furthermore, the intensive investigation 
of spin currents in order to look for higher information processing 
speeds, denser information storage and lower power consumption 
opened new ways to propagate spin currents such as magnon-mediated 
spin currents in magnetic insulators [24–26]. In insulators, spin currents 
propagate with significantly reduced dissipation since there are no 
conduction electrons dissipating heat.  

 

2.1.1 Charge and spin currents  
To start with, we consider charge currents. When an electric field 𝑬𝑬 is 
applied in a conductor, a force 𝑒𝑒𝑬𝑬 is exerted on the conduction 
electrons, generating an electron drift motion with an associated density 
charge current 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 given by:  

 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 = 𝜎𝜎𝑒𝑒𝑬𝑬 , (2.1) 
 
where 𝜎𝜎𝑒𝑒 is the electrical conductivity. This is the well-known Ohm’s 
law. Moreover, electrons can also be driven by a spatial variation in 
their density 𝑛𝑛, called diffusive motion, that results in a diffusion 
current density 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 given by Fick’s law [27]: 

 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 = −𝑒𝑒𝑒𝑒𝛁𝛁𝑛𝑛 , (2.2) 
 
where 𝐷𝐷 is the diffusion coefficient. Then, using the Einstein relation 
𝜎𝜎𝑒𝑒 = 𝑒𝑒2𝐷𝐷𝐷𝐷(𝐸𝐸𝐹𝐹), where 𝑁𝑁(𝐸𝐸𝐹𝐹) is the density of states (DOS) at the 
Fermi level, that is, the electrons that contribute to the current, and the 
relation between the field and the electrochemical potential 𝜇𝜇: 

 𝛁𝛁𝜇𝜇 = −𝑒𝑒𝑬𝑬 + 𝛁𝛁𝑛𝑛
𝑁𝑁(𝐸𝐸𝐹𝐹)

 , (2.3) 
 
we can express the total current density 𝑱𝑱𝒒𝒒 in terms of the gradient of 
𝜇𝜇 [28]: 

 𝑱𝑱𝒒𝒒 = 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 + 𝑱𝑱𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 = −𝜎𝜎𝑒𝑒
𝑒𝑒
𝛁𝛁𝜇𝜇 . (2.4) 
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Now, to consider spin currents, we need to account for the spin degree 
of freedom carried by mobile conduction electrons that can give rise to 
two types of (electronic) spin currents: pure spin currents and spin-
polarized currents. 

In ferromagnetic (FM) conductors, carriers with spin-up and spin-down 
electrons behave as being flowing in two independent transport 
channels, one for each spin. This is known as the “two-channel model” 
proposed by Mott in 1936 [29]. Evidence of the spin dependence of the 
resistivity of magnetic metals was later found [30–32]. Within the 
model, in FM metals, spin-up and spin-down electrons carry current in 
parallel with different conductivities (𝜎𝜎↑ ≠ 𝜎𝜎↓) [32]. With this 
approach, the total charge current density 𝐽𝐽𝑞𝑞 is the sum of the charge 
current density for the spin-up electrons 𝐽𝐽↑ and the charge current 
density for the spin-down electrons 𝐽𝐽↓: 

 𝑱𝑱𝑞𝑞 =  𝑱𝑱↑ + 𝑱𝑱↓ (2.5) 
 
Correspondingly, the spin current density can be defined as: 

 𝑱𝑱𝑆𝑆 =  𝑱𝑱↑ − 𝑱𝑱↓ (2.6) 
 

 

Figure 2.2. Illustration of different types of currents. a) A flow of charge 
carriers with equal spin-up and spin-down densities generates a pure charge 
current. b) An unequal DOS between spin-up and spin-down carriers at the 
Fermi level generates a spin-polarized current. c) Equal number of charges 
flowing in opposite directions for opposite spins creates a pure spin current. d) 
A perturbation in a magnetically ordered system produces a spin wave (or 
magnon). 

If we now define the charge current density in terms of the spin-
up/down conductivity 𝜎𝜎↑,↓ and the spin-dependent electrochemical 
potential 𝜇𝜇↑,↓, we have: 
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 𝑱𝑱↑,↓ = −𝜎𝜎↑,↓
𝜵𝜵𝜇𝜇↑,↓

𝑒𝑒
 (2.7) 

 
where the conductivities can be expressed as: 

 𝜎𝜎↑,↓ =
1
3
𝑁𝑁↑,↓(𝐸𝐸𝐹𝐹)𝑒𝑒2𝑣𝑣𝐹𝐹↑,↓ℓ↑,↓ (2.8) 

 
being 𝑁𝑁↑,↓(𝐸𝐸𝐹𝐹) the electron DOS at the Fermi level for each spin 
subband, 𝑣𝑣𝐹𝐹↑,↓ the Fermi velocity for each spin subband, and ℓ↑,↓ the 
mean free path for each spin-up and spin-down population. Then, in a 
non-magnetic (NM) conductor, where 𝑁𝑁(𝐸𝐸𝐹𝐹) is the same for both spin-
up and spin-down electrons, as shown in Figure 2.3a, as well as the 
electrochemical potential (𝜇𝜇↑ = 𝜇𝜇↓), the charge current is equally 
distributed in both channels. As a result, there is no spin current, 𝑱𝑱𝑆𝑆 = 0 
(see Figure 2.2a). However, if there is an imbalance between the 
populations of spin-up and spin-down electrons, a spin-polarized 
current arises (Figure 2.2b). This is the case for metallic FMs, where 
there is an unequal DOS at the Fermi level, 𝑁𝑁↑(𝐸𝐸𝐹𝐹) ≠ 𝑁𝑁↓(𝐸𝐸𝐹𝐹) (see 
Figure 2.3b and c). Then, if a voltage is applied to the FM metal to 
produce a charge current, this charge current will be spin polarized 
(Figure 2.2b). In certain conditions, see Sec. 2.1.2, pure spin currents 
can be generated, in which spin-up electrons move in one direction and 
the same amount of spin-down electrons move in the opposite direction 
(see Figure 2.2c). 

 

Figure 2.3. a) Sketch of the DOS in a NM metal with spin-up and spin-down 
electrons having the same values at the Fermi energy. The shaded areas 
represent the occupied energy states up to the Fermi energy. b) DOS in a FM 
metal with band splitting, where the energy subband of the spin-up electrons is 
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shifted to lower energies relative to the spin-down subband. Here, spin-up and 
spin-down electrons have different DOS at the Fermi energy. c) DOS for some 
3d elements (Fe, Co, Ni) in the FM state (adapted from Ref. [33]). 

Spin angular momentum can also be carried by other particles and 
quasiparticles in solid-state systems, extending the concept of spin 
currents beyond conducting electronics. For instance, a second class of 
spin flow is due to the spins of core electrons which display a net 
magnetization with long range order in magnetically ordered systems, 
which can be either electrically insulating or electrically conducting. In 
these systems, we have a collection of spins embedded on a lattice in 
which they can interact with external magnetic fields and with one 
another. Thermal excitations of the localized spins in these materials 
give rise to a spin wave, which can directly transport heat and spin but 
not charge (see Figure 2.2d). This quantized spin wave, also known as 
a magnon, is a quasiparticle obeying Bose-Einstein statistics. These 
quantized bosonic excitations of the magnetic lattice carry an angular 
momentum of ℏ [34]. 

One can distinguish between two kinds of magnon currents, coherent 
(or ballistic) and incoherent (or diffusive) currents. For coherent 
currents, the frequency, wavelength and phase are well defined. By 
contrast, for incoherent diffusive magnon currents, the driving 
mechanisms are magnon density gradients and temperature, and no 
well-defined frequency or phase exist [35].  

The propagation of an incoherent magnon spin current density 𝑱𝑱𝒎𝒎 in a 
magnetic medium can occur because of a nonequilibrium magnon 
density gradient, which induces a diffusive magnon flow 𝑱𝑱𝒎𝒎

𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅, or 
because of a temperature gradient, that gives rise to a magnon flow 𝑱𝑱𝒎𝒎𝛁𝛁𝑻𝑻. 
Then, the total magnon current, 𝑱𝑱𝒎𝒎 = 𝑱𝑱𝒎𝒎

𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 + 𝑱𝑱𝒎𝒎𝛁𝛁𝑻𝑻, in terms of the 
nonequilibrium magnon chemical potential (𝜇𝜇𝑚𝑚), and the magnon spin 
conductivity (𝜎𝜎𝑚𝑚), is expressed as: 

 �
2𝑒𝑒
ℏ �

 𝑱𝑱𝑚𝑚 = −�𝜎𝜎𝑚𝑚𝛁𝛁𝜇𝜇𝑚𝑚 +
𝑆𝑆𝑠𝑠
𝑇𝑇
𝛁𝛁𝑇𝑇𝑚𝑚� (2.9) 

 
where 𝑆𝑆𝑠𝑠 is the spin Seebeck coefficient of the medium, 𝑇𝑇 is the average 
equilibrium temperature of the magnon bath and 𝛁𝛁𝑇𝑇𝑚𝑚 is the temperature 
gradient applied to the system [36]. 
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2.1.2 Generation and detection of pure spin 
currents 
A great deal of attention has been focused on pure spin currents, which 
represents a promising new avenue to reduce dissipation, since they use 
minimal charge carriers thus diminishing Joule heating. But, for that, it 
is necessary to be able to generate such spin currents, transport them as 
far as possible (as they are not conservative currents), and finally 
detecting them. Concerning the generation of pure spin currents, 
different possibilities have arisen, such as the spin Hall effect (SHE), 
spin pumping (SP) [37,38], electrical spin injection [39], or spin 
Seebeck effect (SSE) [40,41]. 

Let us focus on the SHE. SHE was predicted in 1971 by Dyakonov and 
Perel [42], and it refers to an effect where a charge current is converted 
into a transverse pure spin current in a material without magnetic order, 
but with finite SOC: 

 𝑱𝑱𝑆𝑆 = �
ℏ

2𝑒𝑒�
𝜃𝜃𝑆𝑆𝑆𝑆𝑱𝑱𝑞𝑞 × 𝒔𝒔� (2.10) 

 
where 𝒔𝒔� is the orientation of the spin angular momentum 𝑺𝑺 and 𝜃𝜃𝑆𝑆𝑆𝑆 is 
the spin Hall angle which quantifies the efficiency of the charge to spin 
current conversion. This angle is defined as the ratio between the 
transverse spin Hall conductivity (𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜎𝜎𝑆𝑆𝑆𝑆) and the longitudinal 
charge conductivity (𝜎𝜎𝑥𝑥𝑥𝑥)  [43]: 

 𝜃𝜃𝑆𝑆𝑆𝑆 = �
2𝑒𝑒
ℏ �

𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑥𝑥𝑥𝑥

 (2.11) 

 
A larger spin Hall angle indicates a more efficient conversion from 
charge to spin current, which is desirable in spintronic applications. 

In a conductor with SHE, when 𝑱𝑱𝑞𝑞 is applied, the same number of spin-
up and spin-down electrons move in the same direction but, while 
traveling along the conductor, they acquire a spin-dependent transverse 
velocity. In consequence, spin-up and spin-down electrons are deflected 
into opposite directions, creating a spin accumulation at the sample 
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edges, and thus a pure spin current flows along this transverse direction 
with the spin orientation 𝒔𝒔� ⊥ 𝑱𝑱𝑞𝑞 ⊥ 𝑱𝑱𝑆𝑆 (see Figure 2.4a) [44]. 

The reciprocal effect, known as the inverse spin Hall effect (ISHE), 
converts a spin current into a charge current, permitting the detection of 
spin currents (see Figure 2.4b). The conversion is given by: 

 𝑱𝑱𝑞𝑞 = �
2𝑒𝑒
ℏ �

𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝑱𝑱𝑆𝑆 × 𝒔𝒔� (2.12) 

 
where 𝜃𝜃𝑆𝑆𝑆𝑆 =  𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼 due to Onsager reciprocity [45]. 

 

Figure 2.4. Schematic illustrations of a) the SHE that converts an applied 
charge current density 𝑱𝑱𝑞𝑞 into a transverse pure spin current density 𝑱𝑱𝑠𝑠 because 
electrons with opposite spins deflect in opposite directions, and b) the ISHE, 
the reciprocal effect that converts an applied 𝑱𝑱𝑠𝑠 into a transverse 𝑱𝑱𝑞𝑞.  

The origin of the SHE and the ISHE is the SOC of the conduction 
electrons, making the conversion between charge and spin currents 
possible. The spin-dependent transverse velocities have their origin in 
intrinsic effects (Berry curvature of the band structure) and extrinsic 
effects (skew scattering and side-jump scattering) [46]. Consequently, 
since SOC scales with 𝑍𝑍4, the conversion between 𝑱𝑱𝑠𝑠 and 𝑱𝑱𝑞𝑞 by the SHE 
and ISHE is expected to be larger in heavy metals such as Pt, W, or Ta. 

The SHE and ISHE generate and detect spin currents in electrical 
conductors without magnetic order, but we may also want spin currents 
in insulators. In this case, we need to generate magnon currents. Spin 
angular momentum can flow between NM metals and magnetic 
insulators (MI). This occurs because, despite the distinct character of 
electrons and magnons, both carry spin angular momentum and, at the 
interface between the MI and the NM, the spin angular momentum can 
be transferred between the electrons and magnons by spin-flip 
scattering processes via the exchange coupling. At the interface, a 
conduction electron with spin ½ of the NM can excite a magnon with 
spin 1 by flipping its spin. On the other hand, if a magnon reaches the 
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interface, the inverse process will occur. The spin-flip scattering 
processes in combination with the SHE and the ISHE will allow us to 
generate and detect magnon spin currents, respectively. Interfacial pure 
spin currents across the NM/MI interface give rise not only to magnon 
transport but also to the manifestation of the SP effect, the SSE and the 
spin Hall magnetoresistance (SMR) (see Ref. [47]).   

To understand the spin current across the NM/MI interface, we need to 
consider a spin accumulation at the NM side of the interface, 
parametrized by the spin accumulation, defined as 𝜇𝜇𝑆𝑆(𝑧𝑧) = 𝜇𝜇↑(𝑧𝑧) −
𝜇𝜇↓(𝑧𝑧), and with spin orientation 𝒔𝒔�. On the other hand, at the MI side, 𝑴𝑴 
represents the magnetic order parameter where the unit vector 𝒏𝒏 
describes its orientation 𝒏𝒏 = 𝑴𝑴/𝑀𝑀 and the accumulation of magnons is 
given by the magnon chemical potential 𝜇𝜇𝑚𝑚. Moreover, the temperature 
𝑇𝑇𝑁𝑁𝑁𝑁 of the NM system is assumed to be different from the one of the 
magnon system 𝑇𝑇𝑚𝑚. With these considerations, the pure spin current 
flowing from the NM into the MI across the interface is [25,44]: 

 𝑱𝑱𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖 = 1
4𝜋𝜋
�𝑔𝑔�𝑖𝑖↑↓ + 𝑔𝑔�𝑟𝑟↑↓𝒏𝒏 ×�(𝜇𝜇𝑆𝑆(0)𝒔𝒔� × 𝒏𝒏 − ℏ𝒏̇𝒏) +

[𝐺𝐺𝑠𝑠(𝜇𝜇𝑚𝑚 + 𝜇𝜇𝑆𝑆(0)𝒔𝒔� ∙ 𝒏𝒏) + 𝑆𝑆𝑠𝑠(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑁𝑁𝑁𝑁)]𝒏𝒏      
(2.13) 

 
Here, 𝐺𝐺𝑠𝑠 is the interfacial spin conductance and 𝑔𝑔�𝑖𝑖↑↓and 𝑔𝑔�𝑟𝑟↑↓ are the 
imaginary and real parts of the effective interfacial spin-mixing 
conductance 𝑔𝑔�↑↓ = 𝑔𝑔�𝑟𝑟↑↓ + 𝑖𝑖𝑔𝑔�𝑖𝑖↑↓, including the effects of finite 
temperature and the magnon band structure of the MI. The first term on 
the right describes the flow of spin current due to 𝑔𝑔�↑↓ that persists even 
at 𝑇𝑇 = 0, while the second term is thermally activated (𝑇𝑇 ≠ 0). The 
physical principles behind the contributions to the spin current across 
the interface are elastic and inelastic spin-flip scattering processes at the 
interface for the electrons in the NM [25]. For 𝑔𝑔�𝑖𝑖↑↓and 𝑔𝑔�𝑟𝑟↑↓ elastic spin-
flip scattering is the dominant contribution, and angular momentum is 
transferred via torque onto the magnetic order parameter 𝒏𝒏. The first 
term is responsible for the manifestation of the SP and the SMR effects. 
In the second term on the right, 𝐺𝐺𝑠𝑠 and 𝑆𝑆𝑠𝑠 originate from inelastic 
electron spin-flip scattering. The spin accumulation in the NM transfers 
angular momentum to thermal fluctuations of the magnetic lattice 
changing the number of magnons at the NM/MI interface. The second 
term is responsible for the SSE and magnon transport. 
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2.1.3 Diffusion of spin currents 
Generally, spins “flip” within a distance characteristic of the metal, its 
purity, and temperature. This means that spin angular momentum is 
only conserved on the scale of the spin-flip time 𝜏𝜏𝑠𝑠𝑠𝑠 because, as 
electrons diffuse in the metal and undergo collisions, there is a finite 
probability to flip its spin. Besides, they can also flip at interfaces.  

In an isolated NM, there are different characteristic lengths that we must 
take into account: the mean free path ℓ, the spin-flip length ℓ𝑠𝑠𝑠𝑠 and the 
spin diffusion length 𝜆𝜆𝑆𝑆𝑆𝑆. ℓ is the mean distance between collisions or 
scattering events, where defining a mean time 𝜏𝜏 between scattering 
events (momentum scattering time) gives ℓ = 𝑣𝑣𝐹𝐹𝜏𝜏. On the other hand, 
ℓ𝑠𝑠𝑠𝑠 is the mean distance that electrons travel between spin-flipping 
collisions and 𝜏𝜏𝑠𝑠𝑠𝑠 is the corresponding spin-flip scattering time. It is 
also convenient to introduce 𝜆𝜆𝑆𝑆𝑆𝑆, which corresponds to the decay length 
at which an excess of spins exponentially diffuses away. In a single NM 
metal, the standard form is [48]: 

 𝜆𝜆𝑆𝑆𝑆𝑆 = �𝐷𝐷𝜏𝜏𝑠𝑠𝑠𝑠 = �(1 3⁄ )ℓ𝑣𝑣𝐹𝐹𝜏𝜏𝑠𝑠𝑠𝑠 (2.14) 

 
If an excess of spins can be created in the NM, for instance at the 
interface with a FM in which a current is applied, or at the edge due to 
the SHE, there will be a difference between the electrochemical 
potential for spins up (𝜇𝜇↑) and down (𝜇𝜇↓), leading to a spin accumulation 
𝜇𝜇𝑆𝑆. In the limit ℓ ≪ 𝜆𝜆𝑆𝑆𝑆𝑆, the spin accumulation is governed by a 
diffusion equation with length scale 𝜆𝜆𝑆𝑆𝑆𝑆: 

 𝜕𝜕2𝜇𝜇𝑆𝑆
𝜕𝜕𝑧𝑧2

=
𝜇𝜇𝑆𝑆
𝜆𝜆𝑆𝑆𝑆𝑆2

 (2.15) 

 
In one dimension, the solution to this equation has the form: 

 𝜇𝜇𝑆𝑆 = 𝐴𝐴𝑒𝑒−𝑧𝑧 𝜆𝜆𝑆𝑆𝑆𝑆⁄ + 𝐵𝐵𝑒𝑒+𝑧𝑧 𝜆𝜆𝑆𝑆𝑆𝑆⁄  (2.16) 
 
where the coefficients 𝐴𝐴 and 𝐵𝐵 are determined by boundary conditions 
and 𝜆𝜆𝑆𝑆𝑆𝑆 varies from a few nanometres in heavy metals like Pt, Ta, and 
W to hundreds of nanometres in Cu, Al, and Au [49]. 
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Similarly, the magnon propagation in magnetic systems driven by the 
non-equilibrium follows the diffusive equation: 

 𝜕𝜕2𝜇𝜇𝑚𝑚
𝜕𝜕𝑧𝑧2

=
𝜇𝜇𝑚𝑚
𝜆𝜆𝑚𝑚2

 (2.17) 

 
being 𝜆𝜆𝑚𝑚 the magnon diffusion length and the solution of the same form 
as Eq. (2.16). 𝜆𝜆𝑚𝑚 varies from a few hundreds of nanometres to microns 
in ferrimagnetic and antiferromagnetic insulators such as Y3Fe5O12 
(yttrium iron garnet, YIG) [50,51], Cr2O3 [52,53], and Fe2O3 [54,55].  

2.1.4 Spin Hall magnetoresistance 
The property of a material to change the value of its electrical resistance 
under an external magnetic field is called magnetoresistance (MR). 

When a NM metal is put in contact with a MI, the spin transport 
between them can influence the charge transport properties of the 
conductor. The SMR is related to the absorption/reflection of a spin 
current density 𝐽𝐽𝑆𝑆 flowing perpendicular to the NM/MI interface. When 
a charge current 𝐽𝐽𝑞𝑞 is applied through the NM, a transverse spin current 
is induced by SHE (see Figure 2.4a), resulting in a spin accumulation 
at the NM/MI interface. Then, a spin-angular-momentum exchange 
(spin-mixing) occurs between the magnetization 𝑴𝑴 of the MI and the 
polarization 𝒔𝒔 of the spin accumulation of the NM, 𝜇𝜇𝑆𝑆(0) ≠ 0, that 
modifies the behaviour of the spin current. The spin current can be 
absorbed and/or reflected by the MI at the NM/MI interface depending 
on the orientation of 𝑴𝑴 with respect to 𝒔𝒔�. The spin current at the 
interface, 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆, is described assuming that 𝜇𝜇𝑚𝑚 = 𝒏̇𝒏 = 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑁𝑁𝑁𝑁 = 0 
in Eq. (2.13): 

 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆 =

1
4𝜋𝜋 �

𝑔𝑔�𝑖𝑖↑↓ + 𝑔𝑔�𝑟𝑟↑↓𝒏𝒏 ×�(𝜇𝜇𝑆𝑆(0)𝒔𝒔� × 𝒏𝒏)
+ 𝐺𝐺𝑠𝑠𝜇𝜇𝑆𝑆(0)(𝒔𝒔� ∙ 𝒏𝒏)𝒏𝒏 

(2.18) 

 
The first term in Eq. (2.18) vanishes when 𝒏𝒏 ∥ 𝒔𝒔� and the second term is 
zero when 𝒏𝒏 ⊥ 𝒔𝒔�. This is illustrated in Figure 2.5. When 𝑴𝑴 ∥ 𝑦𝑦, the 
magnetization is parallel to the spin polarization, so 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆 will be 
reflected (see Figure 2.5a). However, when 𝑴𝑴 ∥ 𝑥𝑥 or 𝑴𝑴 ∥ 𝑧𝑧, the 
magnetization is perpendicular to the spin polarization, so 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆 will be 
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absorbed (Figure 2.5b illustrates the case for 𝑴𝑴 ∥ 𝑥𝑥). At other 
orientations of 𝑴𝑴 (𝑴𝑴 ∦ 𝑥𝑥,𝑦𝑦, 𝑧𝑧),  𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆 will be partially absorbed and 
reflected. If 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆 is reflected, the spin current will induce an extra 
charge current due to the ISHE, reducing the resistivity of the NM. 
However, if 𝐽𝐽𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆 is absorbed, no extra charge current will be generated, 
increasing the resistivity of the NM. In summary, depending on the 
alignment of 𝑴𝑴, the spin current across the interface is absorbed and/or 
reflected, resulting in a modulation of the resistivity of the NM layer 
giving rise to the SMR effect.  
 

 

Figure 2.5. Schematic illustration of SMR, where an electric current 𝐽𝐽𝑞𝑞 is sent 
through a NM material adjacent to a MI. A spin accumulation arises at the 
interface due to the SHE and, depending on the orientation of the 
magnetization of the adjacent MI, we have different possibilities. a) When 𝑴𝑴 ∥
𝒔𝒔�, the spin current is reflected (𝐽𝐽𝑆𝑆

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) and induces an additional current 𝐽𝐽′𝑞𝑞 by 
the ISHE, which reduces the longitudinal resistance. b) When 𝑴𝑴 ⊥ 𝒔𝒔�, the spin 
current is absorbed (𝐽𝐽𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎), transferring angular momentum into the MI by 
exerting a torque on 𝑴𝑴 and leading to a higher resistance. 

According to the theory, first postulated by Y. -T. Chen et al. [56], the 
resistivity 𝜌𝜌 of the NM layer in the longitudinal 𝜌𝜌𝐿𝐿 and transverse 𝜌𝜌𝑇𝑇 
configuration changes depending on the orientation of the 
magnetization of the adjacent MI layer as follows: 

 𝜌𝜌𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜌𝜌𝐿𝐿0 + ∆𝜌𝜌1�1 − 𝑛𝑛𝑦𝑦2� (2.19) 

 𝜌𝜌𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 = ∆𝜌𝜌1𝑛𝑛𝑥𝑥𝑛𝑛𝑦𝑦 + ∆𝜌𝜌2𝑛𝑛𝑧𝑧 (2.20) 

where 𝜌𝜌𝐿𝐿0 is the baseline resistivity of the NM layer and 𝑛𝑛𝑥𝑥, 𝑛𝑛𝑦𝑦, 𝑛𝑛𝑧𝑧 are 
the components of the magnetization 𝑴𝑴 in the 𝑥𝑥-, 𝑦𝑦- and 𝑧𝑧-direction, 
respectively, of the MI. The amplitude ∆𝜌𝜌1 represents the SMR effect 
which is quadratic in the 𝜃𝜃𝑆𝑆𝑆𝑆 since the underlying mechanism is the 
combination of the SHE and ISHE. The amplitude ∆𝜌𝜌2 corresponds to 
an anomalous Hall-like contribution appearing due to the spin 
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precession around the exchange field generated by the out-of-plane 
component of the magnetization (𝑛𝑛𝑧𝑧) in the MI.  
 
From Eq. (2.19), it results that angular-dependent magnetoresistance 
(ADMR) measurements in the three main rotating planes allows to 
distinguish the existence of the SMR effect. We obtain a specific 
modulation of 𝜌𝜌𝐿𝐿 that follows a cos2(𝛼𝛼,𝛽𝛽) modulation in 𝛼𝛼-plane (xy-
plane) and 𝛽𝛽-plane (𝑦𝑦𝑦𝑦-plane) with the same amplitude (∆𝜌𝜌1) and no 
modulation in 𝛾𝛾-plane (𝑥𝑥𝑥𝑥-plane) because 𝑴𝑴 is always perpendicular to 
𝒔𝒔� (see Figure 2.6a, b). Therefore, SMR enables sensing the magnetic 
properties such as the 𝑴𝑴 direction of a MI by measuring 𝜌𝜌𝐿𝐿 of the 
adjacent NM layer. 
 

 

Figure 2.6. a) Main magnetic field rotation angles and longitudinal 
measurement configuration where the red double-arrow indicates the charge 
current flowing in 𝑥𝑥-direction. b) Longitudinal ADMR for YIG/Pt(2 nm) at a 
magnetic field strength of 1 T measured using the configurations of panel a. c) 
Transverse resistivity measurement while sweeping the magnetic field along 
the 𝑧𝑧-direction and current alternatingly in the 𝑥𝑥- and 𝑦𝑦-directions (zero-offset 
Hall measurement). d) Zero-offset Hall measurement after subtracting the 
ordinary Hall effect for YIG/Pt(2 nm). The inset shows the data before the 
subtraction of the ordinary Hall signal. Figure extracted from [57]. 
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From Eq. (2.20), two distinct transverse resistivity contributions can be 
identified. The first term, ∆𝜌𝜌1𝑛𝑛𝑥𝑥𝑛𝑛𝑦𝑦, is analogous to the planar Hall 
effect and results from the anisotropy of the longitudinal resistivity in 
the NM layer described in Eq. (2.19). The second term, ∆𝜌𝜌2𝑛𝑛𝑧𝑧, 
resembles an anomalous Hall effect as explained above. These 
contributions manifest in 𝜌𝜌𝑇𝑇 and can be experimentally accessed 
through ADMR or field-dependent magnetoresistance (FDMR) 
measurements. As shown in Figure 2.6d, the value of ∆𝜌𝜌2 (labelled ∆𝜌𝜌𝑇𝑇 
in the figure) is extracted from the FDMR data, confirming the presence 
of the anomalous Hall-like contribution. 

Moreover, the amplitudes of the SMR, ∆𝜌𝜌1 and ∆𝜌𝜌2, can be expressed 
in terms of the spin properties of the NM layer via 𝜃𝜃𝑆𝑆𝑆𝑆, 𝜆𝜆𝑆𝑆𝑆𝑆, the bulk 
conductivity 𝜎𝜎 = 1/𝜌𝜌𝐿𝐿0 of the NM and the film thickness 𝑡𝑡𝑁𝑁𝑁𝑁: 

 ∆𝜌𝜌1 = 𝜌𝜌𝐿𝐿0𝜃𝜃𝑆𝑆𝑆𝑆2
𝜆𝜆𝑆𝑆𝑆𝑆
𝑡𝑡𝑁𝑁𝑁𝑁

𝑅𝑅𝑅𝑅 �
2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�↑↓ tanh2 𝑡𝑡𝑁𝑁𝑁𝑁2𝜆𝜆𝑆𝑆𝑆𝑆
𝜎𝜎 + 2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�↑↓ coth 𝑡𝑡𝑁𝑁𝑁𝑁𝜆𝜆𝑆𝑆𝑆𝑆

� (2.21) 

 ∆𝜌𝜌2 = −𝜌𝜌𝐿𝐿0𝜃𝜃𝑆𝑆𝑆𝑆2
𝜆𝜆𝑆𝑆𝑆𝑆
𝑡𝑡𝑁𝑁𝑁𝑁

𝐼𝐼𝐼𝐼 �
2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�↑↓ tanh2 𝑡𝑡𝑁𝑁𝑁𝑁2𝜆𝜆𝑆𝑆𝑆𝑆
𝜎𝜎 + 2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�↑↓ coth 𝑡𝑡𝑁𝑁𝑁𝑁𝜆𝜆𝑆𝑆𝑆𝑆

� (2.22) 

 

being 𝐺𝐺�↑↓ = 𝑒𝑒2

ℎ
𝑔𝑔�↑↓. Consequently, SMR allows to non-invasively 

access to fundamental spin transport parameters such as 𝜃𝜃𝑆𝑆𝑆𝑆, 𝜆𝜆𝑆𝑆𝑆𝑆 of 
different NM layers and 𝑔𝑔�↑↓ of different NM/MI interfaces by using a 
wide variety of NM/MI combinations. SMR has been studied in several 
NM/MI bilayers, being YIG/Pt one of the key reference combinations, 
with an amplitude ∆𝜌𝜌1 𝜌𝜌𝐿𝐿0⁄  of the order of 10−4 [57–59] and ∆𝜌𝜌2 𝜌𝜌𝐿𝐿0⁄  
of the order of 10−5 [57], since 𝐺𝐺�𝑖𝑖↑↓ is one order of magnitude smaller 
than 𝐺𝐺�𝑟𝑟↑↓ in YIG [59,60]. 

2.1.5 Hanle magnetoresistance 
Similar to the SMR, Hanle magnetoresistance (HMR) arises because of 
the interaction of the spin accumulation generated by the SHE within 
the NM layer, with an external source [61]. In this case, it is the action 
of an external magnetic field 𝐻𝐻 what produces a modulation in the 
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resistivity due to precession so that, contrary to the SMR, HMR appears 
in single NM layers. The equations that describe the HMR are as follow: 

 𝜌𝜌𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻 = 𝜌𝜌𝐿𝐿0 + ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻�1− 𝑛𝑛𝑦𝑦′2� (2.23) 

 𝜌𝜌𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 = ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻𝑛𝑛𝑥𝑥′ 𝑛𝑛𝑦𝑦′ + ∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻𝑛𝑛𝑧𝑧′  (2.24) 
 
where 𝒏𝒏′ denotes the orientation of the magnetization of the external 
magnetic field 𝒏𝒏′ = 𝑯𝑯/𝐻𝐻. As shown in Figure 2.8a, the same ADMR 
dependencies as in the SMR appear but, in this case, the amplitude 
depends on the strength of 𝐻𝐻. 

When a charge current 𝐽𝐽𝑞𝑞 is applied, a spin accumulation appears at the 
boundaries due to the SHE. However, due to the presence of an external 
𝐻𝐻, the spins precess due to Hanle effect, but only when 𝑯𝑯 is not 
collinear with the spin polarization (see Figure 2.7). If 𝑯𝑯 ∥ 𝒔𝒔�, no 
precession will occur, giving a state of minimum 𝜌𝜌𝐿𝐿 (Figure 2.7a and 
Figure 2.7c). On the contrary, if 𝑯𝑯 ∦ 𝒔𝒔�, precession occurs and the 
original spin accumulation is reduced due to the dephasing of diffusing 
spins reducing the extra charge current generated due to ISHE and 
increasing 𝜌𝜌𝐿𝐿 (Figure 2.7b and Figure 2.7d), as described by Eq. (2.23). 

The transverse magnetoresistance is described by Eq. (2.24) which 
depends on the magnetic field projections along the three axis and the 
amplitude is given by ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻and ∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻. ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻 arises because 
magnetoresistance is anisotropic in plane, while ∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻 appears 
because the magnetic field out of plane induces the precession of 𝒔𝒔 
allowing for the ISHE to produce a transverse charge current. 
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Figure 2.7. Schematic illustration of Hanle magnetoresistance. a) In the 
presence of an external magnetic field 𝐻𝐻𝑦𝑦 , paralell to the spin polarization 𝒔𝒔, 
no precession occurs, but the combination of SHE and ISHE generates an extra 
current 𝐽𝐽′𝑞𝑞 which gives a state of minimum 𝜌𝜌𝐿𝐿. b) Zoom of the spin current 
reflected 𝐽𝐽𝑠𝑠

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 that diffuses generating, by ISHE, a final charge current 𝐽𝐽′𝑞𝑞. c) 
Because of the presence of 𝐻𝐻𝑧𝑧 perpendicular to the initial spin polarization, 
spin precession around 𝐻𝐻𝑧𝑧 occurs which decreases the initially aligned spin 
polarization, so the contribution to 𝐽𝐽′′𝑞𝑞  will be reduced, increasing 𝜌𝜌𝐿𝐿. d) Zoom 
of 𝐽𝐽𝑠𝑠

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, spin dephasing arises from simultaneous spin precession and diffusion 
when 𝑯𝑯 ⊥ 𝒔𝒔�. 

HMR provides a way to quantify spin transport parameters in NMs in a 
similar way to SMR, but without the complication of magnetic 
interfaces. We can express ∆𝜌𝜌1,2

𝐻𝐻𝐻𝐻𝐻𝐻 as: 

 
∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻 = 2𝜌𝜌𝐿𝐿0𝜃𝜃𝑆𝑆𝑆𝑆2 �

𝜆𝜆𝑆𝑆𝑆𝑆
𝑡𝑡𝑁𝑁𝑁𝑁

𝑡𝑡𝑡𝑡𝑡𝑡ℎ �
𝑡𝑡𝑁𝑁𝑁𝑁
2𝜆𝜆𝑆𝑆𝑆𝑆

�

− 𝑅𝑅𝑅𝑅 �
𝛬𝛬
𝑡𝑡𝑁𝑁𝑁𝑁

𝑡𝑡𝑡𝑡𝑡𝑡ℎ �
𝑡𝑡𝑁𝑁𝑁𝑁
2𝛬𝛬

��� 
(2.25) 

 
∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻 = 2𝜌𝜌𝐿𝐿0𝜃𝜃𝑆𝑆𝑆𝑆2 𝐼𝐼𝐼𝐼 �

𝛬𝛬
𝑡𝑡𝑁𝑁𝑁𝑁

𝑡𝑡𝑡𝑡𝑡𝑡ℎ �
𝑡𝑡𝑁𝑁𝑁𝑁
2𝛬𝛬

�� (2.26) 

 

where 𝛬𝛬−1 = �
1
𝜆𝜆𝑆𝑆𝑆𝑆
2 + 𝑖𝑖 𝑔𝑔𝑆𝑆𝜇𝜇𝐵𝐵𝐻𝐻

𝐷𝐷ℏ
 [62,63]. 

According to Eq. (2.25), the amplitude of the longitudinal HMR 
depends on the strength of the magnetic field. In the limit of weak 
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precession, the effect is quadratic with magnetic field, so a parabolic 
increase can be observed when performing a FDMR measurement, with 
𝑯𝑯 ⊥ 𝒔𝒔�, as illustrated in Figure 2.8b. However, as 𝑯𝑯 ⊥ 𝒔𝒔� is increased, the 
strong precession reduces the spin accumulation along y and in 
consequence the resulting charge current diminishes too. Because of 
that, the longitudinal magnetoresistance tends to saturate in the strong 
precession limit following the 𝑡𝑡𝑡𝑡𝑡𝑡ℎ dependence described by Eq. 
(2.25).  

The amplitude of the transverse HMR with out-of-plane field, given by 
Eq. (2.26), also follows a field-dependent behaviour. It increases with 
the magnetic field in the weak precession regime and tends to saturate 
when strong precession fully suppresses the spin accumulation along 
the transverse direction. This behaviour is observed as an antisymmetric 
signal in FDMR measurements (see Fig. 2.8c). 

 

Figure 2.8. a) ADMR measurements in a Pt(7 nm)/YIG sample at 300 K and 1 
T (dashed lines) or 9 T (solid lines) in the three relevant H-rotation planes (𝛼𝛼, 
𝛽𝛽, 𝛾𝛾). Sketches on the right side indicate the definition of the angles, the axes, 
and the measurement configuration. b) Normalized longitudinal FDMR curves 
along the 3 main axes in Pt(3 nm)/Pyrex at 100 K. c) Normalized transverse 
FDMR curves for a 5.2-nm-thick epitaxial Pt(111) film grown on Al2O3(0001), 
measured at room temperature. Panels a) and b) extracted from [62], and c) 
adapted from [63]. 
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2.1.6 Spin Seebeck effect 
The history of thermoelectric generation, which refers to the generation 
of electricity from heat, began with the discovery of the Seebeck effect 
by T. J. Seebeck in 1821 [64]. In analogy to this conventional “charge” 
Seebeck effect, where a charge current is driven by an applied 
temperature gradient in a conductor, a spin current is driven by a 
temperature gradient in the spin Seebeck effect (SSE). The SSE, first 
demonstrated in 2008 by Uchida et al. [41], has been observed in 
various magnetic materials ranging from metallic ferromagnets [41,65] 
to insulating magnets [66–68].  

A typical system used for measuring the SSE is a NM/MI bilayer. When 
a temperature gradient (∇𝑇𝑇 = 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑁𝑁𝑁𝑁 ≠ 0) is applied perpendicular 
to the interface, a magnon spin current is generated along ∇𝑇𝑇 due to the 
thermally excited dynamics of localized magnetic moments. At the NM 
side of the NM/MI interface, it will give rise to an electron spin current 
𝐽𝐽𝑆𝑆. Then, by virtue of the ISHE, 𝐽𝐽𝑆𝑆 will be converted into a transverse 
charge current 𝐽𝐽𝑞𝑞  (see Figure 2.9) that, under electrical open circuit 
conditions, can be measured as a voltage drop [69]. 

 

Figure 2.9. Illustration of the SSE. The temperature gradient 𝛻𝛻𝛻𝛻 applied gives 
rise to a temperature difference 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑁𝑁𝑁𝑁 between the magnons in the MI and 
the electrons in the NM at the interface. This results in a pure spin current 𝐽𝐽𝑆𝑆 
injected across the interface, which is transformed into a charge current 𝐽𝐽𝑞𝑞 via 
the ISHE and detected as a voltage. 
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2.1.7 Magnon transport: electrical and thermal 
(SSE) generation 
To investigate magnon transport due to incoherent magnon currents, the 
most common device comprises two strips of a NM used to generate 
and detect magnons, placed in contact with a MI for the propagation of 
magnons (see Figure 2.10). When a charge current density 𝐽𝐽𝑞𝑞𝑖𝑖𝑖𝑖 is applied 
through a NM strip (called injector), a spin accumulation along the 𝑦𝑦-
axis appears due to the SHE associated to a spin current 𝐽𝐽𝑆𝑆𝑖𝑖𝑖𝑖, as already 
discussed in section 2.1.2. Two main phenomena can then occur. First, 
𝐽𝐽𝑆𝑆𝑖𝑖𝑖𝑖 may be either absorbed or reflected back at the NM/MI interface, 
giving rise to the SMR (see Sec. 2.1.4). Second, magnons can be 
created/annihilated (represented by black arrows in Figure 2.10), 
through spin-flip scattering processes (see Figure 2.10b and Figure 
2.10c), resulting in electrically induced magnons producing a magnon 
accumulation/depletion at the MI side of the NM/MI interface. In 
addition to these electrically generated magnons, thermally induced 
magnons due to SSE can also be excited by the thermal gradient at the 
interface caused by Joule heating.  

Regardless of their origin, electrical or thermal, the resulting non-
equilibrium magnon population diffuses in the MI on the length scale 
of the magnon diffusion length 𝜆𝜆𝑚𝑚. Then, if the second NM strip (the 
detector) is close enough, magnons can reach it and, through reciprocal 
spin-flip processes, inject a pure spin current 𝐽𝐽𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 into the NM. By 
means of the ISHE, it will be transformed back into a charge current 
𝐽𝐽𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑 that can be electrically detected. 

 

Figure 2.10. a) Schematic representation of the magnon transport device. A 
charge current density 𝐽𝐽𝑞𝑞𝑖𝑖𝑖𝑖 through the injector generates a spin current density 
𝐽𝐽𝑆𝑆𝑖𝑖𝑖𝑖 due to the SHE and the corresponding spin accumulation at the NM/MI 
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interface. By exchange coupling, angular momentum is transferred from the 
NM to the MI, exciting magnons (black arrows). Magnons diffuse and can 
reach the detector, where they are annihilated, and a spin accumulation is 
generated. Through the ISHE, the spin current density 𝐽𝐽𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 at the detector 
interface is converted into a charge current density 𝐽𝐽𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑. b) Magnon creation. 
An electron in the NM transfers angular momentum to the MI by flipping its 
spin, which results in the creation of a magnon and c) magnon annihilation, 
where the inverse process occurs. 

As discussed before, the second term in Eq. (2.13) accounts for 
magnon-mediated spin transport. It contains both an electrically excited 
contribution, related to the magnon chemical potential 𝜇𝜇𝑚𝑚, and a 
thermally excited contribution, driven by the temperature difference 
𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑁𝑁𝑁𝑁, directly associated with the SSE [24].  

Focusing first on the electrically excited magnons, Eq. (2.13) requires 
𝑴𝑴 and 𝒔𝒔� to be collinear to generate magnons. When a charge current 
density 𝐽𝐽𝑞𝑞𝑖𝑖𝑖𝑖 is applied through the injector, 𝒔𝒔� is along 𝑦𝑦, but only the 
component of it collinear to 𝑴𝑴, 𝒔𝒔� ∥ 𝑴𝑴, will contribute to excite the 
magnons, as illustrated in Figure 2.11a. Then, magnons diffuse through 
the MI and can reach the detector. An electron spin accumulation 𝜇𝜇𝑠𝑠 
with 𝒔𝒔� parallel to 𝑴𝑴 will be generated due to the transfer of spin angular 
momentum from the magnons. Now, due to the symmetry of ISHE, only 
the component of the spin accumulation along 𝑦𝑦 will contribute to the 
induced charge current density, which under open-circuit conditions 
generates a non-local voltage 𝑉𝑉𝑁𝑁𝑁𝑁 [25]. Because only the component 𝒔𝒔� ∥
𝑴𝑴 contributes to magnon injection and detection, 𝑉𝑉𝑁𝑁𝑁𝑁 depends on the 
angle of rotation in the sample plane, 𝛼𝛼, as 𝑉𝑉𝑁𝑁𝑁𝑁 ∝ sin2 𝛼𝛼 (see Fig. 2.11a 
and b). This is known as the electrical (or first harmonic) non-local 
response 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 . 

Moreover, the applied 𝑱𝑱𝑞𝑞,𝑖𝑖𝑖𝑖 not only excites magnons electrically, as 
previously discussed, but also induces Joule heating at the NM/MI 
interface. This heating creates a temperature gradient proportional to 
the square of the current (𝐼𝐼2), as shown in Figure 2.11c. When the 
thermal gradient appears, the magnon population is driven out of 
equilibrium and a magnon current can flow between the hot and the cold 
side of the system, resulting in the SSE (see Sec. 2.1.6). This leads to a 
depletion (𝜇𝜇𝑚𝑚 < 0) of magnons at the MI side of the injector/MI 
interface and due to magnon diffusion they accumulate (𝜇𝜇𝑚𝑚 > 0) 
further away from the injector. For these thermally excited magnons, 
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the same process discussed for the electrically excited magnons occur 
at the detector strip, based on the orientation of 𝑴𝑴. Because the injection 
depends on the thermal gradient, which is independent of 𝛼𝛼, the 
dependence on the angle 𝛼𝛼 only at the detector, which results in this 
case in 𝑉𝑉𝑁𝑁𝑁𝑁 ∝ sin𝛼𝛼 (Figure 2.11c and Figure 2.11d). Moreover, the 
detection of thermally excited magnons can occur at the same injector 
strip, local SSE (𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ ) or at the detector strip, non-local SSE (𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ). The 
latter is known as the thermal (or second harmonic) response. Due to 
the redistribution of magnon population, a sign change can appear 
between the local and non-local SSE measured. The sign of 𝜇𝜇𝑚𝑚 
determines de direction of the interfacial spin current 𝑱𝑱𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖, as well as 
the sign of the detected voltage [70].  

To separate the first (𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒 , 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 ) and second harmonic (𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ , 𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ) 
response, we applied the DC current reversal technique, as described in 
Sec. 3.2.2. 

 

Figure 2.11. a) Schematic top-view of the magnon transport device in the case 
of electrically excited magnon generation. A charge current density 𝐽𝐽𝑞𝑞𝑖𝑖𝑖𝑖 through 
the injector generates a spin accumulation 𝜇𝜇𝑖𝑖𝑖𝑖. The component parallel to the 
MI magnetization 𝜇𝜇∥ generates non-equilibrium magnons in the MI that diffuse 
through the MI. At the detector, a spin accumulation 𝜇𝜇∥ parallel to 𝑴𝑴𝑀𝑀𝑀𝑀  is 
generated. Then, due to the ISHE, only the component 𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑 contributes to the 
voltage. b) Representative angular-dependent non-local voltage detected, 
normalized to the applied current, for electrically excited magnons, in a 
YIG/Pt(5nm) device, using the measurement configuration shown in a) (from 
Ref. [71]). c) Schematic top-view of the magnon transport device on the case 
of thermally excited magnon generation. At the injector/MI interface, magnons 
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are excited thermally, and then diffuse and reach the detector where the process 
depends on the angle, as in a). d) Representative angular-dependent non-local 
voltage detected, normalized to the square of the applied current, for thermally 
excited magnons, in a YIG/Pt(5nm) device, using the measurement 
configuration shown in c) (from Ref. [71]). 

In non-local experiments, the quality of the interface is important for 
the optimal excitation and detection of magnon currents flowing 
through the MI. As shown in Sec. 2.1.3, the magnon diffusion length 
𝜆𝜆𝑚𝑚 is the key parameter which defines the transport of magnons. In 
order to extract 𝜆𝜆𝑚𝑚, it is necessary to use the non-local configuration, 
shown in Figure 2.10 and Figure 2.11, and change the distance 𝑑𝑑 
between injector and detector. Depending on 𝑑𝑑, different regimes must 
be considered [72]. At very short distances, 𝑑𝑑 ≪ 𝜆𝜆𝑚𝑚, magnon transport 
is diffusive and the signal decays as 𝜇𝜇𝑚𝑚~ 1 𝑑𝑑⁄ . At intermediate 
distances, magnon transport is dominated by magnon relaxation which 
translates into an exponential decay of the signal ~𝑒𝑒−𝑑𝑑 𝜆𝜆𝑚𝑚⁄ . Finally, at 
very long distances, 𝑑𝑑 ≫ 𝜆𝜆𝑚𝑚, the system enters the 1 𝑑𝑑2⁄  regime, where 
the signal no longer depends on 𝜆𝜆𝑚𝑚, since it arises by a temperature 
gradient induced at the detector by geometric thermal diffusion [72]. 

 

2.1.8 Spin dynamics 
Spin dynamics, commonly referred as magnetization dynamics in 
ferromagnetic thin films and confined structures, refers to the dynamics 
of either the population and the phase of the spin of an ensemble of 
particles, or a coherent spin manipulation of a single- or a few-spin 
system. Understanding the spin dynamics is essential for future 
applicability of spintronic devices. 

To understand the basis, we first consider a single electron spin. Under 
the influence of a static magnetic field 𝑯𝑯, the spin magnetic moment 
𝒎𝒎𝑺𝑺 aligns along 𝑯𝑯 acquiring an energy: 

 𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 = −𝜇𝜇0𝒎𝒎𝑺𝑺 ∙ 𝑯𝑯 (2.27) 
   

Moreover, 𝑯𝑯 interacts with 𝒎𝒎𝑺𝑺, exerting a torque 𝜞𝜞, which is given by:  

 𝜞𝜞 = 𝜇𝜇0𝒎𝒎𝑺𝑺 × 𝑯𝑯 (2.28) 
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This torque can also be described as the time evolution of the spin 
angular momentum, 𝜞𝜞 = 𝑑𝑑𝑺𝑺 𝑑𝑑𝑑𝑑⁄ . Since 𝒎𝒎𝑺𝑺 and 𝑺𝑺 are related by Eq. 
(1.3) substituting this relation into Eq. (2.28) yields: 

 𝑑𝑑𝒎𝒎𝑺𝑺

𝑑𝑑𝑑𝑑
= −𝛾𝛾𝑆𝑆𝜇𝜇0𝒎𝒎𝑺𝑺 ×𝑯𝑯 (2.29) 

 
where the gyromagnetic ratio is defined as 𝛾𝛾𝑆𝑆 = 𝑔𝑔𝑆𝑆𝜇𝜇𝐵𝐵

ℏ
. This form shows 

that the dynamics of the spin magnetic moment is governed by a 
precessional motion around 𝑯𝑯, if they are initially non-collinear, with 
the Larmor frequency 𝜔𝜔𝐿𝐿 = 𝛾𝛾𝑆𝑆𝐻𝐻.  

Moving on from a single electron spin to an ensemble of spins, Eq. 
(2.29) takes the form: 

 𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

= −𝛾𝛾𝑆𝑆𝜇𝜇0𝑴𝑴 × 𝑯𝑯 (2.30) 

 
This expression describes the coherent precessional motion of the 
collective magnetization vector 𝑴𝑴 around 𝑯𝑯.  

In order to account also for the relaxation of the magnetization, Landau 
and Lifshitz (LL) proposed in 1935 a phenomenological model which 
incorporates damping. The resulting equation describes the 
magnetization precession and subsequent relaxation towards its 
equilibrium position [73]:  

 𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

= −𝛾𝛾𝐿𝐿𝐿𝐿𝜇𝜇0𝑴𝑴×𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒 −
𝜆𝜆𝐿𝐿𝐿𝐿
𝑀𝑀𝑆𝑆
2 𝑴𝑴 × (𝑴𝑴 × 𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒) (2.31) 

 
where 𝛾𝛾𝐿𝐿𝐿𝐿 is an effective gyromagnetic ratio [which differs from the 
intrinsic spin gyromagnetic ratio 𝛾𝛾𝑆𝑆, see Eq. (2.33)], 𝜆𝜆𝐿𝐿𝐿𝐿 > 0  is a 
phenomenological damping constant with units of frequency and 𝑀𝑀𝑆𝑆 is 
the saturation magnetization. The effective magnetic field 𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒 
contains not only the external applied magnetic field 𝐻𝐻𝐷𝐷𝐷𝐷 but also the 
internal contributions such as anisotropy, demagnetizing and exchange 
fields.  

Although LL equation works well for several experimental 
observations, T. L. Gilbert later refined the damping description in 
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1955, to take into account systems with large enough damping. This led 
to the Landau-Lifshitz-Gilbert (LLG) equation [74]: 

 𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

= −𝛾𝛾𝑆𝑆𝜇𝜇0𝑴𝑴× 𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒 +
𝛼𝛼𝐺𝐺
𝑀𝑀𝑠𝑠

𝑴𝑴 ×
𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

 (2.32) 

 
where 𝛼𝛼𝐺𝐺 is the Gilbert damping parameter and 𝛾𝛾𝑆𝑆 is the gyromagnetic 
ratio as defined in Eq. (2.29). Although structurally different, the LL 
and LLG equations are mathematically equivalent under the assumption 
that the damping is sufficiently small (𝛼𝛼𝐺𝐺 ≪ 1). One can show that the 
LL equation can be obtained from the LLG formulation by a 
rearrangement and rescaling of parameters. The following relations link 
both formalisms: 

 𝛾𝛾𝐿𝐿𝐿𝐿 = 𝛾𝛾𝑆𝑆
1+𝛼𝛼𝐺𝐺

2  ; 𝜆𝜆𝐿𝐿𝐿𝐿 = 𝛼𝛼𝐺𝐺𝛾𝛾𝑆𝑆𝜇𝜇0𝑀𝑀𝑠𝑠
1+𝛼𝛼𝐺𝐺

2  (2.33) 
 
Low damping materials are required to achieve low energy loss, high 
sensitivity, and long spin-wave propagation. However, in FM metals, 
spin excitations are strongly attenuated due to the dominant scattering 
with conduction electrons [24,75–78]. In MIs, on the other hand, a low 
damping is typically measured because spin scattering processes from 
conduction electrons are absent [24,79]. 

 

Figure 2.12. a) Magnetization dynamics where a torque causes the precession 
of 𝑴𝑴 around the effective magnetic field describing a cone. b) Magnetization 
dynamics in presence of damping, as described by the LLG equation. 

Historically, ferromagnetic resonance (FMR) spectroscopy, dating back 
to the first half of the 20th century, has been one of the standard tools to 
study the magnetization dynamics in magnetic structures [80]. In FMR 
experiments, an oscillating external electromagnetic field is applied to 
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the sample to sustain the precession. If the frequency of this 
electromagnetic field coincides with the precession frequency of the 
FM, the material undergoes resonance. FMR allows investigation of the 
magnetization precession and the associated energy dissipation, 
providing important parameters such as the saturation magnetization 
and damping of thin magnetic films and magnetic 
heterostructures [81,82]. 

Starting from the equation of motion for the precession of 
magnetization, Eq. (2.30), Kittel determined the resonance frequency 
for magnetization canted at a sufficiently small precession-cone 
angle [83]. In the case of a thin film, that can be considered as infinitely 
extended in its plane, the resonance frequency is a special case of the 
Kittel formula with a value given by: 

 
𝑓𝑓 =  

𝛾𝛾𝑆𝑆𝜇𝜇0
2𝜋𝜋

�𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟�𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒� (2.34) 

 
where 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 is the effective field at resonance condition, 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 is the 
effective magnetization and 𝛾𝛾𝑆𝑆 2𝜋𝜋⁄ ≈ 28 GHz/T sets the frequency 
scale for the FMR phenomenon. 

The broadening of the FMR peak linewidth ∆𝐻𝐻 is a direct measurement 
of the magnetic damping of the system and can be described by a linear 
dependence on the frequency: 

 𝜇𝜇0∆𝐻𝐻 =  𝜇𝜇0∆𝐻𝐻0 +
4𝜋𝜋𝛼𝛼𝐺𝐺
𝛾𝛾𝑆𝑆

𝑓𝑓 (2.35) 

 
In this expression, the frequency-independent inhomogeneous 
linewidth broadening ∆𝐻𝐻0 arises from the presence of magnetic 
inhomogeneities. The second term arises from the total Gilbert damping 
𝛼𝛼𝐺𝐺, which contains intrinsic and extrinsic damping contributions.  

Intrinsic Gilbert damping effects are inherent to the fundamental 
physical state of a FM system and cause damping even in materials 
which have a perfect crystal structure. Indeed, the damping considered 
by LL was described to be due to the relativistic interaction [73] or, in 
other words, to the SOC which is an intrinsic process [84]. Intrinsic 
damping due to SOC arises because spin and orbital moments can 
exchange momentum back and forth during the precession of 
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magnetization [85]. In 1976, Kamberský proposed a SOC torque-
correlation model where the damping is governed by intraband and 
interband transitions in magnetic metals [86].  

In addition to the intrinsic Gilbert damping, several pervasive extrinsic 
Gilbert damping mechanisms exist, such as two-magnon scattering, 
eddy current damping, radiative damping, and interfacial 
contributions [87]. 

Two-magnon scattering was proposed in the 1960s to explain the 
extrinsic contribution observed in YIG spheres [88]. Later, Arias and 
Mills developed a theory for ultrathin films, where the two-magnon 
scattering is induced by defects at surfaces and interfaces [89]. Two-
magnon scattering is caused by the scattering-centres for magnon 
scattering. In the two-magnon process, a uniform precession magnon 
(wave vector 𝑘𝑘 = 0) is annihilated and a (𝑘𝑘 ≠ 0) magnon is created, the 
total number of magnons remaining unchanged. 

Moreover, in a FM material which is electrically conducting, any 
change in the magnetization induces eddy currents which tend to 
oppose this change and thus provide a damping mechanism [90,91]. 
This mechanism is known as screening of the electromagnetic 
microwave field by the conduction electrons, and dissipation in this 
process is proportional to the conductivity of the sample. Eddy currents 
become important when the film thickness (𝑡𝑡𝐹𝐹𝐹𝐹) is larger than or 
comparable to the skin depth, which is described as the depth below the 
surface of the conductor at which the current density decays to 1 𝑒𝑒⁄  of 
the current density at the surface [85]. Eddy current damping is 
expressed as [92]: 

 
𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝜇𝜇02𝑀𝑀𝑆𝑆𝛾𝛾𝑆𝑆𝜎𝜎𝑡𝑡𝐹𝐹𝐹𝐹2

12
 (2.36) 

 
As the eddy current damping is proportional to 𝑡𝑡𝐹𝐹𝐹𝐹2 , it is significantly 
reduced for thin samples.  

Another source of extrinsic damping is the radiative damping which is 
caused by eddy currents induced in the waveguide used to measure the 
damping of the sample. Unlike eddy current damping, radiative 
damping depends on the properties and dimensions of the waveguide 
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and the sample, so it is relevant for both ferromagnetic insulators and 
conductors. The damping contribution is given by [93]: 

 
𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 =

𝜇𝜇02𝑀𝑀𝑆𝑆𝛾𝛾𝑆𝑆𝑡𝑡𝐹𝐹𝐹𝐹𝑙𝑙
2𝑍𝑍0𝑤𝑤𝑐𝑐𝑐𝑐

 (2.37) 

 
where 𝑍𝑍0 and 𝑤𝑤𝑐𝑐𝑐𝑐 are the conductor impedance and width, respectively; 
and 𝑙𝑙 is the sample length. Because it depends linearly on 𝑀𝑀𝑆𝑆 and 𝑡𝑡𝐹𝐹𝐹𝐹, 
for very thin films or films with low 𝑀𝑀𝑆𝑆, 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 is not a significant 
contribution to the total Gilbert damping and can be neglected [94]. On 
the contrary, in FM with very low damping, the contribution can 
become significant. 

Moreover, magnetization dynamics can also be explored through the SP 
effect in a FM/NM bilayer system. When FMR occurs in the FM, 
precession of the magnetization transfers spin angular momentum to the 
NM at the interface, generating a spin current 𝐽𝐽𝑆𝑆 into the adjacent NM. 
As a result, spin transport reduces the magnetization of the FM and 
hence enhances damping (see Figure 2.13). Therefore, SP allows to 
determine the spin-mixing conductance (𝑔𝑔�↑↓) across the interface, 
which describes the number of spin channels per unit area of the 
interface, through 𝛼𝛼𝐺𝐺. The real part of the spin-mixing conductance, 
𝑔𝑔�𝑟𝑟↑↓,  determines the ability of the interface to transmit spins. Then, from 
the Gilbert damping constants of a FM single layer, 𝛼𝛼𝐹𝐹𝐹𝐹, and a FM/NM 
bilayer, 𝛼𝛼𝐹𝐹𝐹𝐹 𝑁𝑁𝑁𝑁⁄ , we can obtain 𝑔𝑔�𝑟𝑟↑↓ [95]: 

 𝑔𝑔�𝑟𝑟↑↓ =
4𝜋𝜋𝑀𝑀𝑆𝑆𝑡𝑡𝐹𝐹𝐹𝐹
𝑔𝑔𝜇𝜇𝐵𝐵

�𝛼𝛼𝐹𝐹𝐹𝐹 𝑁𝑁𝑁𝑁⁄ − 𝛼𝛼𝐹𝐹𝐹𝐹� (2.38) 

where 𝑔𝑔 is the Landé g-factor, which quantifies the ratio between the 
magnetic moment and the total angular momentum in the ferromagnetic 
system, accounting for both spin and orbital contributions. While early 
theoretical models of magnetization dynamics (Landau & Lifshitz, 
1935 [73] ; Gilbert, 1955 [74]; and Kittel, 1948 [83]) considered only 
the spin contribution (𝑔𝑔𝑆𝑆), Eqs. (2.29)-(2.35), experimental such as 
FMR and spin pumping require the full Landé g-factor to relate 
observed damping and precession to the total magnetic 
moment  [37,96]. 
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Figure 2.13. Schematic of FMR spin pumping in a FM/NM bilayer. The FM 
magnetization precesses when resonantly excited by an rf magnetic field, 𝐻𝐻𝑅𝑅𝑅𝑅 , 
in the precense of a DC field, 𝐻𝐻𝐷𝐷𝐷𝐷 . The precession of the magnetization, 𝑀𝑀, in 
the FM layer transfers spin angular momentum across the interface to the 
conduction electrons in the NM and a spin current 𝐽𝐽𝑆𝑆 is created. 

 

2.2 Orbitronics 
Orbitronics is a new field which exploits the orbital degree of freedom 
in a similar way as spintronics does with the spin. Therefore, the orbital 
angular momentum (OAM) can be viewed as an information carrier. 
However, contrary to spintronics, this is an emerging field with much 
less background. 

First studies on the possible exploitation of the OAM dated back to 
2005 [97–99], when B. A. Bernevig et al. proposed the term 
“orbitronics” to refer to a hypothetical field based on “the possibility of 
replacing the spin degree of freedom by the orbital degree or 
freedom” [97].  

As in spintronics, the development of orbitronic devices relies on the 
ability to generate, transport and detect OAM in solid-state systems. 
Achieving efficient control over these processes is essential for the 
realization of functional orbitronic technologies. 

 

2.2.1 Orbital currents 
A clear difference between orbital and spin currents is that, unlike spin, 
orbital currents cannot be defined in vacuum because OAM arises from 
the motion of electrons in the periodic potential of a crystal lattice.  
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Classically, in the presence of an electric field, conduction electrons 
drift in the field direction while also experiencing rotational motion 
around the atoms they pass by. The electron motion perceived by an 
external observer is the combination of linear translation and successive 
gyrations around the atoms encountered by the electron along its path.  
This rotational motion corresponds to the non-equilibrium OAM 
carried by the electrons, and their collective motion constitutes an 
orbital current [100].  

The orbital diffusion length 𝜆𝜆𝑂𝑂𝑂𝑂 is the key parameter that determines 
how far orbital currents can propagate and thus determines the 
efficiency of orbital information transport in device architectures. 
However, reported values for 𝜆𝜆𝑂𝑂𝑂𝑂 vary widely, ranging from a few 
nanometres, in materials with either strong or weak SOC [101–103], to 
several tens of nanometres in certain cases [104–106]. This wide 
disparity reflects the challenges in accurately measuring 𝜆𝜆𝑂𝑂𝑂𝑂.  

Recent theoretical work by M. Rang and P. J. Kelly has provided new 
insight into this issue [107]. Using quantum mechanical scattering 
calculations in thermally disordered solids with large scattering 
geometries (thousands of atoms), they found that the decay of the 
orbital current occurs over only a few atomic layers (see Figure 2.14). 
The orbital polarization decays to less than 1/e of its injected value 
within less than a nanometre. Moreover, the orbital current can be 
converted into a spin current within a similarly short length, suggesting 
that this process may be interface mediated. Importantly, the orbital 
diffusion length in transition metals is as short as expected from 
classical orbital quenching arguments and does not depend on the 
orbital or spin Hall angle, nor the polarization. These findings contrast 
with the longer 𝜆𝜆𝑂𝑂𝑂𝑂 values inferred from some experiments. The results 
suggest that what is often interpreted experimentally as long 𝜆𝜆𝑂𝑂𝑂𝑂 may 
correspond to the 𝜆𝜆𝑆𝑆𝑆𝑆 generated by orbital-to-spin conversion [107].  
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Figure 2.14. a) A current of orbital angular momentum polarized in the z 
direction, 𝐽𝐽𝐿𝐿𝑧𝑧, and injected into a room temperature thermally disordered Pt in 
the z direction, 𝐽𝐽𝐿𝐿𝐿𝐿𝑧𝑧 , is converted into 𝐽𝐽𝑆𝑆 within a few atomic layers after which 
it decays on a length scale consistent with the spin diffusion length of Pt. For 
the orbital Zeeman term in the lead, a value of B = 0.05 Ry was used. To 
visualize the current in the lead, the interface between ballistic (pink) and 
diffusive Pt is displaced into the scattering region to 𝑧𝑧 = 𝑧𝑧𝐼𝐼 . The inset shows 
how the degree of orbital polarization depends on the size of the orbital 
Zeeman splitting in the lead. b) Same as a) but with the SOC switched off. c) 
𝐽𝐽𝐿𝐿𝐿𝐿𝑧𝑧  injected from an orbitally polarized left lead decays within a few atomic 
layers in thermally disordered Cr, V and Cu. (Fig. adapted from [107]). 

2.2.2 Generation and detection of orbital currents 
In 2008, new theoretical studies explored the orbital degree of freedom 
by examining the orbital Hall effect (OHE), which is the orbital 
analogue of the SHE [108,109]. In the OHE, electrons with opposite 
OAM deflect in opposite directions when a charge current 𝐽𝐽𝑞𝑞 is applied 
through a metal, giving rise to a transverse orbital current 𝐽𝐽𝐿𝐿 (see Figure 
2.15a) [108–112]. 

Complementarily, the reciprocal effect, known as the inverse orbital 
Hall effect (IOHE), allows the conversion of 𝐽𝐽𝐿𝐿 into 𝐽𝐽𝑞𝑞, enabling the 
detection of orbital currents (see Figure 2.15b). 
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Figure 2.15. a) Schematic illustrations of the OHE. An applied charge current 
density 𝐽𝐽𝑞𝑞 generates a transverse orbital current density 𝐽𝐽𝐿𝐿, because electrons 
with opposite OAM deflect in opposite directions. b) In the IOHE, an applied 
𝐽𝐽𝐿𝐿 is converted into a transverse 𝐽𝐽𝑞𝑞. 

According to these early theoretical studies on the OHE, the orbital Hall 
conductivity (𝜎𝜎𝑂𝑂𝑂𝑂), which quantifies the efficiency of the OHE in a 
given material, was found to be positive for all 4d and 5d transition 
metals and almost 1 order of magnitude higher than 𝜎𝜎𝑆𝑆𝑆𝑆 (see Figure 
2.16) [108]. Remarkably, the OHE can occur even in the absence of 
SOC [108,113]. These findings suggested that orbitronic devices could 
be fabricated using transition metals. But, at that time, orbital transport 
did not receive too much attention.  

 

Figure 2.16. a) Dependence of the spin Hall (SHC) and orbital Hall (OHC) 
conductivity on the electron number 𝑛𝑛, for the quasiparticle damping rate 𝛾𝛾 =
0.02 (taken from Ref.  [109]). b) Dependences of the OHC and the SHC on 
SOC strength 𝜆𝜆 in Pt, computed using the Born approximation and constant 𝛾𝛾 
approximation (taken from Ref. [108]). 

In recent years, the interest in orbitronics has surged due to new 
theoretical and experimental advances [101–107,110,111]. Recent 
theoretical studies have expanded beyond transition metals, to include 
sp metals [110,111], and transition-metal dichalcogenides [114–116]. 
Moreover, weak SOC metals, that were ruled out in the search for 
efficient spin Hall materials, have taken a step forward to be considered 
ideal candidates to explore orbital physics. According to theoretical 
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calculations, 3d transition metals exhibit orbital Hall conductivities on 
the order of 𝜎𝜎𝑂𝑂𝑂𝑂 ≈ 103 − 104(ℏ/𝑒𝑒)(Ω𝑐𝑐𝑐𝑐)−1, which significantly 
exceed their spin Hall counterparts 𝜎𝜎𝑆𝑆𝑆𝑆 ≈ 102(ℏ/𝑒𝑒)(Ω𝑐𝑐𝑐𝑐)−1 (see 
Figure 2.17) [111,112]. Indeed, 𝜎𝜎𝑂𝑂𝑂𝑂 of 3d transition metals are 
comparable or even larger than 𝜎𝜎𝑆𝑆𝑆𝑆 of Pt, where 𝜎𝜎𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 ≈ 103(ℏ/
𝑒𝑒)(Ω𝑐𝑐𝑐𝑐)−1, which is favourable for large SHE. 

 

Figure 2.17. 𝜎𝜎𝑂𝑂𝑂𝑂  (blue square) and 𝜎𝜎𝑆𝑆𝑆𝑆 (red circle) for several 3d transition 
metals. For clarity, 𝜎𝜎𝑆𝑆𝑆𝑆 has been multiplied by a factor of 10. Here V, Cr, Mn 
have bcc structures, and Ni (ferromagnetic) and Cu have fcc structures. Figure 
adapted from [111]. 

Although the generation of orbital currents has primarily focused on the 
OHE and the orbital Rashba-Eldestein effect (OREE) [117], theorists 
have also predicted "orbital pumping”, which has already been 
observed experimentally [118]. This phenomenon is analogous to the 
SP effect (see Sec. 2.1.8 for more details). In the orbital pumping, a 
precessing magnet can emit a significant orbital current without 
requiring an associated charge current (see Figure 2.18a) [119].  

Its Onsager reciprocal effect, the orbital torque (OT), involves the 
generation of spin currents from orbital currents [120]. This is possible 
because magnetization dynamics is governed by the transfer of angular 
momentum, not only restricted to the spin. However, unlike spin, OAM 
does not interact directly with the magnetization 𝑴𝑴 because there is no 
exchange coupling between the OAM and the local magnetic moment, 
which is dominated by the spin contribution and with negligible orbital 
contribution [101]. Therefore, to exert a torque on 𝑴𝑴, at least a partial 
conversion of the orbital current into a spin current is required, which 
can be achieved with the presence of SOC [119]. 
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Given this, the OT mechanism begins with the generation of orbital 
currents, which can be achieved efficiently in light metals (LMs) such 
as 3d transition metals, where SOC is weak. These orbital currents are 
then absorbed by an adjacent FM layer through orbit-to-spin conversion 
mediated by SOC. The resultant spin current interacts with the local 
magnetic moments via exchange coupling, generating a torque (see 
Figure 2.18b). 

An alternative approach is to insert a spacer layer with strong SOC, 
which can enhance the OT relative to the spin torque by converting the 
orbital current into a spin current before it reaches the FM, as shown in 
Figure 2.18c [121]. 

 

Figure 2.18. a) Schematic representation of orbital pumping. b) Orbital torque. 
An electric field applied in a NM along 𝑥𝑥 induces an orbital current along 𝑧𝑧 
with orbital polarization along 𝑦𝑦. If SOC is sizable, the orbital current is 
accompanied by a spin current. The resulting interfacial orbital and spin 
accumulations produce orbital (𝛤𝛤𝐿𝐿𝐿𝐿) and spin (𝛤𝛤𝑆𝑆) torques on the magnetization 
𝑴𝑴 of an adjacent ferromagnet. The strength of 𝛤𝛤𝐿𝐿𝐿𝐿 depends on both the intensity 
of the orbital current and the SOC of the FM. The schematic shows the 
direction of the induced spin (𝑺𝑺) and orbital (𝑳𝑳) angular momenta when 
𝜎𝜎𝑆𝑆𝑆𝑆,𝑂𝑂𝐻𝐻 > 0. c) The insertion of a buffer layer may increase the orbital torque 
relative to the spin torque by converting the orbital current (red) into a spin 
current (blue) prior to their injection into the FM. Panels b and c adapted 
from [121]. 

2.2.3 Experimental evidence of orbital currents 
Experimental evidence of the presence of orbital currents has been 
proven through independent studies in the last five years. 

Although a large spin-orbit torque (SOT) had been observed in CuOx, a 
material with weak SOC, as early as 2016, its origin was not well 
understood at the time [122]. In 2020, a further enhancement of the SOT 
was observed in experiments involving this material [123]. The study 
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showed that adding a CuOx top layer to a thulium iron garnet (TmIG)/Pt 
system increased the SOT efficiency (see Figure 2.19). This 
enhancement was attributed to an additional torque generated by an 
orbital current arising at the CuOx layer (see Sec. 2.2.2). This orbital 
current was converted into a spin current in the Pt layer due to its strong 
SOC, which then exerted a torque on the adjacent FM layer.  

Similar findings have been reported in other CuOx-based 
heterostructures [124–129], or NM/FM bilayers using Cr [101], 
Nb [130], V [131] or Zr [132] as the NM layer, as well as in a systematic 
study involving heterostructures comprising 3d, 5d and 4f metals [121].  
Notably, efficient OTs have also been found in systems where both the 
NM and FM layers possess weak SOC. For instance, in Ti/Ni bilayers, 
the observed torques were attributed to the OHE, despite the weak SOC 
of Ti [106]. In this case, the orbital current generated in the Ti layer is 
directly injected into the Ni layer, where it exerts a torque on the 
magnetization. However, when the Ni layer is replaced by a Ni81Fe19 
(permalloy) layer, known for its high spin transport efficiency, the 
torque is significantly reduced, highlighting the orbital nature of the 
effect. 

 

Figure 2.19. a) Schematic illustration of generation of SOTs in TmIG/Pt/CuOx 
structures. The OAM (indicated by blue circulations) is generated via the 
OREE at the Pt/CuOx interface and injected into the Pt. By the large SOC of 
the Pt, the OAM is converted to spin angular momentum (indicated by red 
arrows), which diffuses across the Pt and exerts a torque on the local moments 
(yellow arrow) of the magnetic TmIG layer. b) Effective SOT efficiency as a 
function of Pt thickness for sample series A without CuOx (black circles) and 
sample series B with CuOx (blue squares). Figure adapted from [123]. 

Other approaches use the magneto-optical Kerr effect (MOKE) as a 
detection method. The OHE was first observed in titanium (Ti) [104] 
and chromium (Cr)  [103], and later in vanadium (V)  [133]. MOKE 
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occurs when a polarized light reflects off a magnetized surface, causing 
a change in the polarization of the reflected beam. This change can be 
quantified through the Kerr angle 𝜃𝜃𝐾𝐾, defined as the rotation of the 
polarized light after hitting the sample. In OHE experiments, MOKE 
serves as a detection tool. A charge current is first applied to induce the 
OHE (see Sec. 2.2.2.), resulting in the accumulation of OAM at the 
sample boundaries. This accumulation generates an orbital 
magnetization that can be detected via MOKE. The interaction of light 
with this orbital magnetization leads to a Kerr rotation of the reflected 
light, with an amplitude proportional to the amount of accumulated 
OAM. The presence of the OHE is manifested by a linear dependence 
of 𝜃𝜃𝐾𝐾 on the applied current. This linearity arises because the orbital 
accumulation induced by the OHE is proportional to the current density, 
if the orbital magnetization is in the plane of incidence of the light. The 
Kerr rotation is maximum when the OAM is aligned with the direction 
of light propagation.  

As shown in Figure 2.20a, the linear dependence appears when the 
charge current is applied along the 𝑥𝑥-direction and linearly polarized 
light is incident in the 𝑧𝑧𝑧𝑧-plane. This geometry ensures that the OHE 
induces an accumulation of OAM in the 𝑧𝑧-direction which can be 
detected by MOKE. Conversely, when the sample is rotated, such that 
the orbital polarization is perpendicular to the direction of the light 
propagation, Kerr rotation vanishes (Figure 2.20b). 

 

Figure 2.20. MOKE signal on Cr(001) films grown on MgO(001) substrates as 
a function of curent density: a) for the laser beam incidence along the 𝑧𝑧𝑦𝑦 plane 
and charge current 𝑗𝑗 along 𝑧𝑧 (30 nm sample), b) for device rotated 90º about 
the surface normal (40 nm sample). Figure adapted from [103]. 
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Another technique proposed to detect OAM induced by the OHE is 
electron magnetic circular dichroism (EMCD), performed in a scanning 
transmission electron microscope (STEM), which enables nanometer-
scale spatial resolution. EMCD, combined with electron energy-loss 
spectroscopy (EELS), has been used to directly observe OAM 
accumulation at the edges of a metallic Ti sample [134]. Under an 
applied bias, the spin and orbital accumulations induced by the SHE 
and OHE appear at the top and bottom edges with opposite signs, as 
revealed by STEM scanning. The combination of EELS, which 
provides information about the total magnetization, and EMCD, which 
allows distinguishing between spin and orbital contributions, makes it 
possible to identify the OHE. 

The generation of orbital currents has also been demonstrated through 
THz emission, resulting from the conversion of light-induced spin and 
orbital currents into ultrafast charge currents in various bilayers and 
multilayers containing LMs [105,135,136]. 

Additional experiments using LMs have confirmed the presence of the 
OHE. The orbital analogue of the spin Hall magnetoresistance (Sec. 
2.1.4) was demonstrated in Ni/Ti bilayers (see Sec. 2.2.4) [137]. 
Another study provided evidence of the OHE through Hanle 
magnetoresistance experiments (see Sec. 2.1.5), performed in 
Mn [102]. In materials with weak SOC, OAM dominates over spin. 
Consequently, the precession of OAM under an external magnetic field 
leads to a detectable change in resistance. This phenomenon will be 
discussed in further detail in Sec. 2.2.5. 

Through all these different approaches, orbital Hall conductivities and 
orbital diffusion lengths of different materials have been measured, as 
summarized in Table 2.1. 

Table 2.1. Orbital diffusion length (𝜆𝜆𝑂𝑂𝑂𝑂) and orbital Hall conductivity (𝜎𝜎𝑂𝑂𝑂𝑂)  of 
different 3d transition metals. *From first-principles calculations. 

3d 
metal 

𝜌𝜌𝐿𝐿0 

(μΩ cm) 

𝜆𝜆𝑂𝑂𝑂𝑂 

(nm) 

𝜎𝜎𝑂𝑂𝑂𝑂 

(ℏ/e)(Ω cm)−1 
Technique Refs. 

 

Ti ~60−100 47 ± 11 --- ST-FMR  [106]  
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~60−70 74 ± 24 260−360 MOKE  [104]  

--- 7.3 --- EMCD  [134]  

V 

--- 3.61 --- ST-FMR  [131]  

41 0.7 4180* 
MOKE  [133] 

 

41 35 196*  

Cr 19.7 6.6 ± 0.6 --- MOKE  [103]  

Mn 225 2.1 55 HMR  [102]  

Cu --- 9 --- THz 
emission  [136]  

 

2.2.4 Orbital Hall magnetoresistance 
The orbital Hall magnetoresistance (OMR) is the orbital analogue of 
the SMR (see Sec. 2.1.4). OMR arises due to the reflection and 
absorption of orbital currents generated by the OHE in a LM in contact 
with a FM with an important orbital response. Similar to the SMR, 
when the direction of the magnetization 𝑴𝑴 is parallel to the direction of 
OAM polarization (𝒍̂𝒍), the orbital current 𝐽𝐽𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖

𝑂𝑂𝑂𝑂𝑂𝑂 at the interface is 
reflected, resulting in an extra charge current due to the IOHE. On the 
other hand, when 𝑴𝑴 is perpendicular to 𝒍̂𝒍, 𝐽𝐽𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖

𝑂𝑂𝑂𝑂𝑂𝑂 will be absorbed. Then, 
depending on the orientation of the magnetization, a modulation in the 
resistivity of the LM will arise, giving rise to the OMR effect. 

The OMR has been reported in the Ni/Ti bilayer [137]. This bilayer is 
comprised by Ti, that has a significant 𝜎𝜎𝑂𝑂𝑂𝑂 as compared to its 𝜎𝜎𝑆𝑆𝑆𝑆, and 
Ni, which is predicted to show the strongest orbital response among the 
conventional 3d transition ferromagnetic metals [138]. 

2.2.5 Orbital Hanle magnetoresistance 
The orbital Hanle magnetoresistance is the orbital analogue of the HMR 
(see Sec. 2.1.5), which arises because the OAM, as the spin, precess 
under a magnetic field, producing a change in the resistivity and giving 
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rise to the magnetoresistance effect [61]. Due to the orbital origin of the 
magnetoresistance, we can observe it in elements with much larger 𝜎𝜎𝑂𝑂𝑂𝑂 
than 𝜎𝜎𝑆𝑆𝑆𝑆, such as 3d transition metals. HMR from orbital origin has 
been observed for the first (and only) time in Mn [102]. The 
phenomenon has also been theoretically investigated in two-
dimensional materials, further extending the understanding of the 
orbital HMR [139]. 

When a charge current 𝐽𝐽𝑞𝑞 is applied in a NM, both a spin and an orbital 
angular momentum current are created via the SHE and OHE, 
respectively (see Figure 2.21a). Focusing on the OAM (spin angular 
momentum was discussed in Sec. 2.1.5), in the presence of an external 
𝐻𝐻, the OAM precesses due to Hanle effect under 𝑯𝑯, but only when 𝑯𝑯 
is not collinear with 𝒍̂𝒍. If 𝑯𝑯 ∥ 𝒍̂𝒍, no precession occurs, leading to a state 
of minimum 𝜌𝜌𝐿𝐿 (see Figure 2.21a). In contrast, if 𝑯𝑯 ∦ 𝒍̂𝒍, precession 
takes place which causes dephasing. As a result, the orbital 
accumulation at the interface is reduced, leading to a decrease in the 
additional charge current generated due to IOHE (see Figure 2.21b).  

 

Figure 2.21. Schematic illustration of the Hanle magnetoresistance considering 
both spin and OAM contributions. a) Influence of the SHE and OHE and their 
inverse effects in the decrease of the resistivity of a LM thin film, when there 
is no precession (in absence of magnetic field 𝐻𝐻 or with 𝐻𝐻 along the spin/OAM 
polarization (𝑦𝑦-direction). b) The spin and OAM accumulated at the edges 
precess due to Hanle effect around a perpendicular 𝐻𝐻 (𝑧𝑧- or 𝑥𝑥-direction, in the 
sketch, the former example is shown), reducing the extra current generated by 
the ISHE and IOHE and, thus, increasing the resistivity of the LM thin film. 

Since the OAM, as the spin, may undergo precession in presence of 𝑯𝑯, 
the equations that govern the resistivity in the orbital HMR take the 
same form as those describing the HMR (see Eqs. (2.25) and (2.26) in 
Sec. 2.1.5). Now, in a LM with weak SOC, it is expected that the HMR 
arises predominantly from the OHE rather than from the SHE. 
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Therefore, we can express the amplitudes ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻 and ∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻 of the 
orbital HMR as a function of the orbital transport parameters:  

 
∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻 = 2𝜌𝜌𝐿𝐿0𝜃𝜃𝑂𝑂𝑂𝑂2 �
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where 𝜃𝜃𝑂𝑂𝑂𝑂 is the orbital Hall angle, 𝜆𝜆𝑂𝑂𝑂𝑂 the orbital diffusion length, 
𝑡𝑡𝐿𝐿𝐿𝐿 the thickness of the light metal (LM), and 𝛬𝛬−1 =

�
1

𝜆𝜆𝑂𝑂𝑂𝑂
2 + 𝑖𝑖 𝑔𝑔𝑆𝑆𝜇𝜇𝐵𝐵𝐻𝐻

𝐷𝐷𝑜𝑜ℏ
with 𝐷𝐷𝑂𝑂 the orbital diffusion coefficient. 

HMR allows to non-invasively access to fundamental orbital transport 
parameters and to be able to quantify them from the HMR equations. 

Because of the form of the orbital HMR equations, the ADMR and 
FDMR exhibit a characteristic behaviour similar to that discussed in 
Sec. 2.1.5. An example of orbital HMR can be observed in Figure 2.22 
for a Mn thin film [102], where a cos2(𝛽𝛽) modulation related to the 
HMR geometry appears in yz-plane, where 𝐻𝐻 is rotated by an angle 𝛽𝛽 
from the out-of-plane direction (z), and no modulation appears in xz-
plane where 𝐻𝐻 is rotated by an angle 𝛾𝛾 from the out-of-plane direction 
(z). For the field scan, the longitudinal resistance increases 
monotonically with 𝐻𝐻 only if it is applied along x or z, and remains flat 
when 𝐻𝐻 is parallel to the OAM (see Figure 2.22c). The transverse 
resistance shows a strong non-linear field dependence when 𝐻𝐻 is 
applied out of plane (Figure 2.22d). From Eqs. (2.39) and (2.40), 𝜆𝜆𝑂𝑂𝑂𝑂 
and 𝜃𝜃𝑂𝑂𝑂𝑂 are obtained (see Table 2.1). 
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Figure 2.22. Orbital Hanle magnetoresistance in Mn. a) Optical image of a Hall 
bar device and sketch of the measurement configuration. 𝑅𝑅 is the longitudinal 
resistance and 𝑅𝑅𝐻𝐻 is the transverse one. b) Longitudinal ADMR measurements 
in a Mn(6 nm) thin film at 7 T in the 𝐻𝐻-rotation planes (𝛽𝛽, 𝛾𝛾). c) Longitudinal 
resistance and d) transverse resistance in Mn(9 nm) measured with 𝐻𝐻 along the 
main three axes. The solid line in c) is a fit with shared parameters of Eq. (2.39) 
to both x- and z-field-scan magnetoresistance. The solid line in d) is a fit of the 
z-field-scan magnetoresistance to Eq. (2.40). Figure adapted from [102]. 
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Chapter 3  
Experimental techniques 
In this chapter, we summarize the device fabrication and 
characterization. In particular, we used Hall bars for the SMR and HMR 
experiments, non-local devices for the magnon spin transport 
measurements, and thin films for FMR. 

3.1 Device fabrication 
The fabrication of the Pt and V electrodes, with a specific design (see 
Figure 3.1), has been carried out entirely in cleanroom facilities (ISO 5, 
6 and 7). In these environments, the concentration of airborne particles 
per cubic meter is maintained below specified thresholds, according to 
ISO cleanroom standards.  

 

Figure 3.1. a) Pattern design of a Hall bar. b) Final device after the fabrication 
process. 

For the nanofabrication of the devices, we always begin with the 
cleaning of the substrate. Subsequently, two possible lithography 
procedures were employed: 

 Lift-off procedure. This was the one used in most of the samples 
(see Fig. 3.2). The series of steps is as follows: 1) spin coating of a 
positive resist, 2) e-beam lithography (eBL) exposure, 3) 
developing, 4) material deposition, 5) lift-off. 

 Etching procedure. This was used only for the Hall bars fabricated 
on YIG substrates. The different steps include: 1) material 
deposition, 2) spin coating of a negative resist, 2) direct laser writer 
(DLW) exposure, 3) developing, 4) Ar-ion milling, 5) resist 
removal. 
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Figure 3.2. Illustration of the fabrication of a Hall bar by the lift-off procedure. 
a) Cleaning of the substrate. b) Spin coating of a double-layer positive resist. 
c) Exposure by an electron beam. d) Developing of the exposed resist. e) 
Deposition of the material. f) Lift-off. 

3.1.1 Cleaning of the substrates 
The first step in the fabrication is the cleaning of the substrates. The 
devices are fabricated on top of Pyrex for the magnon transport EuS 
devices (Chapter 4), whereas Si/SiO2(150 nm) and GGG/YIG(318 nm), 
where GGG corresponds to gadolinium gallium garnet, are used for the 
vanadium Hall bars (Chapter 6).  

To start with, the substrate is immersed in acetone, then in isopropanol 
and finally in deionized water, each step for 5 minutes and in 
ultrasound. To finish, the substrate is placed in a hot plate at 
temperatures higher than 100ºC to evaporate the last water drops. 

3.1.2 Lithography 
3.1.2.1 Spin coating 
In order to implement the Hall bars and non-local devices, we need to 
cover the substrate with a resist sensitive to radiation, which will allow 
us to shape the electrodes of Pt and V (see Figure 3.2b). 

The spin coating of the resist is done at a certain speed, acceleration and 
time to achieve the optimized thickness. For Pyrex and Si/SiO2 
substrates, we use a double layer polymethil methcrylate (PMMA) to 
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improve the precision of the device structure. PMMA is a positive resist 
with a long polymer chain that, when exposed to the radiation, in our 
case an electron beam, it is broken into shorter ones which are easier to 
be dissolved. In the case of Pyrex substrates, which are insulating, a 
conductive polymeric layer (Electra), consisting of a polyaniline 
derivative dissolved in water and isopropanol, is applied on top of the 
PMMA resist. This protective conductive coating facilitates the 
dissipation of electrostatic charges generated during electron beam 
exposure and can be easily removed afterwards by rinsing with water. 

In the case of vanadium on top of YIG, a negative resist (AZ® nLof 
2020) layer is used in order to follow the etching procedure and have a 
cleaner interface between vanadium and YIG. In this case, the exposed 
part becomes extremely difficult to dissolve and is the non-exposed part 
that is being removed after exposure. 

3.1.2.2 Resist exposure by electron-beam lithography or direct laser 
writing 
The designed structures (Hall bars and non-local devices) are patterned 
using either electron-beam lithography (eBL) or direct laser writing 
(DLW). Most structures are fabricated using eBL, while vanadium 
deposited on top of YIG is patterned with DLW. In eBL (see Figure 
3.2c), a focused electron beam scans the target area of the resist, 
whereas in DLW, a laser combined with a spatial light modulator is used 
to project the pattern directly onto the surface.  

Due to the different nature of these techniques, the eBL system enables 
the definition of very fine features, with resolutions below 10 nm, while 
DLW offers faster patterning of microscale structures.  

Prior to exposure, the desired pattern is previously designed with a 
specific software (see Figure 3.1a). The resist, previously deposited by 
spin coating, undergoes a change in its chemical properties when 
exposed to either the electron beam or the laser. The pattern is therefore 
engraved, enabling the subsequent development. 

3.1.2.3 Developing 
For samples on Pyrex substrates, the exposed resist is first rinsed in 
deionized water to remove the Electra coating. After exposure, the 
samples are developed by immersion in a developer solution: methyl 
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isobutyl ketone (MIBK) for positive resists and AZ® 726 MIF for 
negative resists, removing the areas that were exposed during either 
eBL or DLW, as shown in Figure 3.2d. 

3.1.3 Thin film deposition 
3.1.3.1 Sputtering 
Pt or V Hall bars and/or non-local devices are grown by magnetron 
sputtering (see Figure 3.3). The moment at which we perform the 
deposition depends on the procedure as specified at the beginning of the 
section.  

Sputtering deposition is a common technique to deposit thin films of 
different materials on substrates. It is based on the bombardment of the 
desired material, the target, with energetic ions that have been produced 
by an electric discharge in form of a plasma. In the case of magnetron 
sputtering, magnetic fields are used to control the behaviour of the ions 
in the process and enhance the density of the plasma which increases 
the velocity of the process. 

First, an inert gas, normally Ar, is inserted in the system that is made up 
of positive (anode) and negative (cathode) electrodes. The anodes are 
the vacuum chamber and the sample holder, while the cathode is the 
target (magnetron source). Then, a negative voltage is applied between 
cathode and anode to start the ionization of the inert gas (Ar+). 
Deposition is possible because collisions within the plasma accelerate 
energetic ions, which then strike the target. As a result, momentum is 
transferred, causing atoms from the target surface to be ejected and 
deposited onto the surface of the substrate. 

The electric discharge responsible for ionizing the Ar atoms can either 
be continuous (DC) or alternating within the radio frequency (RF) 
range. DC sputtering enables the deposition of conductive materials 
(such as Pt or V in our case), whereas RF sputtering allows for the 
deposition of insulating materials (such as SiO2 and SiN in our case). 
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Figure 3.3. Schematic illustration of magnetron sputtering. The dark grey 
circles represent the inert gas (Ar) that gets ionized (𝐴𝐴𝐴𝐴+) after crashing with 
the electrons (green circles). Then, the 𝐴𝐴𝐴𝐴+ collide with the target material, 
atoms are expelled (yellow circles), and reach the surface of the substrate, 
giving rise to the thin film of the desired material. 

3.1.3.2 Electron-beam evaporation 
Electron-beam evaporation was used for the ex-situ deposition of the 
europium sulphide (EuS) thin films at the end of the fabrication process. 
This step was carried out by our collaborators Dr. M. Ilyn, Prof. C. 
Rogero, D. Caldevilla Asenjo, S. Kerschbaumer and C. Gonzalez-
Orellana from the Materials Physics Center (UPV/EHU-CSIC).  

In electron-beam evaporation, the source material is heated and 
evaporated by a focused beam of high energy electrons emitted from a 
hot filament, all inside a high-vacuum chamber. The evaporated 
material then condenses on the substrate, forming a thin film [140].  

In particular, EuS was grown by means of sublimation of a 
stoichiometric EuS powder (99.9% purity) in a commercial e-beam 
evaporator by cooling the sample holder with liquid nitrogen to prevent 
interdiffusion of EuS into the (previously fabricated) Pt contacts. 

3.1.4 Resist and thin film removal 
3.1.4.1 Ar-ion milling  
This is a purely physical process based on the phenomenon of 
sputtering. Ions from an inert gas (Ar) are created by a plasma and 
accelerated from an ion source toward the surface of the desired 
substrate to eject atoms from the surface in a controlled manner. This 
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technique, used during the etching procedure, enables the precise 
removal of unwanted material.  

3.1.4.2 Resist removal 
In the etching procedure, this step is performed at the end. The exposed 
negative resist is removed by immersing the sample in an acetone bath 
overnight, to ensure complete stripping of the remaining resist.  

3.1.4.3 Lift-off 
In the lift-off procedure, this is also the last step. The sample is 
immersed in an acetone bath to dissolve the remaining positive resist of 
the unexposed areas together with the material deposited on top of it. 
This process leaves behind only the patterned material directly in 
contact with the substrate (see Figure 3.2f). 

 

3.2 Characterization techniques 

3.2.1 X-ray characterization 
X-ray characterization is the use of photons with energy ~125 eV-125 
keV to study the atomic and molecular structure of a material [141]. The 
X-ray techniques, X-ray reflectivity (XRR) and X-ray diffraction 
(XRD), involve processes of X-rays in and out of the sample. 

The X-ray instrument used is a X’Pert from Malvern PANalytical. 

3.2.1.1 X-ray reflectivity (XRR) 
This technique is used to extract the thickness and surface roughness 
of the films. It also allows us to calculate the deposition rates of the 
desired materials in the sputtering system.  

XRR is based on the fundamental principles of X-ray reflection an 
interference. A beam of X-rays is directed onto a flat surface at 
grazing incidence angles and the intensity of the reflected X-rays as 
a function of the incident angle is measured. When an X-ray beam 
strikes a flat surface at grazing angle, part of the beam is reflected 
from the surface, while the remaining portion penetrates the material 
and undergoes reflection if the incident angle is greater than the 
critical angle for total reflection Θ𝑐𝑐 (see Figure 3.4a). Then, 
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interference occurs between the X-rays reflected from the surface of 
the thin film and the interface between the thin film and the 
substrate. As a result, a characteristic oscillation pattern in the 
reflected intensity profile appears, known as Kiessing fringes, first 
observed in 1931 by Kiessing [142]. The period and amplitude of 
these oscillations contain information about the thickness, with 
nanometer precision, density, and roughness of the film layers (see 
Figure 3.4b). 

 

Figure 3.4. a) X-ray reflectivity working principe, where 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎  is the wavelength 
in air and 𝛩𝛩 is the incident angle of the X-rays. When the X-rays arrive to the 
surface, they penetrate the material by diffraction if 𝛩𝛩 > 𝛩𝛩𝑐𝑐. b) XRR for 14-
nm-thick V films, showing how to extract film thickness in the sample. 

The angular separation between reflectivity fringes, Δ(2Θ), in 
radians, can be used to calculate the thickness 𝑡𝑡𝑁𝑁𝑁𝑁,𝐿𝐿𝐿𝐿 of the 
corresponding layer: 

 
𝑡𝑡 =

𝜆𝜆𝑥𝑥−𝑟𝑟𝑟𝑟𝑟𝑟
Δ(2Θ)

 (3.1) 

 

which is valid for adjacent fringes well above the critical 
angle [141]. 

In addition, the decay of the reflected intensity at higher angles 
provides a qualitative indication of the surface and interface 
roughness, with faster damping corresponding to rougher layers. 

3.2.1.2 X-Ray diffraction (XRD) 
X-ray diffraction is a technique used to determine the crystalline 
structure of a material. When X-rays strike the sample, they interact 
with the regularly spaced atoms in the crystal lattice. This interaction 
causes the X-ray to scatter, changing the direction at an angle 𝜗𝜗 relative 
to the incident the beam. This is the angle of diffraction. While some 
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scattered waves cancel each other out through destructive interference, 
others create a constructive interaction. The condition for constructive 
interference is described by Bragg’s law, which relates the angle of 
diffraction to the spacing between atomic planes in the crystal 𝑑𝑑: 

 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑛𝑛𝜆𝜆𝑥𝑥−𝑟𝑟𝑟𝑟𝑟𝑟
2𝑑𝑑

 
 

(3.2) 

By sweeping the detection angle is then possible to get the diffraction 
spectrum that can be compared to a database to identify the 
crystallographic phases present in the sample. 

3.2.1.3 Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) is a surface characterization technique 
that enables mapping and analysis of the morphology of a wide variety 
of materials including insulators, conductors, polymers and biological 
samples. In our case, AFM is employed to analyse the surface texture 
and evaluate the roughness of the films. 

The instrument consists of a sharp tip mounted on a flexible cantilever. 
As the tip scans the surface, it interacts with the sample through short-
range forces, producing a deflection of the cantilever proportional to the 
interaction force. This deflection is detected by a laser beam that 
impacts a photodetector which records the signal. Finally, a software 
processs the recorded signal generating an image of the sample surface.  

3.2.2 Electrical measurements 
Electrical measurements are carried out in the Physical Property 
Measurement System (PPMS) developed by Quantum Design (Figure 
3.5a). It allows us to apply magnetic fields up to 9 T and control the 
temperature between 2 K and 400 K.  

In order to measure the sample, it is glued to a sample holder 
(commonly referred to as a puck) which is equipped with 8 electrical 
contact pads. To electrically contact the puck with the sample, a wire 
bonder system developed by West Bond is used. Aluminium wires serve 
as a connection between the sample and the corresponding contact pads 
on the puck (Figure 3.5b). Finally, the puck with the sample is placed 
onto the rotator probe (Figure 3.5c) and introduced into the cryostat of 
the PPMS.  
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Figure 3.5. a) PPMS setup, including the equipment by Keithley used to apply 
the current (6221 source) and measure the resulting voltage (2182 
nanovoltmeter). It also illustrates the insertion of the rotator probe into the 
cryostat, which enables angular-dependent measurements under controlled 
temperature and magnetic field conditions. b) Schematic representation of the 
sample mounted on the puck, showing the aluminium wires bonds connecting 
the sample’s contact pads to the puck’s electrical terminal. c) Rotator indicating 
the orientation of 𝑯𝑯 upon insertion into the PPMS as well as the rotational 
motion. 

The rotator system integrated into the PPMS enables full 360º rotation 
of the sample under the presence of an applied magnetic field 𝑯𝑯, 
allowing controlled angular-dependent measurements. Due to the 
specific rotational mechanism of the rotator, two types of sample 
holders are required: the standard puck, in which the rotation axis lies 
within the sample plane points out of the sample plane, and the T-puck, 
in which the rotation axis points out of the sample plane (see Figure 
3.6). The standard puck allows for the application of the magnetic field 
out-of-plane of the sample as well as for angular sweeps that transition 



56 
 

between in-plane and out-of-plane configurations. In contrast, the T-
puck enables measurements in which the magnetic field is rotated 
within the plane of the sample. The use of these interchangeable sample 
holders makes it possible to apply 𝑯𝑯 along three mutually orthogonal 
rotational planes relative to the sample, thereby enabling the 
exploration of its magnetic response. The rotation planes are the 𝑥𝑥𝑥𝑥-
plane, where 𝐻𝐻 is rotated by an angle 𝛼𝛼 from the direction of the applied 
current (𝑥𝑥), 𝑦𝑦𝑦𝑦-plane, where 𝐻𝐻 is rotated by an angle 𝛽𝛽 from the out-of-
plane direction (𝑧𝑧), and 𝑥𝑥𝑥𝑥-plane, where 𝐻𝐻 is rotated by an angle 𝛾𝛾 from 
the out-of-plane direction (𝑧𝑧) (see Figure 3.7a).  

 

Figure 3.6. a) Standard puck with 8 contacts and sample contacted with Al 
wires. It is used to rotate the magnetic field from in-plane to out-of-plane 
configuration. b) T-Puck showing the electrical pins. This puck enables you to 
rotate the magnetic field in an in-plane configuration. 

Moreover, to apply the current and measure the voltage, we use an 
automatic switch board which enable us to choose the desired contacts. 
For the measurement, the current is applied through a Keithley 6221 
and the voltage is measured with a Keithley 2182 nanovoltmeter in the 
longitudinal (𝑉𝑉𝐿𝐿) or transverse (𝑉𝑉𝑇𝑇) configuration (see Figure 3.7b and 
Figure 3.7c), using a DC-reversal mode technique also known as delta 
mode. In delta mode, an alternating positive and negative current is 
injected, and the voltage is measured every time the polarity of the 
current changes: 

 
𝑉𝑉 =

𝑉𝑉(𝐼𝐼 +) − 𝑉𝑉(𝐼𝐼 −)
2

 (3.3) 

 
where 𝑉𝑉(+𝐼𝐼) and 𝑉𝑉(−𝐼𝐼) are the voltages for the positive and negative 
charge current, respectively. The delta mode measures the linear 
response of 𝑉𝑉 with 𝐼𝐼, which is equivalent to the first harmonic signal of 
an AC lock-in measurement.  
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Additionally, it is possible to detect the quadratic response of 𝑉𝑉 with 
respect to 𝐼𝐼, typically associated with thermal effects arising from Joule 
heating, which is proportional to 𝐼𝐼2. This corresponds to the second 
harmonic response when using an AC lock-in measurement, and is 
given by: 

 
𝑉𝑉 =

𝑉𝑉(𝐼𝐼 +) + 𝑉𝑉(𝐼𝐼 −)
2

 (3.4) 

 
Finally, we can also distinguish between a local voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿 
(equivalent to the longitudinal configuration), and the non-local voltage 
𝑉𝑉𝑁𝑁𝑁𝑁, which is particularly important in the context of magnon transport 
devices.  As sketched in Figure 3.7d, 𝐼𝐼 is applied through one strip, and 
the voltage response is detected in two configurations. When the 
voltage is detected along the same strip as the current, it is referred to 
as the local voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿. When the voltage is detected in a second strip, 
separated by a distance 𝑑𝑑, we denote it as the non-local voltage 𝑉𝑉𝑁𝑁𝑁𝑁. 
Then, the first harmonic response or electrical voltage component is 
given by: 

 
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁
𝑒𝑒 =

𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁(𝐼𝐼 +) − 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁(𝐼𝐼 −)
2

 (3.5) 

 
By measuring 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒 = 𝑉𝑉𝐿𝐿 we study the SMR and HMR, and with 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒  
we study the electrically injected magnon currents. 

The second harmonic response or thermal voltage component is: 

 
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁
𝑡𝑡ℎ =

𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁(𝐼𝐼 +) + 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁(𝐼𝐼 −)
2

 (3.6) 

 
By measuring 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁

𝑡𝑡ℎ  we detect the thermally induced magnon currents 
(also known as SSE) locally (𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ ) and non-locally (𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ). 
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Figure 3.7. a) Rotation configuration for 𝛼𝛼,𝛽𝛽, 𝛾𝛾 −planes. b) Longitudinal 
configuration. c) Transverse configuration. d) Local (longitudinal) and non-
local configuration for magnon transport devices. 

3.2.3 Ferromagnetic resonance measurements 
As explained in Sec. 2.1.8, FMR is a versatile characterization 
technique to study the magnetization dynamics of ferromagnetic 
materials. To perform the FMR experiments, a vector network analyser 
(VNA) setup is used in combination with a coplanar waveguide (CPW) 
that creates microwave magnetic fields operating in a broad frequency 
range (from 7 to 25 GHz). A schematic of the setup is illustrated in 
Figure 3.8a.  

The VNA is a tool that sends a microwave signal, in our case to excite 
the magnetization dynamics in the magnetic sample and then analyse 
the signal received. This allows the VNA to capture the amplitude and 
phase of the signal in a wide range of frequencies. It measures the 
scattering parameters S21 (transmission) and S11 (reflection). 

The CPW structure consists of a central conductive strip and two 
narrow ground electrodes running adjacent and parallel on the same 
surface of a dielectric substrate (see Figure 3.8b). Our CPW is 
composed of a ~176-μm-wide signal line (S) separated from the ground 
conductors (G) by two ~171-μm-wide adjacent air gaps. The sample is 
placed with the ferromagnetic part facing the CPW, which is placed in 
between the coils. The CPW is connected on both ends to ports 1 and 2 
of the VNA configured in the transmission mode S21. 
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To perform the FMR measurements, a static (DC) external magnetic 
field (𝐻𝐻𝐷𝐷𝐷𝐷) is applied in the plane of the sample and a microwave 
current in the signal line of the CPW produces a microwave magnetic 
field 𝐻𝐻𝑅𝑅𝑅𝑅 (see Figure 3.8b). In the resonance condition determined by 
𝐻𝐻𝐷𝐷𝐷𝐷 and frequency, 𝐻𝐻𝑅𝑅𝑅𝑅 can resonantly excite the magnetic moments 
in the sample to precess around the direction of the local field [143], as 
illustrated in Figure 3.8a. 
 
Resonance absorption of microwave power by the sample is seen as a 
dip in the measured S21 spectrum. A typical experimental resonance 
spectrum of YIG at a resonance frequency of 14 GHz is shown in Figure 
3.8c as a function of the in-plane 𝐻𝐻𝐷𝐷𝐷𝐷, from where the resonance field 
(𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) and linewidth (∆𝐻𝐻) can be obtained. 

 
Figure 3.8. a) Experimental VNA-FMR setup with the CPW mounted inside 
de PPMS magnet and connected to the VNA. The ferromagnetic sample is 
placed on the CPW, with the magnetization 𝑀𝑀 precessing around 𝐻𝐻𝐷𝐷𝐷𝐷  and 
describing a cone that spirals inwards. b) Schematic diagram of the side view 
of the CPW with the sample on top showing the magnetic field lines winding 
around the signal conductor (S). c) Experimental resonance spectrum of YIG 
fits a Lorentzian curve enabling to extract the resonance field (𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) and 
linewidth (∆𝐻𝐻). 
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Chapter 4  
Magnon currents excited by the 
spin Seebeck effect in 
ferromagnetic EuS thin films 
A magnetic insulator is an ideal platform to propagate spin information 
by exploiting magnon currents. However, until now, most studies have 
focused on YIG and a few other ferri- and antiferromagnetic insulators, 
but not on pure ferromagnets. In this chapter, we demonstrate that 
magnon currents can propagate in ferromagnetic insulating thin films 
of EuS. By performing both local and non-local transport measurements 
in 18-nm-thick films of EuS using Pt electrodes, we detect 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 (< 30 K) and magnetic field (< 9 T), we confirm the 
magnon transport origin of the non-local signal. Finally, we extract the 
magnon diffusion length in the EuS film (~140 nm), a short value in 
good correspondence with the large Gilbert damping measured in the 
same film. 

 

4.1 Introduction 
Magnon-based transport in magnetic insulators presents a promising 
route for pure spin current manipulation [24,25]. However, to integrate 
such magnon currents into functional devices, hybrid structures 
combining a MI and a NM have emerged as ideal platforms (see Sec. 
2.1.7) [24], allowing the transfer of spin angular momentum (see Sec. 
2.1.2). In such systems, incoherent magnon currents can be excited 
either electrically, through the SHE, or thermally, via the 
SSE [24,25,44], while the ISHE can be used for their detection, 
enabling all-electrical access to spin current physics [25,44]. 

So far, magnon transport in magnetic insulators has been studied mainly 
through ferrimagnetic garnets with the prototypical example being 
YIG, whose exceptionally small Gilbert damping results in a magnon 
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diffusion length of several microns [50,51,144]. Magnon transport has 
also been reported in some antiferromagnetic insulators, showing 
characteristic magnon diffusion lengths of few hundreds of nm [53,54]. 
Indeed, there is increasing interest in extending the knowledge of 
magnon transport to other magnetic compounds. For example, recent 
studies have focused on magnon excitations in van der Waals magnetic 
insulators [68,145–148]. In this context, SMR measurements on Eu-
based insulating ferromagnets have recently demonstrated intriguing 
spin-transport properties at the interface with heavy metal films, 
suggesting that they could also be employed as carriers of magnon spin 
currents [149–151].  

Europium sulphide (EuS), one of the few examples of isotropic 
Heisenberg ferromagnetic insulator [152,153], can be grown as thin 
films exhibiting the ferromagnetic ground state below the Curie 
temperature 𝑇𝑇𝐶𝐶 ≈ 18 K, which can be tuned by chemical doping or 
strain [154]. Below 𝑇𝑇𝐶𝐶, it behaves as a soft ferromagnet with extremely 
small coercive fields, similar to YIG. EuS films have been used to 
introduce strong magnetic exchange fields within interfacial layers such 
as metals, superconductors, and topological insulators, and manipulate 
their electronic phases by the magnetic proximity effect [151,155–166]. 
Specifically, EuS/Pt interfaces have recently been studied by means of 
SMR measurements, revealing a strong exchange field into the heavy 
metal layer, even for polycrystalline EuS films [151]. 

In this chapter, we demonstrate the propagation of magnon spin currents 
in a ferromagnetic insulating thin film of EuS. We use Pt nanostructures 
to generate and detect magnon currents through evaporated 
polycrystalline EuS films deposited by our collaborators at the 
Materials Physics Center (UPV/EHU-CSIC). Below 𝑇𝑇𝐶𝐶 of EuS, we 
show that magnon currents generated by the SSE at the Pt/EuS interface 
can propagate through the EuS films. We study such an effect by 
electrically detecting the magnon currents at the Pt/EuS interface 
considering both the local and the non-local configuration (see Sec. 
3.2.2). We study the temperature, magnetic field, and length 
dependence of the signal, which indicate that thermally-induced 
magnon currents propagate in the diffusive transport regime in our 
samples. We extract a thermal magnon diffusion length ℓ𝑚𝑚𝑡𝑡ℎ of ~140 nm, 
much smaller than the one observed in YIG, suggesting that magnons 
are strongly damped in the studied EuS films, in good correspondence 
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with the measured Gilbert damping 𝛼𝛼𝐺𝐺 (~0.04). Our work further 
expands the present knowledge of magnon transport to a broader class 
of materials. 

4.2 Experimental details 
Pt/EuS heterostructures have been fabricated on top of insulating Pyrex 
substrates, following the procedure presented in the previous work by 
our group and collaborators from the Materials Physics Center 
(UPV/EHU-CSIC) [151]. First, 5 nm of Pt were deposited with DC 
magnetron sputtering on top of the Pyrex substrate [167]. Subsequently, 
the Pt/EuS magnon spin transport (MST) devices were defined by e-
beam lithography. Each MST device consists of two or three Pt strips 
(width of 300 nm and length of 70 μm) separated by different distances 
d (0.8 μm < d < 2 μm), as shown in Fig. 4.1 (MST1 contains d = 0.8 
and 1 𝜇𝜇m, MST2 includes d = 1.25 𝜇𝜇m and MST3 d = 2 𝜇𝜇m). 
Afterwards, 18 nm of EuS were evaporated ex situ on top of the Pt 
contacts, with the deposition method described in Sec. 3.1.3.2  [151]. 
Since the top surface of the EuS film oxidizes when it is exposed to air, 
the final film corresponds to around 14 nm of insulating EuS capped by 
~4 nm of EuOx, which is also insulating [168]. An optical image of a 
representative device is shown in Figure 4.1d.  

Transport measurements were carried out using a Quantum Design 
PPMS covering the temperature range 2 K < 𝑇𝑇 < 300 K. We applied 
magnetic fields 𝐻𝐻 up to 𝜇𝜇0𝐻𝐻 = 9 T and the sample was rotated within 
the xy plane (𝛼𝛼 plane, inset of Figure 4.1a).  A DC current 𝐼𝐼 ranging 
from 4 μA to 100 μA was applied, and the resulting voltage recorded 
(as sketched in Figure 4.1d). Both the electrical (𝑉𝑉𝑒𝑒) and thermal (𝑉𝑉𝑡𝑡ℎ) 
voltage responses were measured in local �𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒 ,𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ � and non-local 
�𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 ,𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ� configurations, as described in Sec. 3.2.2. The magnetic 
properties of the EuS film have been measured by FMR (see Sec. 3.2.3). 

 

4.3 Results and discussion 
We studied the generation and transport of spin angular momentum in 
EuS films by incoherent magnon currents, which can be driven by non-
equilibrium magnon density and temperature gradients [35]. In fact, a 
magnon spin current can propagate in a magnetic medium according to 
Eq. (2.9) [36]. 
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In our experiment, we adopted the same measurement configuration 
used by Cornelissen et al. [50]. The magnon spin transport (MST) 
devices consist of a EuS thin film deposited on top of the Pt strips. As 
sketched in Figure 4.1d, a charge current 𝐼𝐼  is applied through a metallic 
Pt strip (injector) and the voltage response is measured along the same 
strip (local voltage, 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿) or at a different strip (non-local voltage, 𝑉𝑉𝑁𝑁𝑁𝑁).  

The measurements principle is illustrated in Figure 4.1a. The applied 𝐼𝐼 
along the x-axis of the Pt wire corresponds to a charge current density 
𝑗𝑗𝑞𝑞,𝑖𝑖𝑖𝑖 that generates a spin accumulation polarized along the y-axis at the 
Pt/EuS interface thanks to the SHE. The effects of the interaction 
between the spin current flowing in the Pt strip in z-axis and the 
interfacial magnetic layer can be read out in the first order, or electrical, 
response of the system as a voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁

𝑒𝑒 . By measuring 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒  we 
study the SMR effect in our samples, that is the modulation of the Pt 
resistance due to the torque exerted by the magnetization (𝑴𝑴) of the 
EuS on the spin current flowing through Pt [56,169].  Moreover, the 
spin current can also generate magnons at the Pt/EuS interface by spin-
flip scattering processes, as sketched in Figure 4.1c. Furthermore, when 
the magnons diffuse away and reach a second Pt strip, they can transfer 
spin angular momentum to the Pt electrons due to the same spin-flip 
scattering process (Figure 4.1c). This produces a spin current through 
the Pt/EuS interface and, consequently, a voltage in the Pt wire, due to 
the ISHE. Thus, the electrically injected magnon currents are detected 
as 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒  in the second Pt wire. 

Most important for our work, the applied 𝑗𝑗𝑞𝑞,𝑖𝑖𝑖𝑖   also generates Joule 
heating at the Pt/EuS interface, so that a temperature gradient 
proportional to the square of the current (𝐼𝐼2) is introduced in the system 
(Figure 4.1b). The second order or thermal response of the system to 
such a gradient is detected as 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁

𝑡𝑡ℎ . When the thermal gradient 
appears, the magnon population is driven out of equilibrium and a 
magnon current can flow between the hot and the cold side of the 
system (black arrows in Figure 4.1a−4.1c), resulting in the SSE. At the 
interface with the Pt wire, the magnon spin angular momentum is 
transferred to the Pt electrons through spin-flip scattering processes 
(Figure 4.1c), yielding a thermal voltage response 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁

𝑡𝑡ℎ . We note 
here that the thermal voltage due to the SSE can be detected both locally 
(𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ ) and non-locally (𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ), as thermally-induced magnon currents 
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(black arrows in Figure 4.1a−4.1c) diffuse through the EuS 
film [24,40,69].  

The geometry of the experiment allows the SMR and magnon-induced 
voltages to be probed through the Pt wires. We take into account that 
both phenomena depend on the orientation between the spin 
polarization 𝒔𝒔 of the electrons in the Pt (fixed along y axis), and 𝑴𝑴 of 
EuS. For that reason, we saturate 𝑴𝑴 in the plane of the film (xy-plane) 
with an external magnetic field 𝐻𝐻 (inset of Figure 4.1a), and we rotate 
it. Thus, since the generated spin current is absorbed by 𝑴𝑴 as a spin-
transfer torque if 𝑴𝑴 ⊥ 𝒔𝒔 , SMR results in a cos2 𝛼𝛼 angular dependence 
when 𝑴𝑴 of the EuS film is rotated in plane (Figure 4.1a) [170]. 
However, spin-flip scattering processes depend on the scalar product 
between 𝑴𝑴 and 𝒔𝒔, causing the electrically injected and detected magnon 
currents to exhibit a sin2 𝛼𝛼 dependence [50]. Finally, since spin-flip 
only occurs at the detector for the thermal injection, it results in a sin𝛼𝛼 
dependence [50]. 

The magnetic properties of the studied EuS film are exemplified in 
Figure 4.1e and Figure 4.1f, which present the total magnetic moment 
(𝑚𝑚) of the sample as a function of temperature and applied magnetic 
field, respectively. As shown in Fig. 4.1e, EuS exhibits clear 
ferromagnetic behavior with a 𝑇𝑇𝐶𝐶 ≈ 19 𝐾𝐾, in agreement with previous 
reports [151,154]. The hysteresis loop at 2 K in Figure 4.1f, with a 
coercive field around 3 mT, confirms the ferromagnetic behavior of the 
EuS film (see Sec. 4.5.5 for more details) [151]. 

 
Figure 4.1. a) Schematic representation of the physical processes that occur in 
the Pyrex/Pt/EuS system. Two Pt strips are embedded in the magnetic insulator 
(EuS) with magnetization 𝑴𝑴 following the in-plane magnetic field 𝐻𝐻 applied, 
which can rotate an angle 𝛼𝛼 in the sample plane.  When a charge current density 
𝑗𝑗𝑞𝑞,𝑖𝑖𝑖𝑖 is applied through the left Pt strip, a radial thermal gradient 𝛻𝛻𝑇𝑇 appears 



65 
 

due to Joule heating, generating non-equilibrium magnons (black arrows) that 
diffuse away. This leads to a magnon accumulation at the second Pt strip that 
interact with the electron-spins of the heavy metal creating a spin accumulation 
that induces a spin current density 𝐽𝐽𝑠𝑠. Due to the ISHE, 𝐽𝐽𝑠𝑠 is transformed into 
a charge current density 𝐽𝐽𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑  that can be electrically detected. b) The applied 
𝐽𝐽𝑞𝑞𝑖𝑖𝑖𝑖 generates a thermal gradient due to ohmic losses that gives rise to a magnon 
flow away from the injector. c) Spin-flip scattering process leading to a transfer 
of spin angular momentum between the Pt electrons and the EuS magnons at 
the Pt/EuS interface. d) Optical microscope image of a device, showing the 
measurement configuration where 𝐼𝐼 denotes the charge current applied, and 
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿 , 𝑉𝑉𝑁𝑁𝑁𝑁 the local and non-local voltages measured, respectively. e) 
Temperature dependence of the magnetic moment measured at a magnetic field 
of 2 mT in the Pyrex/Pt/EuS sample. f) Magnetic hysteresis loop measured in 
the Pyrex/Pt/EuS sample at 2 K, with a step size of 2.5 mT.  

 

4.3.1 Angle dependence of the electrical and 
thermal response 
Figure 4.2a presents the ADMR measured in device MST1 as a function 
of the in-plane angle 𝛼𝛼, at 𝑇𝑇 = 2 K, below 𝑇𝑇𝐶𝐶 of EuS. We saturate 𝑴𝑴 in 
plane by applying a small external field (𝜇𝜇0𝐻𝐻 = 0.1 T). The data are 
extracted from the electrical local response 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒  in order to provide the 
SMR signal ∆𝜌𝜌𝐿𝐿/𝜌𝜌𝐿𝐿0 =  [𝑅𝑅𝐿𝐿(𝛼𝛼)− 𝑅𝑅𝐿𝐿(90°)]/𝑅𝑅𝐿𝐿0(90°), where 𝑅𝑅𝐿𝐿 =
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒 /𝐼𝐼 is the longitudinal resistance. We observe a clear cos2 𝛼𝛼 
modulation of the Pt resistance, as expected for the SMR 
effect [56,58,169]. The signal amplitude (double arrow in Figure 4.2a) 
is of the order of 10-4, consistent with previous results in EuS/Pt 
interfaces and comparable to the magnitude of the SMR measured in 
Pt/YIG interfaces [58,59,151]. FDMR measurements confirm the 
typical magnetic behavior of EuS, displaying the SMR gap and 
magnetoresistance peaks in correspondence with the expected 
magnetization reversal of EuS (see Sec. 4.5.1). The large SMR 
amplitude and clear correlation with 𝑀𝑀 of EuS indicate an efficient spin 
transfer at the EuS/Pt interface, in other words, a favorable spin-mixing 
conductance [47,150,151]. We note that, from the SMR measurements, 
we can infer the spin transfer efficiency of each device, which we use 
to normalize the data to compare the response of different devices, as 
described in Sec. 4.5.2. Hereafter, we label the normalized measured 
voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿∗  and 𝑉𝑉𝑁𝑁𝑁𝑁∗ . 
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Next, we study the magnon currents. For these measurements, a current 
𝐼𝐼 ≤ 20 μA is applied through an injector strip as sketched in the right 
panel of Figure 4.2b and Figure 4.2c. Note that the injected current is 
chosen to be small in order to keep the local temperature below the 
Curie point of the EuS film, as verified by measuring the four-point 
resistance of the Pt injector. A detailed calibration of the injector 
temperature with respect to the applied current is provided in Sec. 4.5.2. 

First, we measure the thermal local amplitude 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ  (which we 
normalize to 𝐼𝐼2) as a function of 𝛼𝛼 at 𝑇𝑇 = 2 K and 𝜇𝜇0𝐻𝐻 = 0.3 T. 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿∗𝑡𝑡ℎ/𝐼𝐼2 
shows a clear sin𝛼𝛼 modulation, as presented in Figure 4.2b for device 
MST1. The sin𝛼𝛼 angular dependence is consistent with the symmetry 
expected for the SSE [50]. A constant angle-independent voltage offset 
is also present due to other thermoelectric effects [50,51,53,171]. 
Second, we study the propagation of magnon currents through the non-
local voltage. For the electrically injected magnon currents, that follows 
a sin2 𝛼𝛼 dependence, we found no signal in 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒  (Sec. 4.5.3) at any of 
the measured distances 0.8 μm < d < 2 μm. In contrast, 𝑉𝑉𝑁𝑁𝑁𝑁∗𝑡𝑡ℎ/𝐼𝐼2 signal 
is similar to the local 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿∗𝑡𝑡ℎ/𝐼𝐼2 with the same clear sin𝛼𝛼 modulation 
expected for the SSE, but with opposite sign, as shown in Fig. 4.2c for 
MST1 with d = 0.8 μm. The offset signal due to other thermoelectric 
effects is also present for the non-local case. The sin𝛼𝛼 angular 
dependence, verified at all the measured distances for 𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ/𝐼𝐼2, is 
consistent with the symmetry expected for SSE-induced magnon 
currents [50,71,172]. However, the inverted sign suggests that magnon 
currents at the injector/detector strips flow in opposite directions 
(Figure 4.2b and Figure 4.2c). In fact, such a sign change is expected to 
occur between the SSE-induced magnon currents measured locally and 
non-locally, due to the redistribution of the magnon population induced 
by Joule heating [70,173,174]. As Joule heating depletes the magnon 
distribution at the injector site, the magnon currents are expected to 
flow towards (away from) the detector (the injector) as also illustrated 
by the direction of the black arrows in Figure 1.1, Figure 4.1b and 
Figure 4.1c [36,70,173]. For all the devices measured, we observed a 
positive local 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡ℎ /𝐼𝐼2 amplitude and a negative non-local 𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ/
𝐼𝐼2 amplitude. 
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Figure 4.2. Data corresponds to device MST1. Representative a) ADMR of the 
SMR at a fixed magnetic field of 𝜇𝜇0𝐻𝐻  = 0.1 T.  b) Local SSE and c) non-local 
SSE at 0.8 μm, both at 𝜇𝜇0𝐻𝐻  = 0.3 T, where the voltage is normalized to the 
square of the applied current. The measurement temperature is 2 K and the 
current applied is 20 μA. The arrows indicate the amplitude of the signal. A 
schematic illustration of the effect measured is included on the right side of the 
corresponding panel. 

All things considered, the Pt/EuS devices reveal a magnon-induced 
response to Joule heating, consistent with the symmetry of the SSE. The 
absence of an analogue signal in the non-local electrical response 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 , 
in contrast, suggests that the magnon population redistribution induced 
by the spin-flip scattering process at the injector Pt/EuS interface is too 
small to produce a measurable signal at the detector. We note here that 
𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 /𝐼𝐼 has been reported to vanish as the temperature is lowered below 
50 K in Pt/YIG interfaces by different groups [71,175,176]. Thus, the 
absence of a signal 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 /𝐼𝐼2 for our samples is expected in the measured 
temperature range. 
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4.3.1.1 Temperature dependence 
Subsequently, we analyze the temperature dependence of the SMR, 
local SSE and non-local SSE amplitudes (defined in Figure 4.2), which 
are presented in Figure 4.3 for devices MST1 and MST3. In all cases, 
the amplitude of the signal is maximum for the lowest temperature 
measured (2 K) and decreases with increasing temperature. However, 
we observe a clear difference between the SMR curve and the thermal 
amplitudes 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿∗𝑡𝑡ℎ/𝐼𝐼2 and 𝑉𝑉𝑁𝑁𝑁𝑁∗𝑡𝑡ℎ/𝐼𝐼2, as can be observed in Figure 4.3d. 
The temperature dependence of the SMR amplitudes (Fig. 4.3a) follows 
the expected trend vanishing as the temperature is raised above the 
Curie point of the EuS film (see Figure 4.1e and Figure 4.12). In fact, 
we note here that we can measure an SMR signal even above the 𝑇𝑇𝐶𝐶 of 
the EuS films. The presence of such a finite SMR response above 𝑇𝑇𝐶𝐶 is 
a consequence of the sensitivity of the SMR to the magnetic 
correlations [177], which are present even above 𝑇𝑇𝐶𝐶 in our films, 
according to our VSM characterization (Sec. 4.5.5). The observed 
temperature dependence of SMR in our EuS thin films can be fully 
explained in terms of the microscopic theory developed by Zhang et 
al. [151,178]. Instead, the temperature dependence of 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿∗𝑡𝑡ℎ/𝐼𝐼2 (Figure 
4.3b) and 𝑉𝑉𝑁𝑁𝑁𝑁∗𝑡𝑡ℎ/𝐼𝐼2 (Figure 4.3c) shows similar trend with a substantially 
different decrease from the SMR curve as 𝑇𝑇𝐶𝐶 is approached (Figure 
4.3d). Such temperature dependence may seem surprising for SSE-
induced thermal voltages, for which the SSE theory predicts a linear 
dependence with the system magnetization [179]. However, a similar 
behavior has been reported in other experimental studies of the SSE at 
low temperatures [71,175] and can be qualitatively understood with the 
following considerations. First, the Joule-heating-induced temperature 
gradient is very likely temperature dependent, as the thermal 
conductivities of Pt, EuS and the Pyrex substrate may strongly change 
and at different rates as the temperature is lowered. Second, the Gilbert 
damping of the EuS film also varies at such temperatures (see Figure 
5.6) due to the very low 𝑇𝑇𝐶𝐶 of the films, which consequently affects the 
propagation of magnon currents. Elaborating a model that captures such 
temperature dependent effects on the measured thermal voltages is a 
challenging task, which goes beyond the scope of this work. Instead, 
we remark that all the measured signals disappear above the 𝑇𝑇𝐶𝐶 of the 
EuS film, confirming the magnetic origin of the studied voltages. 
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Figure 4.3. Data corresponds to devices MST1 (blue open symbols) and MST3 
(pink solid symbols). a) SMR amplitudes (as defined in Figure 4.2a) at 𝜇𝜇0𝐻𝐻 = 
0.1 T and 𝐼𝐼 = 4 μA, b) local SSE amplitudes (as defined in Figure 4.2b) at 
𝜇𝜇0𝐻𝐻 = 0.3 T and 𝐼𝐼 = 4 μA, and (c) non-local SSE amplitudes (as defined in 
Figure 4.2c), at 𝜇𝜇0𝐻𝐻 = 0.3 T and 𝐼𝐼 = 20 μA for two different distances, as a 
function of temperature. d) Comparison of SMR, local SSE and non-local SSE 
amplitudes normalized to their maximum values.  

 

4.3.1.2 Magnetic field dependence 
We also examine the magnetic field dependence of the SMR, local SSE 
and non-local SSE amplitudes, as illustrated in Fig. 4.4. Initially, both 
the SMR and SSE signals increase as 𝑴𝑴 of the system develops, since 
both effects are related to the interaction of the spins of the electrons in 
Pt with the magnetic moments in the magnetic layer; but as 𝑴𝑴 continues 
to grow their behavior diverges. The SMR response tends to saturate 
with the magnetic field (Figure 4.4a), in correspondence with the 
saturation of 𝑴𝑴 in the EuS films. Note here that the saturation field of 
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EuS is much higher than the observed coercive field (Figure 4.1f), as 
already observed in films of EuS deposited at room 
temperature [156,180]. In contrast to the SMR, both SSE curves (Figure 
4.4b and 4.4c) reach a maximum at 𝜇𝜇0𝐻𝐻  ≈ 0.5 T, followed by a gradual 
reduction of the SSE amplitude for higher magnetic fields. Such a decay 
is characteristic of SSE-induced voltages, for which the opening of the 
Zeeman gap affects the magnon population. According to the SSE 
theory, when the Zeeman energy 𝑔𝑔𝑆𝑆𝜇𝜇𝐵𝐵𝐻𝐻 is larger than the thermal 
energy 𝑘𝑘𝐵𝐵𝑇𝑇 (where 𝑘𝑘𝐵𝐵 is the Boltzmann constant), magnons cannot be 
thermally excited, leading to the suppression of the local SSE [181–
183]. More interestingly, we note that the local SSE signal suppression 
at the maximum applied field (𝜇𝜇0𝐻𝐻 = 9 T) is almost 50% of the 
maximum signal whereas non-local SSE signal suppression reaches 
80%, as is shown in Figure 4.4d. Such a difference can be accounted 
for by the distinct way magnon currents reach the EuS/Pt interface in 
the local and non-local case. In fact, the magnon-induced non-local 
voltage should decay exponentially on the scale of the magnon 
diffusion length, in contrast to the local voltage case. Therefore, as the 
magnon diffusion length is also suppressed when the magnetic field is 
increased, a stronger suppression of the signal should be expected for 
the non-local case [184].   
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Figure 4.4. Data corresponds to devices MST1 (blue open symbols) and MST3 
(pink solid symbols). a) SMR, b) local SSE, and c) non-local SSE amplitudes 
(as defined in Figure 4.2) as a function of the magnetic field at 𝑇𝑇 = 2 K and 𝐼𝐼 = 
20 μA. d) Comparison of SMR, local SSE, and non-local SSE amplitudes 
normalized to their maximum values. Coloured shadows are a guide to the eye, 
being green for the SMR amplitudes, orange for the local amplitudes and blue 
for the non-local amplitudes. 

 

4.3.1.3 Magnon diffusion length 
Finally, we study the dependence of the non-local SSE amplitude on 
the injector-detector distance d, to unravel the mechanism by which the 
magnon currents propagate through the EuS medium. As shown in 
Figure 4.5, the data can be fitted with an exponential decay law, 
characteristic of thermally-generated magnons in the relaxation 
regime [50,72]. Moreover, we note that the data could not be fitted by 
power laws, indicating that the signal is not driven by the radial decay 
of a thermal gradient through the sample, but by the redistribution of 
the magnon population (see Sec. 4.5.4). From the exponential fit, we 
extract a magnon diffusion length ℓ𝑚𝑚𝑡𝑡ℎ = 140 ± 30 nm at 2 K and 0.3 T. 
This value is of the same order as the one reported by Gao et al. in the 
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ferrimagnet TmIG, where a 15-nm-thick film results in ℓ𝑚𝑚𝑡𝑡ℎ = 300 nm at 
0.5 T and room temperature [185]. In comparison to the best YIG 
samples, where ℓ𝑚𝑚𝑡𝑡ℎ ~ 7 μm at low temperatures in a 210-nm-thick film 
and the electrical magnon diffusion length ℓ𝑚𝑚 

𝑒𝑒 ~ 3 μm in 10−15-nm-
thick films [51,175], the EuS value is more than one order of magnitude 
smaller. However, we note here that several studies in YIG films 
reported ℓ𝑚𝑚𝑡𝑡ℎ values at room temperature comparable with the ℓ𝑚𝑚𝑡𝑡ℎ value 
that we observe in EuS [186–189]. At this point, it is important to 
consider the Gilbert damping (𝛼𝛼𝐺𝐺) since it is linked to the magnon 
diffusion length. Reducing 𝛼𝛼𝐺𝐺 implies increasing the magnon spin-
relaxation time and, therefore, the magnon diffusion length [25,36]. To 
verify this relationship, we performed FMR measurements in the very 
same sample where the measured devices are located. Our results in the 
EuS thin film yields 𝛼𝛼𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸 = 4 × 10−2  at 2 K (see Sec. 5.5.2), which is 
two orders of magnitude higher than the case of YIG thin films 
(𝛼𝛼𝐺𝐺𝑌𝑌𝑌𝑌𝑌𝑌~10−4) [50,51], in agreement with the difference observed in the 
magnon diffusion length.  

 

Figure 4.5. Amplitude of the non-local SSE as a function of injector-detector 
separation distance measured at 𝑇𝑇 = 2 K, 𝜇𝜇0𝐻𝐻 = 0.3 T and 𝐼𝐼 = 4 μA. Black solid 
line is a fit to an exponential decay. 

 

4.4 Conclusions 
To summarize, we demonstrated the transport of incoherent magnon 
currents in polycrystalline films of EuS. Below 𝑇𝑇𝐶𝐶, we observe a 
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thermally-induced response in both local and non-local transport 
measurements. Considering the angular, temperature and magnetic 
field dependence of such signals, we ascribe the measured thermal 
voltages to the SSE. By studying the length dependence of the non-local 
transport signal, we extract a magnon diffusion length of ℓ𝑚𝑚𝑡𝑡ℎ = 140 ± 
30 nm at 2 K and 0.3 T. This value, short compared to other studied 
materials such as YIG, correlates well with an enhanced Gilbert 
damping caused by the polycrystalline structure of the studied EuS 
films. While we expect that a significantly smaller Gilbert damping in 
epitaxial EuS films could lead to an improvement of the magnon 
diffusion length, we highlight the observation of magnon currents 
propagating even through a polycrystalline ferromagnetic insulator 
film, as compared to the case of YIG films. Despite the relatively short 
ℓ𝑚𝑚𝑡𝑡ℎ observed, our work shows that the transport of spin currents by 
incoherent magnons through EuS films should be taken into account 
when studying EuS-based heterostructures. As for perspectives, our 
results evidence the opportunity of studying the interaction between 
magnon currents and superconductivity in systems comprising, for 
example, superconductor/EuS interfaces, following recent 
experimental and theoretical works [190,191].  Moreover, as sizeable 
thermoelectric effects may occur in spin-split superconductors, such as 
Al/EuS bilayers, the role of the observed SSE could be further explored 
in such a context [192–195]. 

 

4.5 Appendices 

4.5.1 Longitudinal magnetoresistance 
measurements 
Figure 4.6a shows a characteristic longitudinal FDMR measurement 
performed in device MST2 at 𝑇𝑇 = 2 K with the magnetic field applied 
in x and y direction. A clear gap appears between 𝐻𝐻𝑥𝑥 and 𝐻𝐻𝑦𝑦 curves 
with a peak (in 𝐻𝐻𝑦𝑦) or dip (in 𝐻𝐻𝑥𝑥) around zero field which corresponds 
to the reversal magnetization of EuS and follows the SMR behavior for 
in-plane magnetic fields [151]. Figure 4.6b shows the ADMR 
measurement for the same device at 𝑇𝑇 = 2 K and 𝜇𝜇0𝐻𝐻 = 0.1 T, where 



74 
 

the amplitude of the signal corresponds to the magnitude of the FDMR 
gap at the same magnetic field. 

 
Figure 4.6. Longitudinal measurements of the a) FDMR at 𝑇𝑇 = 2 K and b) 
ADMR in 𝛼𝛼 plane at 𝑇𝑇 = 2 K and 𝜇𝜇0𝐻𝐻 = 0.1 T in device MST2. The orange 
line is a cos2 𝛼𝛼 fitting. The double arrows in a) and b) mark the same SMR 
amplitude ∆𝜌𝜌𝐿𝐿/𝜌𝜌𝐿𝐿0. 

 

 

4.5.2 Current-dependent measurements 
Figure 4.7a shows the ADMR measurement performed for each device 
(MST1, MST2 and MST3) at 𝐼𝐼 = 4 𝜇𝜇A, 𝜇𝜇0𝐻𝐻 = 0.1 T and 𝑇𝑇 = 2 K. The 
different SMR amplitude among the devices implies a different spin 
transfer at the EuS/Pt interface (i.e., a different effective spin-mixing 
conductance). Therefore, in order to normalize the measured voltage 
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁 at a given current, we use the following formula: 

 
(𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁

∗ )𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = (𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿,𝑁𝑁𝑁𝑁)𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∙
(∆𝜌𝜌𝐿𝐿/𝜌𝜌)𝑀𝑀𝑀𝑀𝑀𝑀2
(∆𝜌𝜌𝐿𝐿/𝜌𝜌)𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

 (4.1) 

 
where ∆𝜌𝜌𝐿𝐿/𝜌𝜌 is the amplitude of the SMR signal and 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 a device. 
As shown in Figure 4.7b, the amplitude of the SMR signal decreases as 
the current is increased. 
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Figure 4.7. Data corresponds to devices MST1 (blue open stars), MST2 (green 
open stars) and MST3 (pink solid stars). a) ADMR at 𝑇𝑇 = 2 K, 𝜇𝜇0𝐻𝐻 = 0.1 T and 
the smallest current applied (4 𝜇𝜇A). b) Current dependence of the ADMR 
amplitude at 𝑇𝑇 = 2 K and 𝜇𝜇0𝐻𝐻 = 0.1 T. 

Since the injected current heats up the Pt injector and the 𝑇𝑇𝐶𝐶 of the EuS 
is low, we calibrate the temperature of the injector to stay below 𝑇𝑇𝐶𝐶. To 
do so, first we have measured the temperature dependence of the Pt at 
the lowest current applied (4 𝜇𝜇A), a representative curve for device 
MST2 is shown in Figure 4.8a. Then, from the minimum of the SMR 
curve at higher currents, up to 100 𝜇𝜇A, we estimate the effective 
temperature of the system (see Figure 4.8b and Figure 4.8c). This way 
we make sure that we are not above the Curie temperature of the EuS, 
neither increasing too much the temperature of the system. As shown in 
Fig. 4.8c, a linear dependence between the applied current and the 
effective temperature is found. We ascribe the linear relationship not 
only to Joule heating, which is proportional to 𝐼𝐼2, but also to the heat 
removed from the sample surface by the cooling capacity of the He-
vapor based cryostat, which is also strongly temperature dependent 
below 20 K. 
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Figure 4.8. a) Resistance of Pt as a function of temperature at 𝐼𝐼 = 4 𝜇𝜇A 
measured in the longitudinal configuration. b) ADMR measurements in 𝛼𝛼 
plane for 𝐼𝐼 = 10, 30 and 50 𝜇𝜇A. The minimum of the signal (at 𝛼𝛼 = 90º) changes 
with the applied current. The SMR amplitude decreases with increasing 
applied current, which can be better seen in Fig. 4.7b and 4.7c. c) 
Correspondence between the resistance of Pt as a function of temperature at 4 
𝜇𝜇A (grey line) and the minimum of the SMR curves measured at different 
currents (colored symbols). Data in panels a), b), and c) correspond to device 
MST2. d) Relation between the current applied and the effective temperature 
[extracted from panel c) for the exemplary case of MST2]. The same linear 
relation (grey solid line) is obtained for the three devices studied (MST1, 
MST2, and MST3). 

Moreover, due to the relatively low 𝑇𝑇𝐶𝐶 of the EuS films, the second 
harmonic voltage is particularly affected by Joule heating. As can be 
seen in Figure 4.9, the voltage versus 𝐼𝐼2 characteristics reveals two 
competing regimes. At low currents, we see an increase of voltage with 
the squared current, but as we continue increasing the current, the signal 
reaches a maximum and starts decreasing. This is most likely due to 
overheating of the EuS layer, and in consequence, reducing the 
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magnetization of the film. For that reason, we keep at 𝐼𝐼 ≤ 20 μA for the 
local and non-local measurements. 

 

Figure 4.9. Amplitude of the a) local SSE and b) non-local SSE as a function 
of the square of the current, at 2 K and 0.3 T. 

4.5.3 Electrical excitation of magnons 
The electrical excitation of magnons through the non-local voltage 
𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒  have been verified for different injector-detector distances and no 
signal has been found. A representative measurement for device MST1 
is shown in Figure 4.10, in which we are not able to detect any sin2 𝛼𝛼 
modulation expected for the electrically-driven magnons. The magnon 
population decreases as we approach zero temperature and thus the 
magnon accumulation and 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒 vanishes [71,175,176]. The absence of 
an electrically-driven signal can thus be explained by taking into 
account the range of temperatures involved (below ~ 30 K) as well as 
the fact that 𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒  is linear with the applied current (while 𝑉𝑉𝑁𝑁𝑁𝑁𝑡𝑡ℎ is quadratic 
with the current, leading to larger values above the detection limit). 
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Figure 4.10. Angular-dependent non-local signal detected for electrically-
injected magnon currents at d = 0.8 μm, 𝑇𝑇 = 2 K, I= 20 μA and 𝜇𝜇0𝐻𝐻 = 0.3 T 
for device MST1. 

 

4.5.4 Thermal excitation of magnons 
Different regimes have been proposed for the propagation of magnons 
[50,72,173]. At short distances, 𝑑𝑑 ≪ 𝑙𝑙𝑚𝑚𝑡𝑡ℎ, the system is in the diffusive 
regime, and it decays as 1/𝑑𝑑. Then, for higher distances we enter the 
exponential decay or relaxation regime. Finally, for 𝑑𝑑 ≫ 𝑙𝑙𝑚𝑚𝑡𝑡ℎ the system 
enters the 1/𝑑𝑑2 regime, where the signal reduction no longer depends 
on 𝑙𝑙𝑚𝑚𝑡𝑡ℎ. Figure 4.11 shows different fittings according to these three 
regimes. From here, we conclude that the best fit is found for the 
exponential decay. 
 

 
Figure 4.11. Amplitude of the non-local SSE as a function of the injector-
detector separation distance measured at 𝑇𝑇 = 2 K, 𝜇𝜇0𝐻𝐻  = 0.3 T and 𝐼𝐼 = 4 μA. 
Black solid line is a fit to an exponential decay, green dashed line corresponds 
to 1/𝑑𝑑 fit and red dotted line to 1/𝑑𝑑2 fit. 
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4.5.5 Magnetic characterization 
The magnetic properties of the EuS thin film are determined by the 
vibrating sample magnetometry (VSM) and ferromagnetic resonance 
(FMR) techniques. Figure 4.12a shows the temperature dependence of 
the EuS magnetic moment (𝑚𝑚) for different applied magnetic fields. 
EuS shows clear ferromagnetic behavior with a broad transition to the 
paramagnetic state. From the temperature derivative of 𝑚𝑚, we found a 
Curie temperature 𝑇𝑇𝐶𝐶 ≈19 K for an applied magnetic field of 20 
Oe  [151,196]. Besides, an increase in the magnetic field applied shifts 
the transition to the paramagnetic state towards higher temperatures. 
The hysteresis loops recorded between 2 K and 30 K show very low 
coercive fields, around 3 mT at 2 K (see Figure 4.12b), supporting the 
soft ferromagnetic behavior of the EuS films also observed in FDMR 
measurements (Figure 4.6a). For the probed magnetic field range, the 
magnetization increases with field, and we do not observe saturation. 

 

 
Figure 4.12. a) Magnetic moment of EuS thin film as a function of temperature 
for different applied magnetic fields 𝜇𝜇0𝐻𝐻 = 2 mT, 0.1 T and 0.3 T. b) Hysteresis 
loops measured at different temperatures from 2 K to 30 K with zoom to 
observe the small field regime, note that the serrated shape is due to the step 
size of 2.5 mT used during the measurement. 
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Chapter 5  
Gilbert damping in EuS thin films 
by ferromagnetic resonance 
spectroscopy  
The understanding of magnetization dynamics is critical for the future 
applicability of magnetic devices. Specifically, materials with low magnetization 
damping are required to achieve low energy loss, high sensitivity and long spin-
wave propagation. Despite the early interest in EuS, its magnetization dynamics 
have remained largely unexplored, with only a few studies dating back to the 
1960s, and limited to bulk crystals. In this chapter, we advance the understanding 
of EuS thin films by employing ferromagnetic resonance spectroscopy, which 
enables us to investigate the dynamics of magnetization. In the frequency range 
from 7 to 25 GHz, we analyse the full ferromagnetic regime of EuS by varying 
the temperature from 2 K to 30 K. We find that the Gilbert damping of EuS thin 
films is strongly influenced by film thickness, but only slightly affected by 
crystallinity, at least up to 40 nm. We attribute the thickness dependence to 
the influence of structural and chemical defects present at the 
substrate/film interface. At the lowest measured temperatures, we find 
Gilbert damping values comparable to those of yttrium iron garnet and 
permalloy films within the same temperature range.   

5.1 Introduction 
FMR spectroscopy is a versatile characterization technique to study the 
magnetization dynamics of ferromagnetic materials [82]. It allows for 
the investigation of magnetization precession and the associated energy 
dissipation, providing key parameters such as saturation magnetization 
and damping in thin magnetic films and magnetic 
heterostructures [80,81,85].  

For many applications, including filters and generators, materials with 
low magnetization damping are essential. In metals, spin excitations are 
strongly attenuated due to significant viscous damping [24,75–78]. In 
contrast, magnetic insulators typically exhibit low damping as spin 
scattering from conduction electrons is absent [24,79]. Within this class 
of materials, iron-based garnets have dominated the research field of 
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insulator spintronics, largely due to YIG, which has been known since 
1950 to exhibit the lowest Gilbert damping, 𝛼𝛼𝐺𝐺 ≈ 10−5 in bulk 
crystals [79,197]. However, YIG-based systems generally require 
epitaxial growth on a specific crystalline substrate, typically GGG [79]. 
Moreover, although YIG has low 𝛼𝛼𝐺𝐺 at room temperature even in thin 
films, its damping increases significantly at low temperatures. This is 
mainly because the substrates required for epitaxial growth exhibit 
magnetic losses that are inversely proportional to temperature, resulting 
in an increase in 𝛼𝛼𝐺𝐺 as temperature is lowered  [198–203]. 
Consequently, the low temperature 𝛼𝛼𝐺𝐺 of YIG becomes comparable to 
that of metallic materials such as Fe [92], CoFeB [77] or 
permalloy [204].  

Since low temperatures provide an excellent operating environment for 
quantum technologies and superconducting spintronics, understanding 
the low-temperature behavior of a broader class of materials will be of 
benefit for future applications [205–207].  

Another notable magnetic insulator with favourable operating 
conditions at cryogenic temperatures is EuS, a ferromagnet below its 
𝑇𝑇𝐶𝐶 of 16.5 K, with a high magnetic moment of 7 μB per Eu atom [152]. 
Since the 1960s, EuS has been extensively studied as a model system 
for the classical Heisenberg ferromagnet, particularly in terms of its 
magnetization and spin dynamics [208–212]. Early experimental 
studies were conducted on single crystals of EuS [209–212]. Notably, 
even the phenomenological damping constant 𝜆𝜆𝐿𝐿𝐿𝐿 first introduced by 
Landau-Lifshitz [73], which relates to Gilbert damping by Eq. 
(2.33)  [74], was measured at that time. M.C. Franzblau et al. reported 
a value of 𝜆𝜆𝐿𝐿𝐿𝐿 = (1.9 ± 0.09) × 108 rad/sin EuS pellets, 
corresponding to 𝛼𝛼𝐺𝐺 = 7 × 10−4  [212], thereby validating the Landau-
Lifshitz damping mechanism.  

More recently, EuS thin films have shown their advantage when 
designing heterostructures comprising EuS-based interfaces. In such 
systems, EuS films can induce an extremely strong magnetic exchange 
field at interfaces with a wide range of materials including 
metals [151,196], superconductors [159,161,213], 
semiconductors [160,164], and topological insulators [214]. This 
strong interfacial exchange enables control over the electronic 
properties of adjacent layers, opening new pathways for spintronic 
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applications. Therefore, extending the understanding of magnetization 
damping from bulk EuS crystals to thin film systems is essential for 
assessing their potential for device applicability. 

In this chapter, we perform FMR measurements to investigate the 
magnetic properties of EuS thin films and their dependence on 
crystallinity and thickness. Specifically, we compare polycrystalline 
EuS films grown on top of amorphous Pyrex substrates with epitaxially 
grown EuS films deposited on InAs (001) substrates. We found the 
smallest 𝛼𝛼𝐺𝐺 ≈ 10−3 for the 40-nm-thick epitaxial EuS, comparable to 
YIG pulsed-laser-deposited on GGG substrate [215]. The Gilbert 
damping of such EuS films decreases with temperature and can be 
within the 10−3 range in both polycrystalline and epitaxially grown 
films. By considering films of different thickness, we observe that 𝛼𝛼𝐺𝐺 
tends to be reduced for thickner films, while the bare magnetization is 
mostly unaffected. Our results will help uplifting the integration of FI 
interfaces in magnonic and spintronic devices. 

5.2 Experimental details 
EuS thin films with thicknesses between 20 nm and 60 nm were grown 
by means of sublimation of a stoichiometric EuS powder in a e-beam 
evaporator on either Pyrex or InAs (001) substrates (see Sec. 3.1.3.2). 
The EuS films were grown keeping the substrate at liquid nitrogen 
temperature. The different substrates result in different structural 
properties of the EuS films. EuS/Pyrex films exhibit polycrystalline 
morphology [151], whereas EuS/InAs films grow epitaxially along the 
(001) crystallographic direction, although an amorphous layer of about 
5 nm of thickness is formed between the InAs (001) substrate and the 
EuS [140]. The EuS films were capped in situ with 6 nm of evaporated 
CaF2 to prevent oxidation. We refer to the samples grown on Pyrex and 
InAs as Pyrex_X or InAs_X, respectively, where X denotes the EuS 
thickness in nm.  

The magnetic properties of the EuS films have been studied with the 
ferromagnetic resonance option of a Quantum Design Physical Property 
Measurement System (PPMS); see Sec. 3.2.3 for details. To excite FMR 
in the sample, we used a CPW and a vector network analyser (VNA), 
model PNA N5225A from Agilent Technologies, configured in the 
transmission mode S21. The external magnetic field 𝐻𝐻𝐷𝐷𝐷𝐷 was swept 
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from 0 to 0.5 T, while the excitation frequency was kept constant. At 
each temperature, ranging from 2 K to 30 K, the FMR response was 
measured at several fixed microwave frequencies within the 7-25 GHz 
range.  

The amplitude of each spectrum was fitted to a Lorentzian curve after 
applying a phase correction to the signal and subtracting the 
background [216]. From this fit at a given frequency, the resonance 
field 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 allows the extraction of the effective magnetization 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 
according to the Kittel formula [Eq. (2.34)]. The linewidth ∆𝐻𝐻 provides 
the means to determine 𝛼𝛼𝐺𝐺 interpreted within a model combining 
inhomogeneous broadening and Gilbert damping [Eq. (2.35)].  

5.3 Results and discussion 
When the magnetization 𝑴𝑴 of a material is perturbed from its 
equilibrium, the magnetization precesses and, after some time, it relaxes 
and realigns to its equilibrium position [82]. The dynamics of the 
magnetization of ferromagnetic materials can be described by the 
Landau-Lifshitz-Gilbert (LLG) equation of motion, Eq. (2.32), which 
describes how the effective magnetic field 𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒 interacts with 𝑴𝑴, 
exerting a torque 𝜞𝜞 = 𝑴𝑴 × 𝑯𝑯𝑒𝑒𝑒𝑒𝑒𝑒 that results in precession of 𝑴𝑴 around 
the effective field direction if they are initially non-collinear (see pink 
trajectory in Figure 2.12a). Besides, it includes a term that accounts for 
the damping that cause the magnetization to diminish (see how the 
magnetization spirals inwards along the green trajectory in Figure 
2.12b). The dissipative mechanisms that pull the magnetization in the 
direction of the magnetic field are reflected in the second term of Eq. 
(2.32) where 𝛼𝛼𝐺𝐺 indicates the strength of the damping [82,217]. The 
spin-orbit coupling, non-local spin relaxation channels, and disorder 
present in a material are the major factors causing damping [80]. 

FMR experiments were performed using the VNA setup in combination 
with a CPW operating in a broad frequency range. A schematic of the 
setup is illustrated in Figure 3.8a. The sample is placed with the 
ferromagnetic part (EuS) facing the CPW, which is placed inside de 
PPMS magnet. The CPW is connected on both ends to ports 1 and 2 of 
the VNA that functions as a source of a microwave signal to excite the 
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magnetization dynamics in the sample and as a signal receiver, 
respectively [218,219].  

A microwave current in the signal line of the CPW produces a 
microwave magnetic field 𝐻𝐻𝑅𝑅𝑅𝑅 (see Figure 5.1a). In the resonance 
condition determined by the external magnetic field (𝐻𝐻𝐷𝐷𝐷𝐷) and 
frequency, 𝐻𝐻𝑅𝑅𝑅𝑅 can resonantly excite the magnetic moments in the 
sample to precess around the direction of the local field [218], as 
illustrated in Figure 3.8a. A typical experimental resonance spectrum of 
40-nm-thick samples grown on Pyrex and InAs at a resonance 
frequency of 18 GHz are shown in Figure 5.1b as a function of the in-
plane 𝐻𝐻𝐷𝐷𝐷𝐷. Resonance absorption of microwave power by the sample is 
seen as a dip in the measured spectrum. The experimental data is then 
fit using a Lorentzian curve to extract the resonance field 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 and 
linewidth ∆𝐻𝐻. 

 
Figure 5.1.  a) Schematic diagram of the side view of the CPW with the sample 
on top showing the magnetic field lines in green winding around the signal 
conductor (S). b) Representative experimental resonance spectrum of 
Pyrex_40 and InAs_40 samples with fit to a Lorentzian curve to extract the 
resonance field (𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) and linewidth (∆𝐻𝐻). 
 
We consider our sample as an infinitely extended thin film magnetized 
in its plane, for which the uniform excitation field gives a small 
precession cone-angle [81,82,219]. Then, the solution to the LLG 
equation (2.32) is a special case of the Kittel formula, with the 
resonance frequency 𝑓𝑓 determined by Eq. (2.34) [220]. 

For excitation frequencies between 7 and 25 GHz, we observe a 
resonance dip which we fit using a Lorentzian curve (see Figure 5.1b). 
The intensity and linewidth of the resonance serve as indicators of the 
structural quality of the samples. As shown in Figure 5.1b, the InAs_40 
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sample presents a narrower and more intense dip than the Pyrex_40 one, 
as expected for the higher crystal quality of the epitaxial thin film.  

We now focus on 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟, which allows us to extract information about 
the effective magnetization 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒. Figure 5.2a and Figure 5.2b illustrate 
the evolution of the frequency as a function of the extracted 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 for  
different samples at a fixed temperature of 2 and 10 K, respectively. 
With increasing frequency or temperature (see Figure 5.2c for the 
InAs_40 sample), resonance fields shift to higher values. We apply 
Kittel’s resonance condition, Eq. (2.34), to fit the experimental data (see 
lines in Figure 5.2a-5.2c) and extract 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒, which is plotted in Figure 
5.2d. All studied samples fit well with the Kittel formula, Eq. (2.34), as 
shown in Figure 5.2a for the case of T = 2 K, and in Figure 5.2b for T = 
10 K. As shown in Figure 5.2d, 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 becomes nearly thickness-
independent for thicker films, tending toward a maximum value of 
approximately 1.5 T. The 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 values at 2 K range from 1.37 T (1157 
kA/m) in Pyrex_20, to 1.52 T (1282 kA/m) for in InAs_40, see inset of 
Figure 5.2d. These values are in good agreement with previously 
reported data for crystal EuS [221] and thin films [222], as the nominal 
𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 expected in perfectly stoichiometric samples corresponds to 1.6 
T. The temperature dependence of 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 is consistent with the 
ferromagnetic behaviour of the EuS in all samples, decreasing as the 
temperature approaches 𝑇𝑇𝐶𝐶.  

Moreover, we observe that 𝑇𝑇𝐶𝐶 clearly depends on the film thickness, as 
𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 decreases more rapidly with temperature in thinner samples. 
Lower 𝑇𝑇𝐶𝐶 values for thinner EuS films have already been reported and 
have been attributed to stress mismatch in thermal expansion 
coefficients between the substrate and the EuS film [140,223,224]. This 
effect could also account for the differences observed between the InAs 
and Pyrex samples.  
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Figure 5.2. Frequency as a function of the resonant field at a) T = 2 K and b) T 
= 10 K for the different EuS films. Dotted, dashed, dot-dashed lines correspond 
to fits to Eq. (2.34) for 20-nm-, 40-nm-, 60-nm-thick films, respectively. c) 
Frequency as a function of the resonance field at different temperatures for the 
40-nm-thick EuS film grown on InAs. Solid lines correspond to fits to Eq. 
(2.34) d) Temperature dependence of the effective magnetization extracted 
from the fits for the different EuS films (symbols follow the legend at the top). 
 
The broadening of the FMR peak linewidth ∆𝐻𝐻 is a direct measure of 
the magnetic damping of the system and can be described by a linear 
dependence on frequency, allowing intrinsic and extrinsic contributions 
to be separated, see Eq. (2.35) [81,225,226]. In Eq. (2.35), the 
frequency-independent inhomogeneous linewidth broadening ∆𝐻𝐻0, 
arises from the presence of magnetic inhomogeneities [227]. In 
contrast, the total Gilbert damping 𝛼𝛼𝐺𝐺 is frequency-dependent and 
consists of both intrinsic and extrinsic contributions (see Sec. 2.1.8). 
The latter typically arise from eddy currents, radiative damping, two-
magnon scattering, and interfacial contributions. Both intrinsic and 
extrinsic contributions are thickness-dependent [87].  
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Figure 5.3a and 5.3b show the dependence of ∆𝐻𝐻 on frequency at 2 K 
and 10 K, respectively. ∆𝐻𝐻0 corresponds to the intercept of the linear fit 
of Eq. (2.35) to the vertical axis. We found ∆𝐻𝐻0 to be approximately 25-
35 mT for InAs and 20-50 mT for Pyrex, with no observable 
temperature dependence up to 15 K (see Figure 5.3d). It is worth noting 
that lower frequencies allow for a more accurate determination of ∆𝐻𝐻0; 
however, the intensity and linewidth of the FMR signal typically 
prevent measurements below 10 GHz. The 20-nm-thick and 40-nm-
thick Eu films in InAs substrates exhibit a significantly narrower ∆𝐻𝐻0 
spread compared to the samples of the same thickness in Pyrex 
substrates, indicating reduced inhomogeneous broadening. This likely 
reflects fewer magnetic inhomogeneities, which can be attributed to the 
higher crystal quality expected from epitaxial growth. Moreover, the 
narrowest ∆𝐻𝐻 is observed for samples which have the best structural 
quality. Figure 5.3a and 5.3b show lower values for epitaxial InAs_40. 

 
Figure 5.3. FMR linewidth as a function of frequency: a) at T = 2 K and b) at 
T = 10 K, for the different EuS films, and c) as a function of temperature up to 
30 for InAs_40. Solid lines correspond to the fit of experimental data to Eq. 
(2.35). d) Temperature dependence of the inhomogeneous broadening. 
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From Eq. (2.35), 𝛼𝛼𝐺𝐺 is extracted from the slope of the linewidth versus 
resonance frequency (see linear fit in Figure 5.3a-5.3c). 𝛼𝛼𝐺𝐺 is analysed 
in both InAs- and Pyrex-based samples for temperatures up to 30 K. 
Note that the slope of the fitted lines in Figure 5.3c is temperature 
dependent. The temperature evolution of 𝛼𝛼𝐺𝐺 shows an increase with 
temperature, independent of the substrate or film thickness (Figure 
5.4a). Since 𝛼𝛼𝐺𝐺 describes the viscous relaxation of the magnetization, 
including mechanisms such as direct energy dissipation into the lattice 
phonon bath or nonuniform magnetization dynamics (e.g. spin 
waves) [81,228], they are expected to be influenced by temperature. 
The variation of 𝛼𝛼𝐺𝐺 with temperature has already been reported in other 
magnetic materials [200,204,215,229,230]. In the present case, 
considering that the studied temperature range extends from 2 K up to 
𝑇𝑇𝐶𝐶 of EuS, it covers the full range from the highest values of 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 to 
the point where it nearly vanishes.  

The total Gilbert damping 𝛼𝛼𝐺𝐺 considered above includes extrinsic 
contributions. First, eddy current damping is not present in our samples 
since they are insulating. However, radiative damping 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 arises 
because of the inductive coupling between sample and waveguide, and 
thus it depends on the properties and dimensions on both waveguide 
and sample. The radiative damping is well approximated by Eq. (2.37), 
where 𝑙𝑙 = 5 mm, 𝑤𝑤𝑐𝑐𝑐𝑐 = 176 𝜇𝜇m and 𝑍𝑍0 = 50 Ω.  For very thin films or 
films with low saturation magnetization 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 is not a significant 
contribution to the total Gilbert damping and can be ignored [231]. As 
shown in the shadowed area of Figure 5.4a, 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 increases as the 
temperature is lowered, reflecting the corresponding increase of 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒. 
In all samples, the estimated 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 saturates at about 10-3 as the 
temperature is lowered, thus its contribution to the total damping is 
appreciable in the samples with the lowest 𝛼𝛼𝐺𝐺 .  In the following, we 
refer to 𝛼𝛼𝐺𝐺∗  as the total Gilbert damping with the radiative damping 
contribution subtracted, that is 𝛼𝛼𝐺𝐺∗ =  𝛼𝛼𝐺𝐺 − 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟.  

Two-magnon scattering can also contribute to the total Gilbert damping 
observed, as the film magnetization is oriented in-plane. Tipically, 
sizeable TMS results in a non-linear behaviour of the linewidth versus 
frequency curves which is not observed in the measured frequency 
range. To evaluate the impact of this contribution, we performed 
additional FMR measurements for films magnetized out-of-plane. In 
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the 40 nm Pyrex sample, we found similar damping values for both in-
plane and out-of-plane configurations, indicating that two-magnon 
scattering does not play a role in the in-plane measurements (see Sec. 
5.5.1 for more details).  

Regarding the substrate, lower damping values are found on InAs (see 
Figure 5.4b); at 2 K and 20-nm-thick EuS, 𝛼𝛼𝐺𝐺∗ = (3.5 ± 0.3) × 10−2 
for Pyrex and (1.8 ± 0.2) × 10−2 for InAs. From here, we conclude 
that epitaxially grown films reduce the Gilbert damping. However, we 
find that the thickness of EuS has a stronger impact on 𝛼𝛼𝐺𝐺∗  when 
doubling the thickness. As highlighted in Figure 5.4, 𝛼𝛼𝐺𝐺∗  decreases one 
order of magnitude when the sample thickness increases from 20 nm to 
40 nm, indicating that the ratio surface/interface is the dominant factor. 
At 2 K and 40-nm-thick EuS, 𝛼𝛼𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖 reduces to (4 ± 1) × 10−3 for Pyrex 
and (1.0 ± 0.2) × 10−3 for InAs, which is in the same order of 
magnitude as nanometer-thick YIG films at 2 K [199,232]. Moreover, 
Pyrex_60 yields 𝛼𝛼𝐺𝐺∗  ≈ 3 × 10−3 at T = 5 K, within the same order of 
magnitude. The values 𝛼𝛼𝐺𝐺∗  that we obtained are comparable to the 
reported ones for permalloy films in the 20-50 nm range at 5 K [204] or 
in the 20-120 nm range at cryogenic temperatures [198]. Overall, our 
measurements suggests that films of EuS with thicknesses between 40 
nm and 60 nm can reach 𝛼𝛼𝐺𝐺∗  within the 10−3 range, even for 
polycrystalline morphology. The thickness dependence indicates that 
the surface/interface ratio play an important contribution to 𝛼𝛼𝐺𝐺∗ , and 
stoichiometric defects could be denser at the film boundaries. 

 
Figure 5.4. a) Total Gilbert damping (blue and maroon symbols) and radiative 
damping (green and purple lines in the shadowed area) as a function of 
temperature for the different EuS films. b) Damping, with the radiative 
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damping subtracted from the total Gilbert damping, as a function of 
temperature for the different EuS films. Symbols follow the legend on top of 
the figure. 
 
Finally, we discuss the results considering the structural differences of 
the studied films. In the case of EuS/InAs samples, González-
Orellana [140] reported a disordered interface of 5 nm in another 
InAs_40 sample, grown with the same deposition method and 
conditions, which is around 12.5% of the total EuS layer. This 
interfacial layer will affect the properties of the EuS films and become 
more important when thickness is decreased, not only reducing 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 
and 𝑇𝑇𝐶𝐶 but also increasing 𝛼𝛼𝐺𝐺∗  of the epitaxially grown samples. Indeed, 
a faster decay of the effective magnetization with increasing 
temperature is observed for thinner EuS films on both types of 
substrates, as shown in Figure 5.2d, confirming the presence of the 
interfacial layer also in the polycrystalline EuS films.  Moreover, the 
interfacial layer will affect also 𝛼𝛼𝐺𝐺∗ , increasing the damping of the 
thinner samples, as presented in Figure 5.4b. At the temperature range 
between 2 and 20 K, the damping measured in 40-nm-thick EuS is 
approximately one order of magnitude smaller than for 20-nm-thick 
EuS. In addition to this, single crystal materials exhibit enhanced 
magnetic behaviour with respect to polycrystals, which leads to slightly 
higher values of magnetization and 𝑇𝑇𝐶𝐶 (Figure 5.2d), as well as smaller 
𝛼𝛼𝐺𝐺∗  values (Figure 5.4b), on the epitaxially grown EuS/InAs samples 
with respect to the polycrystalline EuS/Pyrex ones.   

5.4 Conclusions 
To summarize, we performed FMR measurements on EuS thin films 
grown on different substrates, exhibiting different structural properties. 
The experimental results show that the Gilbert damping decreases by 
one order of magnitude as the thickness is doubled from 20 nm to 40 
nm, whereas crystallinity of the samples seems to have a lower impact 
on the magnetic losses. We associate this thickness dependence with the 
presence of structural and chemical defects at the substrate/film 
interface. Notably, such a result suggests that achieving atomically 
clean EuS interfaces may result in even lower damping in such films. 
Our study demonstrates that both epitaxial and polycrystalline EuS 
films exhibit Gilbert damping parameters of the order of 10−3 for 
temperature below 10 K, comparable to the case of thin permalloy 
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films. Moreover, we observe a decrease of the damping as the 
temperature is decreased. We note here that even the best magnonic 
materials, such as YIG, suffer from the magnetic losses of the substrate 
as the temperature is lowered [200,229]. As our EuS films demonstrate 
good damping characteristics even without the need of epitaxial growth, 
we suggest that their damping in the low temperature regime could be 
further engineered by optimizing the choice of the substrate material. 
Our study paves the way to exploit the magnetization dynamics of EuS 
films in low temperature spintronic applications, as an alternative to 
garnets and permalloy films.  

5.5 Appendices 

5.5.1 Out of plane measurements 
In order to analyze the contribution from two-magnon scattering we 
performed out of plane measurements in Pyrex_40. As shown in Figure 
5.5 we got the same linear slope, which means similar damping values, 
from the in-plane and out-of-plane measurements, indicating TMS does 
not play a critical role in the in-plane measurements of the absence of 
two-magnon scattering.  

Out-of-plane field FMR measurements of EuS films on InAs substrates 
was characterized by a very strong, field-dependent background signal, 
most probably associated with weakly paramagnetic character of the 
InAs. 

 

Figure 5.5. a) Frequency as a function of the resonant field at T = 2 K for the 
out-of-plane configuration. b) FMR linewidth as a function of frequency for 
the in plane (IP) and out-of plane (OOP) configuration at 2 K, on Pyrex_40. 
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5.5.2 Magnetic characterization of EuS without 
capping layer 
A similar analysis to the one shown in this chapter was carried out for 
EuS/Pyrex films without capping layer. In this case, we analyzed the 
same sample used for the study of the MST devices (Chapter 4), which 
consist of 18 nm of EuS. FMR measurements were performed at 
constant temperature by sweeping an external magnetic field at several 
fixed microwave frequencies. Each FMR spectrum has been analyzed 
by subtracting a background and fitting it to a Lorentzian curve (see 
Figure 5.6a). The resonance field (𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) as a function of microwave 
frequency is shown in Figure 5.6b, which is fitted using Eq. (2.34) 
(solid lines in Figure 5.6b) [81,233]. Due to a small magnetic 
anisotropy of the EuS, we can assume that the saturation of 
magnetization 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒. As depicted in Figure 5.6c, the 
temperature behavior of 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 shows the same trend as the magnetic 
moment (see Figure 4.12a), disappearing around 𝑇𝑇𝐶𝐶. At 𝑇𝑇 = 2 K, we 
found a saturation magnetization of 1163 kA/m, which is close to the 
reported bulk value of 1240 kA/m [221]. From Eq. (2.35), we fit the 
linear dependence of ∆H with 𝑓𝑓 (solid lines in Figure 5.6d), and extract 
𝛼𝛼𝐺𝐺 = (4.0 ± 0.4) × 10−2 at 2 K, which is at least one order of magnitude 
higher than that of YIG [201], and similar to the one obtained for the 
20-nm-thick sample in Pyrex with a capping layer, 𝛼𝛼𝐺𝐺 = (3.6 ± 0.3) 
× 10−2. The temperature dependence up to 20 K is plotted in Figure 
5.6e. 
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Figure 5.6. a) FMR spectra as a function of external magnetic field at 2 K for 
different frequencies. Dashed lines represent the fittings to a Lorentzian curve. 
b) Frequency as a function of the resonant field at different temperatures. Solid 
lines correspond to the fit of experimental data to the Kittel formula, Eq. (2.34). 
c) Effective saturation magnetization extracted from the fitting in panel b). d) 
FMR linewidth (∆H) as a function of frequency. Solid lines correspond to 
linear fits of the experimental data based on Eq. (2.35). e) Gilbert damping of 
the EuS sample as a function of temperature, extracted from the slope of panel 
d).  
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Chapter 6  
Orbital Hall conductivity and 
orbital diffusion length of 
Vanadium thin films by Hanle 
magnetoresistance 
 

In spintronics, the spin Hall effect has been widely used to generate and 
detect spin currents in materials with strong spin-orbit coupling such as 
Pt and Ta. Recently, its orbital counterpart has drawn attention as a new 
tool to generate and detect orbital currents and thus investigate orbital 
transport parameters. In this chapter, we investigate vanadium (V), a 3d 
transition metal with weak spin-orbit coupling but with a theoretically 
large orbital Hall conductivity. We measure a large Hanle 
magnetoresistance in V thin films with a magnitude comparable to that 
of heavy metals and at least one order of magnitude higher than the spin 
Hall magnetoresistance observed in a Y3Fe5O12/V bilayer, pointing to 
the orbital Hall origin of the effect. A fit of the magnetic-field 
dependence and thickness dependence of the Hanle magnetoresistance 
to the standard diffusion model allows us to quantify the orbital 
diffusion length (~2 nm) and the orbital Hall conductivity [~78 (ℏ/2e) 
Ω-1cm-1] of V.  

6.1 Introduction 
The SHE and ISHE are widely used in spintronics to generate and detect 
spin currents without the use of a ferromagnetic material as the spin 
source (see Sec. 2.1.2) [234,235]. Indeed, they are of utmost importance 
in novel applications such as the SHE to write magnetic elements in 
MRAMs via SOTs [236–238] or the ISHE to readout magnetic 
elements in magnetoelectric spin-orbit (MESO) logic [11,238,239]. 
Since SHE depends on the strength of the SOC, which scales with the 
atomic number (Z) as Z4 (see Chapter 1) [240,241], SHE studies have 
mainly focused on heavy metals (HMs), essentially 4d and 5d transition 
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metals [240,242–244]. Theoretical studies also proposed the existence 
of the OHE [108–112], the orbital analogue of the SHE. As detailed in 
Sec. 2.2.2, the OHE was firstly calculated in the well-known 
HMs [108,109] and, more recently, it has been extended to light metals 
(LMs) such as the 3d transition metals [110–112], which show weak 
SOC. According to these theoretical calculations, 3d transition metals 
present higher intrinsic orbital (𝜎𝜎𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 ~ 103−104 (ℏ/e) Ω-1cm-1) than spin 
(𝜎𝜎𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖 ~ 102 (ℏ/e) Ω-1cm-1) Hall conductivities [111,112]; because of 
that, LMs have been considered ideal candidates to explore orbital 
physics. Experimental studies have quantified the orbital transport 
parameters of 3d transition metals as summarized in Table 2.1.  

HMR arises because of the combination of the SHE and ISHE together 
with the presence of an external magnetic field 𝐻𝐻 producing a change 
in the resistivity and giving rise to the magnetoresistance effect [61], as 
discussed in detail in Sec. 2.1.5. Because of the SHE requirement, it 
was originally explored on HMs [62,63,245,246]. Since the orbital 
angular momentum also precesses with 𝐻𝐻, HMR should also occur in 
the presence of OHE (see Sec. 2.2.5). Due to the important contribution 
of the OHE in LMs, it has been recently observed in Mn [102].  

In contrast, SMR [56,59,178] arises when a HM is put in contact with 
a FM, as explained in Sec. 2.1.4. The spin current with spin polarization 
𝑠𝑠, originated because of the SHE, interacts with the magnetization 𝑀𝑀 of 
the FM at the HM/FM interface, which can be reflected (when 𝑴𝑴 ∥ 𝒔𝒔�) 
or absorbed via spin transfer torque (when 𝑴𝑴 ⊥ 𝒔𝒔�). Although there is 
an orbital analogue of the SMR, the orbital Hall 
magnetoresistance [137] which arises due to the interaction of orbital 
currents with 𝑀𝑀 of the FM at a LM/FM interface via the orbital 
torque [138], see Sec. 2.2.4, it requires the FM to have a considerable 
orbital magnetization component [247].  

In this chapter, we report a HMR of the order of 10-4 on sputtered V thin 
films. A patterned Hall bar allows to perform longitudinal and 
transverse magnetotransport measurements by rotating the sample 
along different axis and sweeping the magnetic field up to 9 T. We 
observe the symmetry expected for HMR in the temperature range from 
25 K to 300 K in samples of different thicknesses ranging from 4 nm to 
30 nm and different resistivities. From the analysis of the SMR and 
spin-mixing conductance of Y3Fe5O12/V samples, we confirm the 
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orbital Hall origin of the observed HMR and quantify the orbital 
transport parameters of V. 

6.2 Methods 
V samples were prepared by patterning a Hall bar, as explained in Sec. 
3.1, with a length of 𝑙𝑙 = 200 μm and a width of 𝑤𝑤 = 50 μm on top of 
Si/SiO2(150 nm) or Y3Fe5O12 (yttrium iron garnet, YIG) grown on 
gadolinium gallium garnet (GGG). The samples were prepared by 
photolithography process (see Sec. 3.1.2.2) and magnetron-sputtering 
deposition of V (50 W dc; 3 mTorr of Ar) (Sec. 3.1.3.1), followed by a 
capping layer of either 5 nm of SiO2 (200 W rf; 3 mTorr of Ar) or 8 nm 
of SiN (100 W rf; 3 mTorr of Ar) to prevent oxidation. 

Magnetotransport measurements were taken with a PPMS covering the 
temperature range 25 K ≤ 𝑇𝑇 ≤ 300 K (see Sec. 3.2.2). We performed 
ADMR and FDMR measurements by applying magnetic fields 𝐻𝐻 up to 
𝜇𝜇0𝐻𝐻 = 9 T. For the ADMR, the magnetic field 𝐻𝐻 is rotated along 3 
different planes: xy-plane, where 𝐻𝐻 is rotated by an angle 𝛼𝛼 from the 
direction of the applied current (x), yz-plane, where 𝐻𝐻 is rotated by an 
angle 𝛽𝛽 from the out-of-plane direction (z), and xz-plane, where 𝐻𝐻 is 
rotated by an angle 𝛾𝛾 from the out-of-plane direction (z) (see Figure 
6.1a and Figure 3.7). For the FDMR, 𝐻𝐻 is applied along the three main 
axes (x, y and z). As sketched in Figure 6.1a, a 10 𝜇𝜇A dc electric current 
is applied along the Hall bar with a Keithley 6221 current source meter, 
and the voltage is measured with a Keithley 2182 nanovoltmeter in the 
longitudinal V𝐿𝐿 or transverse VT configuration using a dc-reversal mode 
(see Sec. 3.2.2). 

The magnetic properties of the samples have been studied with the FMR 
option of the PPMS (see Sec. 3.2.3), covering the temperature range 
100 K ≤ 𝑇𝑇 ≤ 290 K. FMR measurements were performed at constant 
temperature and fixed microwave frequency (in the range of 10-19 
GHz) while sweeping the magnetic field. 

6.3 Results and discussion 
According to the spin (and orbit) diffusion theory, the resistivity of the 
NM layer in the longitudinal (𝜌𝜌𝐿𝐿) and transverse (𝜌𝜌𝑇𝑇) configurations 
changes either with the orientation of an applied 𝐻𝐻 in the case of HMR 
(see Sec. 2.1.5 and Sec. 2.2.5) or with the orientation of the 
magnetization of an adjacent FM in the case of SMR (see Sec. 2.1.4). 
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This results in a characteristic dependence of 𝜌𝜌𝐿𝐿 and 𝜌𝜌𝑇𝑇 of the film, 
which follows Eqs. (2.19) and (2.20) for SMR, and Eqs. (2.23) and 
(2.24) for the HMR.  

ADMR and FDMR measurements are taken in the system Si/SiO2/V(𝑡𝑡𝑉𝑉 
nm)/SiO2(5 nm) or Si/SiO2/V(𝑡𝑡𝑉𝑉 nm)/SiN(8 nm), where 𝑡𝑡𝑉𝑉 denotes the 
thickness, for samples with a resistivity of 𝜌𝜌𝐿𝐿0~ 270 μΩ·cm. Although 
both capping and substrate materials act as diffusion barriers, the 
presence of an interfacial vanadium oxide layer cannot be fully 
excluded. Such a layer could slightly reduce the effective conducting 
thickness, but it is not expected to influence the overall results. 

Figure 6.1 shows the measurement configuration (Figure 6.1a) and 
representative results of the ADMR (Figure 6.1b), longitudinal FDMR 
(Figure 6.1c) and transverse FDMR (Figure 6.1d) measurements taken 
in a 6-nm-thick film at 𝑇𝑇 = 100 K. Both ADMR and FDMR show the 
shape and symmetry expected by HMR between 25 K and 300 K (see 
the temperature dependence of the ADMR in the Sec. 6.5.2). The result 
of the ADMR is plotted as ∆𝜌𝜌𝐿𝐿/𝜌𝜌𝐿𝐿0 =  ∆𝑅𝑅𝐿𝐿/𝑅𝑅𝐿𝐿 =  [𝑅𝑅𝐿𝐿(𝛼𝛼,𝛽𝛽) −
𝑅𝑅𝐿𝐿(90°)]/𝑅𝑅𝐿𝐿(90°), where 𝑅𝑅𝐿𝐿 = 𝑉𝑉𝐿𝐿/𝐼𝐼 is the longitudinal resistance (see 
Figure 6.1a). We observe the typical cos2(𝛼𝛼,𝛽𝛽) modulation related to 
the HMR geometry [62], which gives an amplitude of the order of 10-4 
in both 𝛼𝛼 and 𝛽𝛽 planes (Figure 6.1b). Similar values have been found 
in Pt [62,63,245]. A small difference of the order of 10-5 is present 
between the amplitude of 𝛼𝛼 and 𝛽𝛽 plane, corresponding to a sin2 𝛾𝛾 
modulation in 𝛾𝛾 plane which cannot be due to HMR, for which the 
modulation should vanish (see also Sec. 6.5.2). The origin of such extra 
magnetoresistance, which is negative when 𝐻𝐻 is applied along z (see 
the difference between longitudinal FDMR along x and along z in 
Figure 6.1c), is most likely related to the weak localization which 
appears in disordered systems, which are also known by a resistivity 
increase below a characteristic crossover temperature [248,249], a 
feature present in all our samples (see Figure 6.6a). 

The longitudinal FDMR (Figure 6.1c), plotted as ∆𝜌𝜌𝐿𝐿/𝜌𝜌𝐿𝐿0 =
∆𝑅𝑅𝐿𝐿/𝑅𝑅𝐿𝐿 =  [𝑅𝑅𝐿𝐿(𝐻𝐻𝑖𝑖) − 𝑅𝑅𝐿𝐿(𝐻𝐻 = 0)]/𝑅𝑅𝐿𝐿(𝐻𝐻 = 0), with i=x,y,z, shows 
that the amplitude depends on the strength of the magnetic field with a 
parabolic increase at low fields (∝ 𝐻𝐻𝑥𝑥,𝑧𝑧

2 ) that tends to flatten at high 
fields, with similar values along the x- and z-axes (except for the small 
variation due to weak localization mentioned above). In contrast, a 
small positive FDMR is found along the y-axis, which we ascribe to the 
in-plane weak localization contribution [250]. Figure 6.1d, plotted as 
𝜌𝜌𝑇𝑇/𝜌𝜌𝐿𝐿0 = 𝑅𝑅𝑇𝑇(𝐻𝐻𝑧𝑧)𝑙𝑙/(𝑤𝑤𝑅𝑅𝐿𝐿), where 𝑅𝑅𝑇𝑇 = 𝑉𝑉𝑇𝑇/𝐼𝐼 is the transverse 
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resistance, shows the normalized transverse resistivity where the 
contribution from the ordinary Hall effect is subtracted by performing 
a linear fit of the transverse FDMR as detailed in Sec. 6.5.3. We see a 
strong dependence on the magnetic field only when it is applied out of 
plane, with a linear increase with magnetic field (∝ 𝐻𝐻𝑧𝑧) at low fields 
and tending to saturation above ~3 T. Overall, the observed signatures 
of the measured ADMR, longitudinal FDMR and transverse FDMR 
confirm the presence of HMR in our V thin films. 

Furthermore, we perform ADMR and FDMR measurements in a set of 
samples with same thickness but different resistivities. In the range of 
resistivities evaluated (𝜌𝜌𝐿𝐿0~ 171−464 μΩ·cm), all of them showed the 
characteristic HMR signatures discussed above. Among them, we find 
that the amplitude of the HMR increases with resistivity, with values 
one order of magnitude higher for highly resistive samples with the 
same thickness (see Sec. 6.5.4 for more details). 

 
Figure 6.1. HMR measurements (a) Optical microscope image of a vanadium 
Hall bar showing the experimental setup for HMR and SMR measurements. A 
charge current 𝐼𝐼 is applied along x-direction in the Hall bar and then the 
longitudinal 𝑉𝑉𝐿𝐿 and transverse 𝑉𝑉𝑇𝑇 voltages are measured as depicted in the 
image. The three 𝐻𝐻-rotation planes (𝛼𝛼,𝛽𝛽, 𝛾𝛾) are illustrated. (b) ADMR 
measurement at T =100 K and 𝜇𝜇0𝐻𝐻 = 9 T in 𝛼𝛼,𝛽𝛽 planes. Yellow lines 
correspond to a 𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼,𝛽𝛽) fit. (c) Longitudinal and (d) transverse FDMR 
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measurements performed at 100 K with 𝐻𝐻 applied along the three main axes. 
Data corresponds to sample Si/SiO2/V(6 nm)/SiO2(5 nm). 

Although the HMR can originate from both the SHE and the OHE, we 
expect that, given the weak SOC in V, it arises mostly from the OHE 
and not from the SHE. Indeed, theoretical calculations for bcc V predict 
a large 𝜎𝜎𝑂𝑂𝑂𝑂 from 4500 to 6050 (ℏ/e) Ω-1cm-1 with a much smaller 𝜎𝜎𝑆𝑆𝑆𝑆 
from −13 to −90 (ℏ/e) Ω-1cm-1  [111,112,251,252]. Importantly, HMR 
provides a way to quantify angular momentum transport parameters, 
which in HMs correspond to spin [62,63], whereas in LMs are mostly 
orbital [102]. In principle, orbital interfacial effects could also 
contribute to the HMR but disentangling them from the bulk would be 
very challenging. For that, we come back to Eqs. (2.23) and (2.24) and 
focus on ∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻  and ∆𝜌𝜌2𝐻𝐻𝐻𝐻𝐻𝐻, which we can express as a function of the 
orbital Hall angle 𝜃𝜃𝑂𝑂𝑂𝑂 and the orbital diffusion length 𝜆𝜆𝑂𝑂𝑂𝑂, see Eqs. 
(2.39) and (2.40) [62,63].  

To extract the 3 unknown parameters (𝜃𝜃𝑂𝑂𝑂𝑂, 𝜆𝜆𝑂𝑂𝑂𝑂, and 𝐷𝐷𝑂𝑂), we can 
simultaneously fit the longitudinal FDMR to Eq. (2.39) and transverse 
FDMR to Eq. (2.40), but the use of 3 free fitting parameters with 2 data 
sets gives correlations between the free parameters. In order to obtain 
an extra data set, the HMR was measured in samples with different 
thickness in the range between 4 and 30 nm on Si/SiO2 substrates (see 
results in Figure 6.2a and Figure 6.2c for 100 K and 290 K, 
respectively). For that, we chose a set of samples where 𝜌𝜌𝐿𝐿0 does not 
change significantly with thickness (see Figure 6.5a). By using Eq. 
(2.39), we were able to fit the thickness dependence of the HMR 
amplitude, obtained from the longitudinal ADMR measurement in 𝛼𝛼-
plane (such as the one shown in Figure 6.1b), at a fixed magnetic field. 
In this fit, 𝜆𝜆𝑂𝑂𝑂𝑂 is uncoupled from the other two parameters, since it is 
essentially constrained by the position of the observed maximum but 
not by the amplitude. By fixing the obtained value of 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉 , we perform 
again the simultaneous fit of the longitudinal and transverse FDMR in 
a 6-nm-thick film (see Figure 6.2b and Figure 6.2d). For that, we 
subtract the contribution from the weak localization in the longitudinal 
FDMR by doing ∆𝜌𝜌𝐿𝐿′/𝜌𝜌𝐿𝐿0 = ∆𝜌𝜌𝐿𝐿𝑥𝑥/𝜌𝜌𝐿𝐿0 − ∆𝜌𝜌𝐿𝐿

𝑦𝑦/𝜌𝜌𝐿𝐿0. This allows us to 
reliably extract the other two free parameters, 𝜃𝜃𝑂𝑂𝑂𝑂 and 𝐷𝐷𝑂𝑂. 
Additionally, the orbital relaxation time 𝜏𝜏𝑂𝑂𝑂𝑂 = 𝜆𝜆𝑂𝑂𝑂𝑂2 /𝐷𝐷𝑂𝑂 and the total 
orbital Hall conductivity 𝜎𝜎𝑂𝑂𝑂𝑂 = 𝜃𝜃𝑂𝑂𝑂𝑂/𝜌𝜌𝐿𝐿0 can also be derived. The 
orbital transport parameters of V extracted from the fittings are listed in 
Table 6.1 for two specific temperatures, with similar values at 100 K 
and 290 K (𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉 ~2 nm and 𝜃𝜃𝑂𝑂𝑂𝑂𝑉𝑉 ~0.020).  
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Moreover, we also analyze the impact of resistivity on the orbital 
transport parameters of the V thin films. To do so, we perform a 
simultaneous triple-variable fit of the thickness-dependent ADMR 
signal of high-resistivity samples and the longitudinal and transverse 
FDMR datasets of a 6-nm-thick V sample with a resistivity of 𝜌𝜌𝐿𝐿0~ 378 
μΩ·cm, at 290 K (for more details, see Sec. 6.5.5). While most of the 
transport parameters remain unchanged within the error (see Table 6.1), 
𝜃𝜃𝑂𝑂𝑂𝑂 and 𝜎𝜎𝑂𝑂𝑂𝑂 are affected by the change of resistivity. 𝜃𝜃𝑂𝑂𝑂𝑂 increases by 
~14% with respect to the previous set of samples with 𝜌𝜌𝐿𝐿0~ 270 
μΩ·cm, while 𝜎𝜎𝑂𝑂𝑂𝑂 decreases by ~19%, an interesting result that is 
discussed below.   

 
Figure 6.2. HMR thickness and magnetic field dependence in V thin films with 
fittings to the HMR equations. (a) and (c) Longitudinal HMR amplitude at 9 T 
extracted from the ADMR measurements in 𝛼𝛼 plane (pink solid squares) as a 
function of V-film thickness at 100 K and 290 K, respectively, with their 
corresponding fittings of Eq. (2.39) (red solid lines). (b) and (d) Longitudinal 
(𝐿𝐿) (light blue line) and transverse (𝑇𝑇) (dark blue line) FDMR for sample 
Si/SiO2/V(6 nm)/SiO2(5 nm) at 100 K and 290 K, respectively, with their 
corresponding fittings of Eq. (2.39) (dotted lines) and Eq. (2.40) (dashed lines). 
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Table 6.1. Orbital transport parameters of V extracted from the fittings at 100 
K and 290 K. 

T  
(K) 

𝜌𝜌𝐿𝐿0 
(μΩ·cm) 

 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉   
(nm) 

𝜃𝜃𝑂𝑂𝑂𝑂𝑉𝑉  
𝐷𝐷𝑂𝑂𝑉𝑉 

(mm2/s) 
𝜏𝜏𝑂𝑂𝑉𝑉  

(ps) 

𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  
[(ℏ/2e) Ω-

1cm-1] 
100 264.4 1.8 ± 0.3  0.020 ± 0.001 1.3 ± 0.4 2.5 ± 0.2 76 ± 4 
290 270.3 2.1 ± 0.3 0.021 ± 0.001 2.2 ± 0.6 2.0 ± 0.2 78 ± 4 
290 378.1 2.1 ± 0.3 0.024 ± 0.001 2.0 ± 0.6 2.2 ± 0.2 63 ± 3 

 

In order to know whether there is any contribution from the SHE in the 
HMR, we can perform SMR measurements using YIG as an adjacent 
ferrimagnetic insulator. Since the SMR is modulated by the 
magnetization of YIG, which can only interact with spin (but not 
orbital) currents [247], its amplitude will depend on the SHE only. The 
measurements performed in YIG/V(7 nm)/SiO2(5 nm) at 100 K are 
represented in Figure 6.3, where we plot in-plane transverse 
measurements [equivalent to the longitudinal ones, compare second 
term in Eq. (2.23) with first term in Eq. (2.24)] because they give a 
larger signal-to-noise ratio in the otherwise small signal. Figure 6.3a 
shows the normalized transverse FDMR plotted as 𝜌𝜌𝑇𝑇/𝜌𝜌𝐿𝐿0 =
 [𝑅𝑅𝑇𝑇(𝐻𝐻) − 𝑅𝑅𝑇𝑇(90°)]𝑙𝑙/[𝑤𝑤𝑅𝑅𝐿𝐿(90°)], with the magnetic field applied in 
plane at 𝛼𝛼 = 45º and 𝛼𝛼 = 135º, where the occurrence of the 
magnetization reversal of YIG is clearly detected around 0.3 mT. The 
gap between the two curves accounts for the magnitude of the SMR, 
which is of the order of 10-6, two orders of magnitude lower that in the 
HMR case. The same amplitude appears in the normalized transverse 
ADMR measurements, ∆𝜌𝜌𝑇𝑇/𝜌𝜌𝐿𝐿0 =  [𝑅𝑅𝑇𝑇(𝛼𝛼) − 𝑅𝑅𝑇𝑇(90°)]𝑙𝑙/
[𝑤𝑤𝑅𝑅𝐿𝐿(90°)], at low magnetic fields (20 mT) where a sin 𝛼𝛼·cos 𝛼𝛼  
modulation is present as shown in Fig. 6.3b and expected from the SMR 
theory [see Eq. (2.20)]. At high magnetic fields, where the HMR may 
appear, we see again the sin 𝛼𝛼·cos 𝛼𝛼 modulation but with an amplitude 
more than one order of magnitude higher, although reduced as 
compared with Si/SiO2/V samples of similar thickness (see Figure 6.2a 
and Sec. 6.5.6 for more details). The presence of a clear SMR signal 
confirms that we have spin currents generated by SHE, but it is more 
than one order of magnitude lower than in YIG/Pt [62,253], in which 
the SMR amplitude and the HMR amplitude at 9 T have been reported 
to be of the same order. 
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Figure 6.3. Magnetoresistance measurements using YIG. (a) Normalized 
transverse FDMR measurements performed at 45º and 135º in a-plane in a low 
magnetic field range. (b) Normalized transverse ADMR measurements at 𝜇𝜇0𝐻𝐻 
= 20 mT, where the brown line corresponds to a sin 𝛼𝛼·cos 𝛼𝛼 fit. The arrow 
indicates the SMR amplitude ∆𝜌𝜌1𝑆𝑆𝑆𝑆𝑆𝑆/𝜌𝜌𝐿𝐿0. (c) Normalized transverse ADMR 
measurements at 𝜇𝜇0𝐻𝐻 = 9 T. Brown line corresponds to a sin 𝛼𝛼·cos 𝛼𝛼 fit. The 
arrow indicates the total amplitude, which contains the HMR (∆𝜌𝜌1𝐻𝐻𝐻𝐻𝐻𝐻/𝜌𝜌𝐿𝐿0) and 
SMR contributions. Data corresponds to measurements performed at 100 K on 
sample YIG/V(7 nm)/SiO2(5 nm).  

Whereas the much smaller amplitude of SMR as compared to HMR in 
YIG/V seem to confirm that HMR is dominated by the OHE 
contribution, there is still the possibility that a strongly reduced spin-
mixing conductance at the YIG/V interface explains the different HMR 
and SMR amplitudes solely with the presence of SHE. In order to rule 
out this possibility, we performed FMR on YIG/V samples. FMR allows 
to extract the real part of the interfacial spin-mixing conductance, 𝑔𝑔�𝑟𝑟↑↓, 
which determines the ability of the interface to transmit spins. Based on 
the Gilbert damping constants of the YIG single layer, 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌, and YIG/V 
bilayer, 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌 𝑉𝑉⁄ , we can obtain 𝑔𝑔�𝑟𝑟↑↓ from Eq. (2.38). By performing a 
Lorentzian fit of each FMR spectrum (see dotted lines in Fig. 6.4a), we 
determined 𝑀𝑀𝑆𝑆 and 𝛼𝛼 from the frequency dependencies of the resonant 
field 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 and linewidth ∆𝐻𝐻, respectively.  

The frequency dependence of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 follows the Kittel formula, Eq. 
(2.34), and at 𝑇𝑇 = 100 K we found an effective magnetization 𝜇𝜇0𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 = 
0.2673 ± 0.0001 T, which we can consider that equals the saturation 
magnetization [95,254]. 𝛼𝛼 can be obtained from the linear increase of 
∆𝐻𝐻 with frequency, 𝑓𝑓, following Eq. (2.35). Figure 6.4b shows the 
linear increase of ∆𝐻𝐻 with frequency, for a YIG film and a 
YIG/V(20nm)/SiO2(5nm) film, in the frequency range between 10 and 
19 GHz.  From the linear fit of the data, the damping obtained is 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌 = 
(1.9 ± 0.1)×10-4 and 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌/𝑉𝑉 = (1.0 ± 0.1)×10-3 at 𝑇𝑇 = 100 K. By using 
Eq. (2.38), we calculate 𝑔𝑔�𝑟𝑟↑↓ = (4.0 ± 0.3)×1019 m-2 at 100 K, one order 
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of magnitude larger than previously reported at 300 K in YIG/V using 
20-nm-thick YIG films [255].  
 

 
Figure 6.4. (a) Experimental FMR spectra of a YIG film and a 
YIG/V(20nm)/SiO2(5nm) film, measured at 𝑇𝑇 = 100 K and 𝑓𝑓 = 14 GHz. Dotted 
lines represent the fittings to a Lorentzian curve. (b) Frequency dependencies 
of FMR linewidth of a YIG film and a YIG/V(20nm)/SiO2(5nm) film, at 𝑇𝑇 = 
100 K. Solid lines correspond to a linear fit of the experimental data to Eq. 
(2.35). 

With the extracted value of 𝑔𝑔�𝑟𝑟↑↓, and considering the transport 
parameters shown in Table 6.1 to be of spin origin, we calculate the 
expected amplitude of the SMR under this hypothesis. The amplitude 
∆𝜌𝜌1𝑆𝑆𝑆𝑆𝑆𝑆 can be expressed in terms of the spin transport parameters by 
using Eq. 2.21, which can be simplified as [256]:  

 
∆𝜌𝜌1𝑆𝑆𝑆𝑆𝑆𝑆

𝜌𝜌𝐿𝐿0
≈ 𝜃𝜃𝑆𝑆𝑆𝑆2

𝜆𝜆𝑆𝑆𝑆𝑆
𝑡𝑡𝐿𝐿𝐿𝐿

2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�𝑟𝑟↑↓ 𝑡𝑡𝑡𝑡𝑡𝑡ℎ2
𝑡𝑡𝐿𝐿𝐿𝐿

2𝜆𝜆𝑆𝑆𝑆𝑆
1
𝜌𝜌𝐿𝐿0

+ 2𝜆𝜆𝑆𝑆𝑆𝑆𝐺𝐺�𝑟𝑟↑↓ 𝑐𝑐𝑐𝑐𝑐𝑐ℎ
𝑡𝑡𝐿𝐿𝐿𝐿
𝜆𝜆𝑆𝑆𝑆𝑆

 (6.1) 

By replacing the values of Table 6.1 (low resistivity samples at 𝑇𝑇 = 100 
K) in Eq. (6.1), we get ∆𝜌𝜌1𝑆𝑆𝑆𝑆𝑆𝑆/𝜌𝜌𝐿𝐿0 = 7.9×10-5, which is two orders of 
magnitude larger than what we obtain experimentally (see Figure 6.3b). 
Since the transport parameters obtained from HMR cannot explain the 
observed amplitude of the SMR, we can confirm that they are not 
associated with spin angular momentum but with the orbital angular 
momentum. In contrast, we can use the SMR amplitude to estimate the 
𝜎𝜎𝑆𝑆𝑆𝑆𝑉𝑉  value. Taking the spin diffusion length of V ( 𝜆𝜆𝑆𝑆𝑆𝑆𝑉𝑉 ), which has been 
determined experimentally to be  𝜆𝜆𝑆𝑆𝑆𝑆𝑉𝑉 ∼ 16 nm for samples with similar 
resistivity [255,257], and 𝑔𝑔�𝑟𝑟↑↓ at the YIG/V interface, obtained from 
FMR, we can use Eq. (6.1) to estimate the absolute value of 𝜎𝜎𝑆𝑆𝑆𝑆. Our 
estimation, ~24 (ℏ/2e) Ω-1cm-1, lies in the lowest limit of the range of 
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theoretical values [−13 to −90 (ℏ/e) Ω-1cm-1] [111,112,251,252], further 
evidencing the spin origin of the SMR.   

Taking this into account, we will discuss the orbital transport 
parameters obtained from HMR. We find that they are in the same range 
as the ones reported for Mn with the same technique [102], with 𝜃𝜃𝑂𝑂𝑂𝑂𝑉𝑉  
being also similar to the value reported for Ti, 𝜃𝜃𝑂𝑂𝑂𝑂𝑇𝑇𝑇𝑇 = 0.015 ± 0.002, by 
MOKE [104]. If we look at 𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉 , its magnitude is 2 orders lower than 
the theoretical value of the intrinsic orbital Hall conductivity, 𝜎𝜎𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 ~  
4500 − 6050 (ℏ/e) Ω-1cm-1 [111,112,251,252], a large difference that 
was also found for Mn [102] and might be explained by the large 
disorder in our sputtered thin films (see Sec. 6.5.7 for their structural 
characterization). The first theoretical works showed that, while the 
value of 𝜎𝜎𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 is constant in the moderately dirty regime and does not 
depend on 𝜌𝜌, 𝜎𝜎𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 is predicted to decrease approximately proportional 
to 𝜌𝜌−2 in the high-resistivity regime with large disorder [108], similar 
to the behaviour for 𝜎𝜎𝑆𝑆𝑆𝑆, in which these two regimes have been 
observed experimentally [167,258]. Although we observe a decrease of 
conductivity from 𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉 = 78 ± 4 (ℏ/2e) Ω-1cm-1 to 𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉 = 63 ± 3 (ℏ/2e) 
Ω-1cm-1 when resistivity increases from 𝜌𝜌𝐿𝐿0~270 μΩ·cm to ~380 
μΩ·cm, it does not follow the 𝜌𝜌−2 trend. This suggests that we are at 
the stage where 𝜎𝜎𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 starts to decrease but it does not justify the low 
𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  as compared with theoretical predictions. The large discrepancy 
existing between theoretical predictions and our measured 𝜎𝜎𝑂𝑂𝑂𝑂 may 
stem from neglecting disorder-induced vertex corrections, which a 
recent work [259] shows can strongly suppress the 𝜎𝜎𝑂𝑂𝑂𝑂 in certain cases. 
Furthermore, a newly introduced quantum-kinetic theory of electronic 
angular-momentum linear response [260,261] restricts the 𝜎𝜎𝑂𝑂𝑂𝑂 to 
intraband contributions. In nonmagnetic, centrosymmetric light metals 
such as vanadium, this implies an intrinsic 𝜎𝜎𝑂𝑂𝑂𝑂 that scales at least 
quadratically with the weak SOC, in contrast to conventional SOC-
independent formulas, and hence naturally yields much smaller 𝜎𝜎𝑂𝑂𝑂𝑂 
values. A report on OHE in vanadium with lower resistivity (𝜌𝜌𝐿𝐿0 ~ 41 
μΩ·cm) by MOKE quantifies both 𝜎𝜎𝑂𝑂𝑂𝑂 and 𝜆𝜆𝑂𝑂𝑂𝑂, but the strong 
correlation between the two values prevents an independent 
quantification [20]. 

We next consider the orbital diffusion constant 𝐷𝐷𝑂𝑂, which provides 
complementary insight into the orbital transport dynamics, and we 
compare it to the charge diffusion constant 𝐷𝐷𝑞𝑞, which can be estimated 
using the Einstein relation 𝐷𝐷𝑞𝑞 = 1 �𝑒𝑒2𝜌𝜌𝜌𝜌(𝐸𝐸𝐹𝐹)�⁄ . Here, 𝑒𝑒 is the 
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elementary charge and 𝑁𝑁(𝐸𝐸𝐹𝐹) is the density of states at the Fermi level. 
Using the reported value for V, 𝑁𝑁(𝐸𝐸𝐹𝐹) ~ 28×1022 eV-1cm-3 [262], we 
obtain 𝐷𝐷𝑞𝑞𝑉𝑉 ~ 8 mm2/s for the samples with lower resistivity (𝜌𝜌𝐿𝐿0 ~ 270 
μΩ·cm). This value is four to six times larger than 𝐷𝐷𝑂𝑂𝑉𝑉  extracted from 
the HMR fittings at the same sample (see Table 6.1). A difference 
between 𝐷𝐷𝑞𝑞 and 𝐷𝐷𝑂𝑂 has also been observed in Ti [104] and is in fact 
expected, according to theoretical studies [104,263]. In particular, the 
general theory of diffusion developed by X. Ning et al.  [263] predicts 
that, while charge and spin diffusion constants are typically of similar 
magnitude, the orbital diffusion constant can be significantly lower, 
highlighting the distinct dynamics of orbital transport. 

Interestingly, we find that 𝐷𝐷𝑂𝑂 exhibits a more complex dependence on 
temperature and resistivity than initially expected. Specifically, a 
comparison of the same sample measured at 100 K and 290 K shows a 
clear increase in 𝐷𝐷𝑂𝑂 with temperature, as given in Table 6.1, despite 
only a small change in resistivity because of the disordered metal 
behaviour. On the contrary, when comparing samples with significantly 
different resistivities (low- and high-resistivity datasets), at 290 K, we 
obtain nearly identical 𝐷𝐷𝑂𝑂 values. To further investigate the relationship 
between 𝐷𝐷𝑂𝑂, resistivity and temperature, and confirm the robustness of 
the previous result, we performed an additional fitting on an 8-nm-thick 
film from the low-resistivity set (see Sec. 6.5.8 for more details). The 
obtained orbital transport parameters are consistent with those from the 
6-nm-thick sample (see Table 6.3). These results collectively suggest 
that 𝐷𝐷𝑂𝑂 is more sensitive to temperature than to resistivity, which is 
predominantly determined by disorder. Although the origin of this 
behaviour remains unclear, it may motivate future theoretical studies.  

Regarding the orbital diffusion length, we extract 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  ~ 2 nm which 
does not depend on the resistivity, suggesting it is robust against 
disorder. The obtained value is similar to the reported one by ST-
FMR 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉 = 3.6 nm  [131].  𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  is also similar to the one reported for 
Cr,  𝜆𝜆𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 = 6.6 ± 0.6 nm, by MOKE [103] and to the one for Mn,  𝜆𝜆𝑂𝑂𝑂𝑂𝑀𝑀𝑀𝑀~ 
2 nm, by HMR [102]. According to recent first-principles scattering 
calculations by M. Rang et al., the orbital current decays rapidly, 
resulting in 𝜆𝜆𝑂𝑂𝑂𝑂 of less than 1 nm, with 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉 = 0.5 nm [54] for the 
specific case of V, and with no influence of disorder [47]. They suggest 
that the longer length scales being reported experimentally may arise 
because orbital current is converted into a spin current in a few atomic 
layers and what is being observed is the resulting spin diffusion length 
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(𝜆𝜆𝑆𝑆𝑆𝑆) after orbital to spin current conversion. Experimental 𝜆𝜆𝑆𝑆𝑆𝑆 values 
for V samples with similar resistivity are reported to be  𝜆𝜆𝑆𝑆𝑆𝑆𝑉𝑉 ∼ 16 nm 
 [255,257]. Thus, our value  𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  ~ 2 nm lies in between the theoretical 
orbital diffusion length and the experimental spin diffusion length, 
consistent with the previous hypothesis. Further studies are required to 
clarify the origin of the measured orbital transport parameters and the 
huge spread in the orbital diffusion lengths already reported [102–
104,106,131,133,134,136,137]. 

6.4 Conclusions 
In summary, we have studied the HMR and SMR effects in V thin films. 
We find a large HMR amplitude of the order of 10-4 in the range of 
thickness explored from 4 nm to 30 nm, while the SMR amplitude is 
one to two orders of magnitude smaller. These results, in combination 
with FMR in YIG/V, can be explained by the fact that V is a light metal 
with an expected large orbital Hall but small spin Hall contribution, i.e., 
the measured HMR arises mostly from the OHE. Furthermore, by 
fitting our results to the HMR equations, we are able to quantify the 
orbital transport parameters. We determine an orbital Hall conductivity 
𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  ~ 78 (ℏ/2e) Ω-1cm-1 that slightly decreases when resistivity 
increases from 𝜌𝜌𝐿𝐿0 ~ 270  to ~ 380 μΩ·cm, while the orbital diffusion 
length 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  ~ 2 nm remains independent of the resistivity in the same 
range. The large discrepancy between our experimentally obtained 
orbital Hall conductivity and the intrinsic one theoretically calculated 
may be related to the grade of disorder in our V thin films, which is not 
always fully considered in theoretical studies. Moreover, our study 
reveals a clear difference between charge and orbital diffusivities, a 
discrepancy that highlights the fundamentally different transport 
dynamics of orbital angular momentum. Further investigation is needed 
to clarify the impact of disorder on the suppression of orbital transport, 
particularly its role in limiting the magnitude of both the orbital Hall 
conductivity and the orbital diffusion length observed in disordered thin 
films. 

6.5 Appendices 

6.5.1 Resistivity of V thin films 
We fabricated vanadium (V) thin films by sputtering following the 
deposition conditions specified in Sec. 6.2. By changing the pre-
sputtering time, resistivities ranging between 𝜌𝜌𝐿𝐿0~ 171−464 μΩ·cm at 
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290 K were obtained. We chose the set of samples shown in Figure 6.5a 
in order to have similar resistivities with thicknesses up to 30 nm. The 
resistivity of the set of V samples remains in the range 𝜌𝜌𝐿𝐿0~256−278 
μΩ·cm (at 100 K) for 𝑡𝑡𝑉𝑉 ≥ 6 nm (Figure 6.5a). The samples with 
thickness 𝑡𝑡𝑉𝑉 ≥ 6 nm show a metallic behavior with a resistance 
minimum below 100 K that changes with thickness, indicating a 
disordered thin film. A characteristic resistivity curve as a function of 
temperature is shown in Figure 6.5c, for a 6-nm-thick film and in Fig. 
6.5d, for a 30-nm-thick film. The resistivity obtained for samples with 
𝑡𝑡𝑉𝑉 < 6 nm was always higher, showing an increase with decreasing 
temperature in the whole temperature range (10-300 K), characteristic 
of a more disordered metal than thicker films (Figure 6.5b). Despite 
this, we saw an important decrease in the amplitude of the HMR as 
expected for a diffusive phenomenon (see Figure 6.2a and 6.2c). 

 
Figure 6.5. Resistivity of V thin films. (a) Resistivity of the set of V thin films 
with varying thickness, at 100 K and 290 K. (b-d) Resistivity of the 4-, 6-, and 
30-nm-thick V films as a function of temperature.  
 

6.5.2 Longitudinal magnetoresistance 
measurements 
Figure 6.6a shows a characteristic longitudinal ADMR measurement, 
performed in the sample Si/SiO2/V(8 nm)/SiO2(5 nm) along the three 
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rotation planes (𝛼𝛼,𝛽𝛽, 𝛾𝛾). The temperature dependence of each ADMR 
amplitude is plotted in Figure 6.6b. 
 

 
Figure 6.6. Longitudinal magnetoresistance measurements. (a) Longitudinal 
ADMR measurements at 𝜇𝜇0𝐻𝐻 = 9 T and 𝑇𝑇 = 100 K along the three rotation 
planes (𝛼𝛼, 𝛽𝛽, 𝛾𝛾). Yellow lines correspond to a 𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼,𝛽𝛽) and a 𝑠𝑠𝑠𝑠𝑠𝑠2(𝛾𝛾) fit. (b) 
Amplitude of the ADMR as a function of temperature. Data corresponds to the 
8-nm-thick V film. 

 

6.5.3 Transverse magnetoresistance measurements 
The transverse FDMR measurements with the magnetic field 𝐻𝐻 applied 
along the three main axes (𝑥𝑥, 𝑦𝑦 and 𝑧𝑧) are shown in Figure 6.7. The 
transverse resistivity shows a nonlinear relation with the magnetic field 
along z, with different slopes at low and high magnetic fields. The linear 
trend at high fields comes from the ordinary Hall effect, expected for a 
NM metal [63]. To extract the HMR contribution from the transverse 
FDMR, we perform a linear fit in the high field regime between -7 T 
and -9 T (see light blue data in Figure 6.7). Then, this linear fit is 
subtracted from the measured data (blue data in Figure 6.7) to eliminate 
the ordinary Hall contribution, and Figure 6.1d is obtained. 
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Figure 6.7. Transverse magnetoresistance measurements. Measured transverse 
FDMR at 𝑇𝑇 = 100 K for the 6-nm-thick sample, with the magnetic field 𝐻𝐻 
applied along the three main axes. The light blue data represents the region 
used to perform the linear fit when 𝐻𝐻 is along z. The grey line is the 
extrapolation of the linear fit that helps to visualize the change of trend between 
the low field and high field regime due to the ordinary Hall effect. A constant 
offset has been subtracted. 
 

6.5.4 Hanle magnetoresistance of high resistive 
samples 
As discussed in Sec. 6.5.1, V films with the same thickness but different 
resistivities (in the range 𝜌𝜌𝐿𝐿0~ 171−464 μΩ·cm) were obtained. We 
perform ADMR measurements in a set of samples (6-nm-thick and 10-
nm-thick) with different resistivities at 𝜇𝜇0𝐻𝐻 = 9 T and 𝑇𝑇=290 K (Figure 
6.8a). A representative result of the ADMR, from a 6-nm-thick film 
with a resistivity of 𝜌𝜌𝐿𝐿0 = 378 μΩ·cm at 290 K, is plotted as ∆𝜌𝜌𝐿𝐿/𝜌𝜌𝐿𝐿0 =
 ∆𝑅𝑅𝐿𝐿/𝑅𝑅𝐿𝐿 =  [𝑅𝑅𝐿𝐿(𝛼𝛼,𝛽𝛽) − 𝑅𝑅𝐿𝐿(90°)]/𝑅𝑅𝐿𝐿(90°) in Figure 6.8b. Moreover, 
the longitudinal and transverse FDMR show the characteristic HMR 
behavior, as shown in Figure 6.8c and Figure 6.8d. 
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Figure 6.8. Hanle magnetoresistance of high resistive samples. (a) Amplitude 
of the HMR taken from ADMR measurements, in 𝛼𝛼 plane at 𝑇𝑇 = 290 K and 
𝜇𝜇0𝐻𝐻 = 9 T, as a function of the resistivity for different samples with V 
thicknesses of 6 and 10 nm. (b) ADMR measurement at 𝑇𝑇 = 290 K and 𝜇𝜇0𝐻𝐻 = 
9 T in 𝛼𝛼 and 𝛽𝛽 planes. Yellow lines are a 𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼,𝛽𝛽) fit. (c) Longitudinal and 
(d) transverse FDMR measurements performed at 𝑇𝑇 = 290 K with 𝐻𝐻 applied 
along the main axes. Data in (b), (c) and (d) correspond to sample Si/SiO2/V(6 
nm)/SiO2(5 nm) with 𝜌𝜌𝐿𝐿0 = 378 μΩ·cm. 

 

6.5.5 Orbital transport parameters of high 
resistivity samples 
Taking into consideration the change of HMR amplitude in samples 
with high resistivity, we use Eqs. (2.39) and (2.40) to analyze the impact 
of increasing the resistivity in the orbital transport parameters. To do 
so, we perform a simultaneous fit with 3 free parameters (𝜃𝜃𝑂𝑂𝑂𝑂, 𝜆𝜆𝑂𝑂𝑂𝑂, and 
𝐷𝐷𝑂𝑂) of the thickness dependence data set of high-resistivity samples 
(𝜌𝜌𝐿𝐿0~378−464 μΩ·cm) and the longitudinal and transverse FDMRs of 
a 6-nm-thick sample with a resistivity of 𝜌𝜌𝐿𝐿0 = 378 μΩ·cm, at 290 K 
(see Figure 6.9). This allows us to get the orbital transport parameters: 
𝜃𝜃𝑂𝑂𝑂𝑂, 𝜆𝜆𝑂𝑂𝑂𝑂, and 𝐷𝐷𝑂𝑂 shown in Table 6.1. 
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Figure 6.9. HMR thickness and field dependence in V thin films with fittings 
to the HMR equations. (a) Longitudinal HMR amplitude of high-resistivity 
samples at 9 T extracted from the ADMR measurements in 𝛼𝛼 plane (pink solid 
circles) as a function of thickness at 290 K, with its corresponding fitting of 
Eq. (2.39) (red solid line). (b) Longitudinal (𝐿𝐿, light blue line) and transverse 
(𝑇𝑇, dark blue line) FDMR at 290 K of the 6-nm-thick sample with high 
resistivity (𝜌𝜌𝐿𝐿0 = 378 μΩ·cm), with their respective fittings of Eq. (2.39) 
(dotted lines) and Eq. (2.40) (dashed lines). 

Furthermore, to assess the impact of the fitting method on the extracted 
orbital transport parameters, we have also performed a triple-variable 
fit for the low-resistivity sample and the low-resistivity dataset (results 
are shown in Table 6.2). This change in fitting procedure does not 
significatively affect the extracted parameter values. The errors in Table 
6.2 correspond to the statistical errors obtained from the fitting 
procedure, which, in the case of the fitting method described in section 
6.3 for the low-resistivity sample (“Method 1”) cannot be quantified for 
certain parameters. The errors used in Table 6.1 correspond to an overall 
estimated error coming from several sources. 
 
 
Table 6.2. Orbital transport parameters of V extracted from the fittings at 290 
K. Method 1 refers to the fitting procedure where 𝜆𝜆𝑂𝑂𝑂𝑂 is first extracted using 
the thickness dependence dataset, followed by the fitting of the other two 
parameters (𝜃𝜃𝑂𝑂𝑂𝑂  and 𝐷𝐷𝑂𝑂) using the longitudinal and transverse FDMR datasets. 
Method 2 refers to the simultaneous triple-variable fitting approach using the 
three datasets. 

Method 
𝜌𝜌𝐿𝐿0 

(μΩ·cm) 
 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  
(nm) 

𝜃𝜃𝑂𝑂𝑂𝑂𝑉𝑉  𝐷𝐷𝑂𝑂𝑉𝑉 
(mm2/s) 

𝜏𝜏𝑂𝑂𝑉𝑉 
(ps) 

𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  
[(ℏ/2e) Ω-1cm-1] 
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1 270.3 2.1 0.0214 2.16 ± 
0.02 

2.04 ± 
0.01 79 

2 270.3 2.2 ± 0.1 0.021 ± 0.004 2.3 ± 0.1 2.16 ± 0.1 77 ± 1 

2 378.1 2.09 ± 
0.07 

0.0240 ± 
0.0003 

2.00 ± 
0.06 

2.18 ± 
0.07 63.5 ± 0.8 

 
 

6.5.6 Magnetoresistance measurements on YIG 
As shown in Sec. 6.3, Si/SiO2/V samples with thickness similar to 
YIG/V(7nm) shows a higher HMR amplitude (compare amplitudes in 
Figure 6.1b with Figure 6.3c), even though the samples have 
comparable resistivities (𝜌𝜌𝐿𝐿0

𝑌𝑌𝑌𝑌𝑌𝑌/𝑉𝑉(7) = 295 μΩ·cm and 𝜌𝜌𝐿𝐿0
𝑆𝑆𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆2/𝑉𝑉(6) = 

264 μΩ·cm at 100 K). This difference arises because of the fabrication 
process: while YIG/V(7nm) sample was fabricated using an etching 
process, Si/SiO2/V samples were fabricated using a lift-off procedure. 
The change in fabrication method was chosen in order to have a clean 
interface in the YIG samples, which is crucially important to have a 
proper transmission of spins (i.e., large spin-mixing conductance) and, 
consequently, a reliable SMR signal. However, this change of 
fabrication method results in a reduced HMR signal for the YIG/V 
samples. 
 
To clarify this point and demonstrate that the observed difference is due 
to the fabrication method and not to the resistivity or significant changes 
in the microstructure that could have affected the amplitude of the 
signal, we show in Figure 6.10 a sister sample deposited and fabricated 
at the same time, but on a Si/SiO2 substrate (𝜌𝜌𝐿𝐿0

𝑆𝑆𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆2/𝑉𝑉(7) = 302 
μΩ·cm). This means that both samples were sputtered and ion-beam 
etched simultaneously. As shown in Figure 6.10, both samples exhibit 
similar ADMR amplitudes, but lower than those obtained with the lift-
off procedure. The different fabrication method may have introduced 
some resist residues or solvent degradation that affected the signal. In 
any case, it is important to note that there is still a difference of more 
than one order of magnitude between the SMR (Figure 6.3b) and HMR 
(Figure 6.3c and Figure 6.10) signals. 
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Figure 6.10. Angular-dependent magnetoresistance measurement at T =100 K 
and 𝜇𝜇0𝐻𝐻 = 9 T in 𝛼𝛼 plane for V(7nm) deposited on two different substrates: 
Si/SiO2 and YIG. The two devices are processed with negative lithography and 
etching. 

 

6.5.7 Structural characterization of V samples 
We have performed X-ray diffraction (XRD) and reflectivity (XRR) to 
know the degree of crystallinity/disorder and thickness of the vanadium 
films, as well as atomic force microscopy (AFM) to quantify their 
roughness. Figure 6.11a shows the XRD patterns of Si/SiO2/V(𝑡𝑡𝑉𝑉 
nm)/SiO2(5 nm) thin films, with 𝑡𝑡𝑉𝑉 = 5 and 30 nm, deposited together 
with the Hall bar samples used for magnetoresistance measurements. 
The absence of vanadium diffraction peaks indicates that the thin films 
have a very low crystallinity or are even amorphous, confirming their 
disordered nature. Figure 6.11b presents the corresponding XRR 
measurements, used to calibrate the thickness of the films. The similar 
decay in intensity observed for both thicknesses suggests that the films 
have comparable roughness. From the AFM scans, shown in Figure 
6.11c and Figure 6.11d, the roughness mean square (r.m.s.) of the thin 
films are estimated to be around 0.5 nm in both cases, corresponding to 
the two ends of the thickness range used in the present study. 
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Figure 6.11. Structural characterization of V samples. (a) XRD spectra, (b) 
XRR, and (c,d) AFM from sputtered thin films of Si/SiO2/V(𝑡𝑡𝑉𝑉 nm)/SiO2 with 
𝑡𝑡𝑉𝑉=5 and 30 nm, respectively. 

 

6.5.8 Orbital transport parameters of 8-nm-thick 
low-resistivity sample  
To further investigate the robustness of the orbital transport parameters, 
we performed an additional fitting for a low-resistive 8-nm-thick 
sample (see Figure 6.12). The extracted orbital transport parameters, 
shown in Table 6.3, are consistent with those obtained for the 6-nm-
thick sample. Furthermore, both samples follow the same trend with 
temperature, reinforcing the robustness of the observed trends. 
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Figure 6.12. HMR thickness and field dependence in V thin films with fittings 
to the HMR equations. (a) and (c) Longitudinal HMR amplitude at 9 T 
extracted from the ADMR measurements in 𝛼𝛼 plane (pink solid squares) as a 
function of thickness at 100 K and 290 K, respectively, with their 
corresponding fittings of Eq. (2.39) (red solid line). (b) and (d) Longitudinal 
(𝐿𝐿) (light blue line) and transverse (𝑇𝑇) (dark blue line) FDMR for sample 
Si/SiO2/V(8 nm)/SiO2(5 nm) at 100 K and 290 K, respectively, with their 
corresponding fittings of Eq. (2.39) (dotted lines) and Eq. (2.40) (dashed lines). 

Table 6.3. Orbital transport parameters of V extracted from the fittings at 100 
K and 290 K for sample Si/SiO2/V(8 nm)/SiO2(5 nm). 

T 
(K) 

𝜌𝜌𝐿𝐿0 
(μΩ·cm) 

 𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  
(nm) 

𝜃𝜃𝑂𝑂𝑂𝑂𝑉𝑉  𝐷𝐷𝑂𝑂𝑉𝑉 
(mm2/s) 

𝜏𝜏𝑂𝑂𝑉𝑉 
(ps) 

𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  
[(ℏ/2e) Ω-

1cm-1] 

100 255.9 1.8 ± 0.3 0.019 ± 0.001 1.51 ± 0.5 2.14 ± 0.2 74 ± 4 
290 262.7 2.1 ± 0.3 0.020 ± 0.001 2.46 ± 0.8 1.79 ± 0.2 76 ± 4 
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Chapter 7  
Conclusions and outlook 
This thesis focuses on the study of angular momentum transport. Since 
the emergence of spintronics more than three decades ago with the 
discovery of GMR, research has largely concentrated on spin transport 
mediated by conduction electrons. Beyond this, however, it is also 
possible to take advantage of the collective motion of spins (spin waves 
or magnons), which can propagate in any magnetically ordered 
material, including insulators. In parallel, the role of orbital angular 
momentum, once considered negligible in comparison to spin, is now 
recognized as an active channel for information transport. Because of 
this recognition, orbitronics has arisen as a new alternative that exploits 
the flow of orbital angular momentum. Together, these developments 
have uncovered a rich variety of phenomena resulting from the 
generation, propagation and detection of spin and orbital currents, 
highlighting their potential for future spintronic and orbitronics 
technologies. Moreover, a significant advantage of these mechanisms is 
their compatibility with conventional electronics, offering promising 
routes for integration into future information technologies. 

In this thesis, through magnetotransport and ferromagnetic resonance 
experiments, we explore the transport of spins in a prototypical 
ferromagnetic insulator, and of orbital angular momentum in a 3d metal, 
aiming to advance the current understanding of these phenomena. Here, 
we summarize the main results and discuss future perspectives towards 
the implementation of functional spin- and orbital-based devices. 

First, we carried out a comprehensive study on insulating EuS thin 
films, a material widely used due to its ability to induce an extremely 
strong exchange field at interfaces with a broad range of materials. Our 
approach combined the investigation of SMR, local and non-local 
magnon transport and the magnetization dynamics of EuS, including 
Gilbert damping, thereby linking magnon diffusion to the intrinsic 
magnetic relaxation of the system.  

In Chapter 4, we observe SMR and demonstrated the transport of 
incoherent magnon currents in Pt/EuS heterostructures below 𝑇𝑇𝐶𝐶. The 
SMR amplitude indicates efficient spin transmission at the EuS/Pt 
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interface. Motivated by this, we investigated the transport of magnon 
currents, comparing local and non-local signals. We confirmed the 
generation and propagation of thermally induced magnon currents 
through the temperature and field dependence, consistent with the 
magnetic origin. Finally, the thickness dependence of the non-local 
signal revealed a decay consistent with thermally generated magnons in 
the relaxation regime, with a magnon diffusion length of 𝜆𝜆𝑚𝑚𝑡𝑡ℎ = 140 ±
30 nm at 2 K and 0.3 T, establishing EuS as a reference ferromagnetic 
insulator for magnon transport studies.  

In Chapter 5 we investigated the low-temperature magnetization 
dynamics of EuS thin films grown on different substrates, and therefore, 
exhibiting different structural properties. The experimental results show 
that the Gilbert damping decreases by one order of magnitude when the 
thickness increases from 20 nm to 40 nm, reaching 10−3  below 10 K, 
while the crystallinity of the samples has a comparatively minor effect 
on the magnetic losses. This thickness dependence is attributed to 
stoichiometric defects at the substrate/film interface, suggesting that 
improving interface quality could further reduce damping. The similar 
values obtained for epitaxial and polycrystalline films indicate that less 
demanding growth conditions may still be suitable for device 
fabrication. These results underline the potential of EuS for magnonic 
and spintronic applications, expanding the range of viable 
ferromagnetic insulator. 

Looking ahead, EuS emerges as a particularly attractive platform for 
future applications at cryogenic temperatures, where conventional 
semiconducting or metallic technologies become inefficient. Hybrid 
EuS/superconductor systems are specially promising. For instance, 
V/EuS bilayers have recently been used to realize highly efficient 
superconducting diodes and rectifiers for quantum circuitry, showing 
that the combination of ferromagnetic exchange fields and 
superconductivity would help to significantly reduce energy 
consumption and mitigate decoherence from thermal and 
electromagnetic noise [264]. 

Beyond superconducting diodes, the interaction between magnon 
currents in EuS and superconductivity opens additional possibilities. 
Spin-split superconductors have been predicted to host thermoelectric 
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effects that could be harnessed in cryogenic heat engines, converting 
waste thermal energy into useful electrical signals [265].  

Finally, the favourable damping characteristics of EuS, even in 
polycrystalline films, make it suitable for the fabrication of magnonic 
waveguides and magnetic nanostructures. The possibility of growing 
such films on cold substrates compatible with standard lithographic 
resist such as PMMA, further simplifies its integration in magnonic and 
spintronic devices. 

In summary, EuS proves to be not only suitable for fundamental 
studies [266], but also for future magnonic, spintronic and 
superconducting devices at cryogenic temperatures. Furthermore, 
beyond spin-based transport, EuS related chalcogenides (EuSX) are 
gaining attention in the emerging field of orbitronics [267]. In this 
sense, the study of orbital currents in Chapter 6, provides a 
complementary approach to understand and further expand the 
knowledge of spin- and orbital-based phenomena. 

In Chapter 6 we explored vanadium, a 3d metal with weak spin-orbit 
coupling, which exhibits a large Hanle magnetoresistance. Combining 
HMR and FMR measurements, we quantified the key orbital transport 
parameters (𝜎𝜎𝑂𝑂𝑂𝑂𝑉𝑉  ~ 78 (ℏ/2e) Ω-1cm-1 and  𝜆𝜆𝑂𝑂𝑂𝑂𝑉𝑉  ~ 2 nm), confirming the 
orbital origin of the observed signals. These results provide a detailed 
characterization of orbital current propagation in vanadium making 
HMR a suitable technique to characterize a broad class of materials with 
either strong or weak spin-orbit coupling.  

Despite the potential of orbitronics, fundamental questions remain 
open. For instance, the orbital diffusion length which is reported to vary 
from a few nm to several tens of them, requires further clarification. 
Moreover, unlike conventional spintronics, which typically relies on 
materials with strong spin-orbit coupling, orbitronics cover a broad 
class of materials. Orbital contributions have already been shown to 
play a significant role in systems traditionally associated with spin 
transport. Understanding the role of spin and orbital degrees of freedom 
in angular momentum transport requires further exploration. 

Overall, this thesis deepens our understanding of spin- and orbital- 
based phenomena, with EuS as a reference material for cryogenic 
studies and applications and vanadium as reference material for orbital 
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studies. Together, they demonstrate their relevance for future research 
on spin- and orbital- based technologies. 
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