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Resumen

La fabricación de los circuitos integrados se basa en la tecnoloǵıa CMOS (del

inglés Complemenatry Metal Oxide Semiconductor). En las últimas décadas, ha

tenido lugar una exitosa miniaturización de los dispositivos electrónicos, y por

lo tanto de los transistores CMOS. Sin embargo, actualmente, el tamaño de los

transistores CMOS está alcanzando el ĺımite cuántico, surgiendo la necesidad

de una tecnoloǵıa post-CMOS. Se han planteado diferentes estrategias como

alternativa a la tecnoloǵıa CMOS, entre ellas destaca el torque por transferencia

de esṕın mediante efecto Hall de esṕın. Algunas de las diferentes propuestas

post-CMOS y de almacenaje y lectura de datos en componentes magnéticos se

basaban en la tecnoloǵıa de esṕın, también denominada espintrónica. Por lo que

incentivaron el estudio de la generación, transporte y detección de corrientes

de esṕın, aśı como la conversión de corrientes de esṕın a carga en materiales

que poseen interacción esṕın-órbita. Recientemente, en 2019, la empresa Intel

propuso un dispositivo magnetoeléctrico de esṕın-órbita, en el que el estado

magnético es léıdo a través del efecto Hall de esṕın, por lo que el estudio del

control y manipulación de las corrientes de esṕın se ha visto estimulado más si

cabe.

Mientras que la electrónica tradicional hace uso de la carga del electrón,

la espintrónica usa el momento angular intŕınsico que poseen los electrones.

En el caso de la corriente de carga, hay un flujo neto de carga pero no de

momento angular, conocido como esṕın. Por contra, en la corriente pura de

esṕın se produce un flujo de momento angular pero no de carga. La corriente

polarizada de esṕın se caracteriza por un flujo tanto de carga como de momento

angular.

Basándose en observaciones previas, como la magnetorresistencia gigante

descubierta por Fert y Grünberg, y el modelo de dos corrientes desarrollado
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por Campbell, se consiguió una inyección efectiva de espines en materiales no

magnéticos. Dicha inyección se puede alcanzar mediante diversas técnicas. En

particular, la empleada en esta Tesis es la inyección eléctrica. Al aplicar una

corriente eléctrica entre un material ferromagnético, caracterizado por una pres-

encia mayoritaria de electrones con cierta polarización de esṕın, y un material

no magnético, se crea una acumulación de esṕın en la interfaz entre ambos

materiales. Esta acumulación de esṕın difunde en el material no magnético una

distancia caracteŕıstica – la longitud de difusión de esṕın. La difusión de esṕın

puede ser detectada usando otro material ferromagnético en contacto con el

canal de esṕın. El voltaje generado entre el material ferromagnético actuando

como detector y el canal no magnético se ve modificado por la presencia de la

difusión de espines en el canal. Si la inyección de carga se encuentra separada

del circuito de voltaje, está técnica se conoce como no local y es la base para

las válvulas de esṕın empleadas en la Tesis.

En 2004, Geim y Novoselov aislaron, por primera vez, grafeno, una capa

atómica de carbono ayudados de una cinta adhesiva. Este descubrimiento rev-

olucionó la ciencia de materiales, iniciando un nuevo campo de estudio, el de

materiales bidimensionales. Años después de su descubrimiento, el grafeno se

postuló como el candidato ideal para el transporte de esṕın, transformando el

mundo de la espintrónica.

Los materiales bidimensionales presentan tanto diversidad en la composición

qúımica, como en las diferentes fases cristalinas en las que se pueden encontrar.

La estructura cristalina de estos materiales gobierna la simetŕıa de los procesos

f́ısicos permitidos, aśı como su propiedades electrónicas. Las capas de átomos

constituyentes de ciertos materiales bidimensionales se encuentran unidas por

fuerzas de van der Waals, que se caracterizan por ser unas fuerzas débiles. Por

lo tanto, estos materiales son fácilmente exfoliables usando una cinta adhesiva.

Este es el caso de MoTe2, un material con fuerzas de van der Waals entre sus

capas atómicas, que puede estar presente en diferentes estructuras cristalinas.

Por otra parte, debido a su composición qúımica, MoTe2 posee una fuerte in-

teracción esṕın-órbita por lo que los procesos de conversión de esṕın a carga

pueden darse en este material.

Esta Tesis versa sobre el estudio de los procesos de conversión de esṕın a

carga en MoTe2. Para dicha investigación, este material se combina con grafeno,

que actúa como canal de esṕın, creandose una estructura denominada válvula

de esṕın lateral. Tanto el grafeno como la lámina de MoTe2 empleadas en los

dispositivos son exfoliados usando una cinta adhesiva. La estructura cristalina
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de MoTe2 posee una cadena de átomos de molibdeno a lo largo de un eje cristal-

ino, que coincide con la dirección preferencial de rotura a la hora de exfoliar el

material. Es por ello que las láminas de MoTe2 tienden a ser alargadas. Para el

grafeno, ayudados de un microscopio óptico, se identifican aquellas láminas con

forma de aguja sobre las que se transferirá el MoTe2. Ayudados de un sistema

de micro-manipulación, la lámina de MoTe2 se sitúa encima del grafeno, de tal

forma que el eje largo del grafeno es perpendicular al eje largo del MoTe2. La

heteroestructura de grafeno y MoTe2 se mantiene unida gracias a las fuerzas

de van der Waals entre ambos materiales. Posteriormente, se disponen con-

tactos eléctricos y ferromagnéticos. Aplicando una corriente eléctrica entre el

contacto ferromagnético, que sita encima del grafeno, y un extremo del grafeno,

se produce una acumulación de espines en la interfaz que difunde en el canal

de grafeno. Cuando esta acumulación de esṕın alcanza el MoTe2, se produce la

absorción de los espines. Debido a la fuerte interacción esṕın-órbita que posee

el MoTe2, los espines absorbidos son convertidos a corriente de carga. Midi-

endo el voltaje a lo largo de la lámina de MoTe2, asociado a dicha corriente

de carga, se puede observar la señal correspondiente a la conversión de esṕın a

carga. Esta configuración de medida no local es la configuración estándar en el

estudio de conversión de esṕın a carga en una válvula lateral de esṕın.

La generación de una corriente de carga a ráız de una corriente de esṕın

puede suceder en el volumen del material con fuerte interacción esṕın-órbita,

en este caso el MoTe2, o en la interfaz entre ambos materiales. El primero de

los procesos es conocido como efecto Hall de esṕın, mientras que el segundo

se corresponde con el efecto Edelstein. Las configuraciones que dan lugar a

conversión de esṕın a carga están dictadas por las simetŕıas del material con

interacción spin-órbita o de la interfaz. Es por ello que es importante carac-

terizar la fase cristalina y la dirección de los ejes cristalinos en las láminas de

MoTe2.

El Caṕıtulo 4 presenta una caracterización de las láminas de MoTe2.

Primeramente, se identificará la orientación de los ejes cristalinos de las láminas

de este material. Mediante la espectroscoṕıa Raman polarizada y la microscoṕıa

electrónica de transmisión y barrido, se determina que el eje largo de las láminas

de MoTe2 se corresponde con la cadena de átomos de molibdeno. Esta determi-

nación es crucial para el posterior análisis de resultados de conversión de esṕın

a carga. A temperatura ambiente el MoTe2 utilizado en esta Tesis se encuentra

presente en la fase cristalina 1T’. En la literatura se reporta una transición es-

tructural fase de la fase 1T’ a la fase 1Td en el cristal de MoTe2. Sin embargo,
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mediante espectroscopia Raman a baja temperatura y medidas eléctricas de la

resistencia de las láminas empleadas, no se observan indicios de dicha transición

de fase. A fin de realizar una caracterización completa del MoTe2, se estudia

el comportamiento de la resistencia eléctrica cuando el material es sometido a

campos magnéticos a lo largo de diferentes direcciones cristalinas. Además, se

estudia el transporte de esṕın en una lámina de MoTe2. Este estudio es moti-

vado por trabajos experimentales y teóricos que pronostican una longitud de

difusión de esṕın relativamente grande en este material. Desafortunadamente,

efectos espurios en las medidas dificultan la detección de transporte de esṕın

directamente en el MoTe2.

Una vez está caracterizada la estructura cristalina, aśı como la dirección

de los ejes cristalinos en las láminas de MoTe2, se procede al estudio de la

conversión de esṕın a carga en heteroestructuras combinadas con grafeno. La

polarización de los espines que son absorbidos por el MoTe2 es controlada con

ayuda de un campo magnético externo. La presencia del campo magnético in-

duce precesión de los espines mientras difunden en el grafeno, y también modif-

ican la dirección de la magnetización del contacto ferromagnético encargado de

inyectar los espines. Las distintas contribuciones de conversión de esṕın a carga

debidas a las diferentes polarizaciones de esṕın inducen una variación en el

voltaje no local medido a lo largo de la lámina de MoTe2 en función del campo

magnético. Por lo tanto, la dependencia del voltaje con el campo magnético

permite extraer la señal correspondiente a cada polarización de esṕın. Este es-

tudio se realiza a altas temperaturas en el Caṕıtulo 5 y a bajas temperaturas

en el Caṕıtulo 6.

A altas temperaturas, se observa la conversión de esṕın a carga de una

componente permitida por la simetŕıa cristalina tanto del MoTe2 como de la

interfaz, y de una componente prohibida en ambos casos. Para la observación

de dicha componente prohibida, las simetŕıas cristalinas del sistema deben ser

reducidas, barajándose dos hipótesis: una fuerza de tipo cizalla en el MoTe2

desarrollada durante la fabricación de la muestra, o una interfaz entre el grafeno

y el MoTe2 sin simetŕıas, en las que cualquier proceso de conversión de esṕın a

carga esté permitido. Considerando que los procesos suceden en el volumen del

MoTe2, ambos procesos muestran una eficiencia comparable a los materiales

protot́ıpicos usados en espintrónica.

Por otra parte, a bajas temperaturas, un nuevo efecto que provoca la con-

versión de esṕın a carga es relevante, el efecto de proximidad. La interacción

esṕın-órbita es muy débil en el grafeno, sin embargo, cuando entra en contacto
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con un material con fuerte interacción esṕın-órbita, se induce un aumento de

la misma en el grafeno. Por lo tanto, efectos de conversión de esṕın a carga

pueden ocurrir en el propio grafeno. A baja temperatura se observa una nueva

contribución a la conversión de esṕın a carga, que es adscrita al efecto de prox-

imidad en el grafeno.

En la configuración estándar de medida empleada en los Caṕıtulos 5 y 6, la

medida de voltaje está restringida en una dirección, a lo largo de la lámina de

MoTe2, permitiendo detectar solo aquellos procesos de conversión de esṕın a

carga que generen una corriente de carga en dicha dirección. En materiales de

baja simetŕıa, como es el caso de MoTe2, la generación de la corriente de carga

puede suceder en cualquiera de las tres direcciones espaciales y es por ello que

se necesita una configuración de medida que aporte versatilidad a la hora de

detectar nuevas componentes de conversión.

Tanto la conversión mediante el efecto Hall de esṕın como mediante el efecto

Edelstein tienen su efecto rećıproco: el efecto Hall de esṕın inverso y el efecto

Edelstein inverso. Mediante el teorema de reciprocidad de Onsager, la eficiencia

de la conversión de esṕın a carga es equivalente a la de carga a esṕın. Esto

permite que, en vez de medir el voltaje a través de la lámina de MoTe2, se pueda

aplicar la corriente de carga a través de él, y generar una corriente de esṕın

que viaja porel canal de grafeno y resulta en un voltage que es medido usando

el contacto ferromagnético que anteriormente haćıa las veces de inyector de

espines. Gracias a esto, usando una configuración de corriente en 3 dimensiones

(3D) a través del MoTe2, nos permite acceder a configuraciones de conversión

de carga a esṕın que permanećıan inaccesibles en la configuración estándar.

En la configuración de corriente-3D, la corriente de carga se aplica desde un

extremo de la lamina de MoTe2, a través de la interfaz con el grafeno, hasta un

extremo del grafeno. De esta forma, se consigue que la corriente de carga dentro

de la lámina de MoTe2 tenga componentes en las tres direcciones espaciales.

Esta corriente de carga generará una polarización de esṕın que difundirá en el

grafeno. Usando un contacto ferromagnético dispuesto encima del grafeno, se

mide el voltaje no local entre dicho contacto y el grafeno. Iterando la medida

mientras se aplica la corriente de carga a lo largo de diferentes combinacions

de las tres direcciones espaciales de la lámina de MoTe2, se puede establecer

una relación entre la señal de esṕın medida y la dirección de corriente eléctrica

que la genera. Debido a la alta calidad de la interfaz entre el grafeno y el

MoTe2, podemos combinar la técnica estándar de medida junto con la técnica

de corriente-3D, permitiendo obtener una visión global de los procesos de con-
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versión de esṕın a carga. Junto con la señal no convencional ya reportada en

los Caṕıtulos 5 y 6, se observa una conversión de spin a carga permitida por las

simetŕıas cristalinas del MoTe2 y de la interfaz. Esta componente es solo accesi-

ble debido a la versatilidad de la configuración de corriente-3D en combinación

con la alta calidad de la interfaz de la heteroestructura. Estos resultados son

presentados en el Caṕıtulo 7.

La baja simetŕıa que presenta el MoTe2 en la fase 1T’ hace que la het-

eroestructura de grafeno/MoTe2 presente diferentes configuraciones que dan lu-

gar a conversión de esṕın a carga. Sin embargo, deducir el origen exacto de cada

proceso de conversión de esṕın a carga resulta complejo. Independientemente

de su origen, los materiales de baja simetŕıa con alta eficiencia en la conversión

de esṕın a carga, como es el caso de la heteroestructura de grafeno/MoTe2, se

postulan como ingredientes necesarios para la siguiente generación de disposi-

tivos espintrónicos, debido a su reducido tamaño, a su versatilidad y eficiencia

en los procesos de conversión de esṕın a carga.
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Abstract

This Thesis presents an extensive study of the spin-to-charge conversion pro-

cesses that occur in graphene/MoTe2 van der Waals heterostructures. The spin-

to-charge conversion stems from the spin-orbit coupling that materials with

large atomic number present. Two different intrinsic mechanisms can lead to

such conversion: spin Hall effect and Edelstein effect. For both effects, the crys-

tal symmetries dictate which spin-to-charge conversion processes are allowed. In

particular, for the Edelstein effect to occur, also the inversion symmetry of the

system has to be broken. Therefore, it is a process that occurs in the surfaces,

interfaces, and in certain bulk materials with broken inversion symmetry.

In materials that hold high crystal symmetry and spin-orbit interaction,

such as Pt, the conversion is restricted to an orthogonal configuration, where

the spin current, charge current, and spin polarization have to be mutually

perpendicular. In contrast, in low-symmetry materials, other configurations can

lead to spin-to-charge conversion. In this Thesis, we study 1T’-MoTe2, which is

a low-symmetry material with strong spin-orbit interaction. Moreover, MoTe2 is

a van der Waals material, which is easily exfoliable and can be easily combined

with another van der Waals material, such as graphene.

In order to study the spin-to-charge conversion processes in MoTe2, a graphene-

based lateral spin valve is employed. This device consists of an elongated needle-

like graphene flake which acts as spin transport channel and, on top of it, a

MoTe2 flake is placed. The stamping is performed in such a way that the long

direction of the MoTe2 flake is perpendicular to the one of graphene. To elec-

trically connect the heterostructure, metal contacts are patterned at the ends

of the graphene and MoTe2 flakes, and ferromagnetic electrodes added to the

graphene channel to act as spin injector and detectors.
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In the non-local lateral spin valve configuration, the charge current and the

voltage paths are separated so that spurious effects are avoided. The standard

spin-to-charge configuration in a lateral spin valve, the charge current is applied

from the ferromagnetic electrode, patterned on top of graphene, to one end of

the graphene flake. Therefore, a spin accumulation is created at the interface

between the two materials. The generated spin accumulation will diffuse in the

graphene channel until it reaches the MoTe2 flake. In the graphene/MoTe2 re-

gion, the spin-to-charge conversion is expected to occur. On the one hand, the

spins can get absorbed into the MoTe2, where will be converted into charge cur-

rent via the spin Hall effect. On the other hand, graphene gets “proximitized”

in contact with a spin-orbit coupling material, enabling the spin-to-charge con-

version either via the spin Hall effect or the Edelstein effect.

Regardless of the spin-to-charge conversion origin, the generated charge

current induces a non-local voltage along the MoTe2 that is probed using the

electrical contacts on the flake. In order to set the spin polarization along differ-

ent directions, an external magnetic field is used. The magnetic field will control

the spin polarization direction by two means: by inducing spin precession in the

spins diffusing in graphene and, for large enough values of the magnetic field,

by pulling the direction of the ferromagnet magnetization towards the direction

of the field. By measuring the non-local voltage as a function of the external

magnetic field along different directions, it is possible to establish an unam-

biguous relation between the non-local voltage measured signal and the spin

polarization that is converted into charge current. By fitting these data to a 1D

spin diffusion model, it is possible to extract the efficiency of the spin-to-charge

conversion. Because of Onsager reciprocity, the efficiency of the spin-to-charge

conversion processes is identical to the charge-to-spin conversion, regardless of

its origin. In the case of the charge-to-spin conversion measurement, the voltage

and current probes are swapped with respect to the spin-to-charge configura-

tion, therefore a charge current flows through the MoTe2 flake, resulting into a

spin accumulation injected into the graphene channel, later detect by proving

the non-local voltage between the ferromagnet and the graphene channel.

We first characterized the 1T’-MoTe2 flakes in Chapter 4. Due to the crys-

tal symmetry phase, MoTe2 presents in-plane anisotropy, therefore it is crucial

to determine the crystal axes orientation of our flakes to know which spin-

to-charge conversion processes are allowed by the crystal symmetry. MoTe2

presents a molybdenum atom chain along one of the in-plane crystal axes. By

using polarized Raman spectroscopy and scanning transmission electron mi-
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croscopy, we found that the preferential cleaving direction of the MoTe2 flakes

corresponds to the crystal axis where the Mo-atom chain lies. As a conse-

quence, the resulting exfoliated MoTe2 flakes tend to be elongated along the

Mo-chain direction. Moreover, 1T’-MoTe2 is expected to show a first-order

phase transition from the 1T’ to the 1Td phase in bulk MoTe2 crystals. This

phase transition is associated with the splitting of a certain polarized Raman

peak. When performing low-temperature polarized Raman spectroscopy, such

phase transition was observed in the bulk crystal while it was absent in the

MoTe2 flakes used in our devices, exfoliated from the same crystal. Further-

more, by measuring the resistance of the MoTe2 as a function of temperature,

no fingerprint of phase transition is observed, indicating that the MoTe2 flakes

stabilise in the 1T’ phase. To further characterize the MoTe2 flakes, their mag-

netoresistive behaviour is measured. The longitudinal resistance is probed upon

the presence of an external magnetic field along the different crystallographic

axes of the MoTe2 flakes. We observe that magnetoresistance is largest at low

temperatures and when the magnetic field is applied along the van der Waals

stacking direction. Furthermore, MoTe2 flake has been studied as spin channel

where the spins were directly injected by using ferromagnetic electrodes on top.

Unfortunately spurious effects coming from the anomalous magnetoresistance

hinder the proper spin detection.

Once MoTe2 is characterized, we study the SCC process using a graphene-

based lateral spin valve device. At moderate-high temperatures, between 300 K

and 75 K, two distinct contributions arising from the spin-to-charge conversion

of two different spin orientations are observed, as presented in Chapter 5. In

addition to the conventional configuration, where the spin polarization, to the

charge and spin currents are mutually perpendicular, an unconventional conver-

sion, where the spin polarization and the induced charge current are parallel, is

also observed. Whereas the conventional configuration is allowed by the crystal

symmetries, the unconventional configuration requires the symmetries of the

system to be reduced. One possibility is that the only 1T’-MoTe2 crystal mirror

is broken due to shear strain developed during the fabrication of the devices.

Another possibility is that the mirror planes of graphene are not aligned with

the MoTe2 mirror plane and, thus, a non-symmetric interface is created, allow-

ing generating a charge current from any spin polarization and spin current

direction. If the spin-to-charge conversion is assumed to occur in bulk MoTe2,

the efficiencies of the conventional and the unconventional processes are, in

both cases, comparable to the best spin Hall metals and topological insulators

materials.
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At low temperatures, the proximity-induced spin-to-charge conversion is

expected to become relevant. As reported in Chapter 6, along with the gen-

eration of charge current from any in-plane spin polarization, displayed at

moderate-high temperatures, an extra contribution is observed. In this case,

an out-of-plane spin polarization induces spin-to-charge conversion. The origin

of this signal can be ascribed to the inverse spin Hall effect in the proximitized

graphene, or to a non-orthogonal spin Hall effect in the 1T’-MoTe2, permitted

by the crystal symmetries. Since the presence of this conversion is dominant at

low temperatures, this effect is more likely to arise from proximitized graphene

via the spin Hall effect.

The standard spin-to-charge configuration fails to capture all the allowed

spin-to-charge conversion processes that can occur in the graphene/MoTe2 het-

erostructure. In order to access other spin-to-charge configurations allowed by

symmetries, a new “3D-current” configuration is employed in Chapter 7. On

the grounds of Onsager reciprocity, and thanks to the high-quality interface be-

tween graphene and MoTe2, we performed thorough charge-to-spin conversion

studies by combining the standard configuration, where the charge current is

applied along the SCC material, with a new configuration, where the charge

current flows in the three directions within the heterostructure (“3D-current”

configuration). On top of the unconventional spin-to-charge conversion already

observed, this configuration reveals a new spin generation polarized in-plane

perpendicular to the charge current. This configuration, inaccessible through

the standard configuration, gives new insights into the charge-to-spin processes

occurring in the system. The origin of the observed new signal can be attributed

to the spin Hall effect in MoTe2 or the Edelstein effect in graphene.

MoTe2/graphene van der Waals heterostructure has been demonstrated to

show a plethora of spin-to-charge conversion processes. Although determining

the precise origin of each component remains challenging, the large efficiencies

observed overall make this system appealing for potential applications where

efficient spin-to-charge conversion is required such as spin-orbit torque for mag-

netic memories, or a magnetoelectric spin-orbit device recently proposed by In-

tel. The combination of graphene with low-symmetry materials, where charge

current can be induced with different spin polarizations, opens the door to new

architectures for the mentioned devices.
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Chapter 1

The history of spintronics

A successful downscaling of electronic devices has occurred over the past decades.

Nowadays, the size of the CMOS-FETs (Complementary Metal Oxide Semi-

conductor - Field Effect Transistor) is reaching its quantum limit, triggering

the research for beyond-CMOS technology. The reduced size of the CMOS de-

vices gives rise to an increment in the tunneling and leakage current, having

direct impact on their performance. In terms of materials challenges, the contin-

ued scaling of devices hinders the reliable insulation of the dielectric material.

Moreover, the large number of CMOS devices per unit-area increases the power

consumption and demands efficient thermal dissipation [1–3]. Benchmarking

devices point the way on how beyond-CMOS technology has to evolve. A re-

cent work of benchmarking devices includes new switching mechanism for the

different computational variables, such as spin-orbit or spin-transfer torque via

spin Hall effect, ferroelectric and piezoelectric switchings [2]. In this work, spin-

based devices were postulated as post-CMOS candidates. Reducing the power

consumption is of vital importance and, to do so, Intel proposed in 2019, a mag-

netoelectric spin-orbit (MESO) device combining ferroelectric/magnetoelectric

switching and spin Hall effect readout of magnetic elements, which enables

voltage scalability, non-volatile logic-in-memory, and compatibility with tra-

ditional architecture [4]. In the forthcoming sections, an overview about the

development of spintronics from metal to bidimensional material-based devices

is given.

1
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1.1 From fundamentals to device technology

Apart from the charge, electron possesses its intrinsic angular momentum,

known as spin, which can be used to carry information in the same way charge

has been used in electronics. The field that aims at transporting and manip-

ulating spin currents is called spintronics. The birth of spintronics dates back

to the discovery of giant and tunneling magnetoresistance phenomena. Magne-

toresistance is defined as a change in the electrical resistance upon the presence

of an external magnetic field.

In 1936, Mott observed how, at sufficient low temperatures, electrons with

opposite spin do not mix during the scattering events and, hence, the con-

ductivity can be expressed as a sum of two independent terms [5]. Later, the

two-current model was extended by Campbell and co-workers in 1967 and Fert

and Campbell in 1968 [6, 7]. This model paved the way for the discovery of

giant magnetoresistance (GMR) in 1988. The groups led by Peter Grünberg [8]

and Albert Fert [9] discovered, simultaneously and independently that the re-

sistance of the magnetic multilayer changed dramatically, upon the presence of

an external magnetic field, showing a giant magnetoresistance effect. Not only

the discovery but its explanation earned Grünberg and Fert the Nobel prize in

Physics, in 2007.

The magnetic multilayer system showing GMR consisted of two ferromag-

netic (FM) metallic layers separated by a non-magnetic (NM) metallic slab

with nanometric thickness. This structure is also known as vertical spin valve.

A FM material, due to the exchange interaction, possesses a majority of elec-

trons with spin in a certain direction giving rise to the overall magnetization.

The direction of the magnetization of the two FM layers can be either par-

allel to each other [parallel configuration in Fig. 1.1(a)] or antiparallel [Fig.

1.1(c)]. According to the two-current model, the resistance of an electron flow-

ing through the trilayer device will depend on the relative orientation of its spin

and the magnetization of the FM. When a charge current (I c), defined as the

same amount of spin-up and spin-down electrons moving in the same direction,

is applied to the system, if the electron spin is parallel to the direction of the

magnetization of the FM, the resistance the electron feels will be, say, high.

However, if the electron spin is antiparallel to the magnetization, the resistance

will be low. The two-channel model resistor scheme for parallel and antiparallel

configurations is represented in Fig. 1.1(b) and Fig. 1.1(d), respectively.
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On the case of parallel alignment between the magnetization of the FMs,

the electron spin can be either parallel or antiparallel to the magnetization of

both FM. If it is parallel, it will go through a high resistance path as sketched

in the red branch in the equivalent circuit in Fig. 1.1(b). In contrast, if it is

antiparallel, the electron will go through a low resistance state corresponding to

the blue branch in Fig. 1.1(b). On the other side, for the antiparallel alignment

between the magnetization of the FMs, the electrons will go through a high

and a low resistance states, as represented in the resistor scheme in Fig. 1.1(d).

The total resistance in the parallel configuration (RP ) is lower than the total

resistance in the antiparallel configuration (RAP ).

E

EF

N(E)

E

EF

N(E)

Hext ≠ 0

R↑ R↑

R↓ R↓

Ic

a) b)FM1 FM2NM

E

EF

N(E)

E

EF

N(E)

FM1 FM2NM

Hext= 0

R↑ R↓

R↓ R↑

Ic

c) d)

Figure 1.1: Schematics of a vertical spin valve showing GMR in the

parallel and antiparallel configurations and the corresponding resistor

scheme. The FM layers (light red and light blue) on both sides are separated by a

NM layer (gray). (a) Charge current applied to the magnetic-multilayer device in the

parallel configuration due to the presence of an external magnetic field (H ext). The

magnetization of FM1 and FM2 are represented by the bottom red thick arrows.

The d-band structure is represented according to the simplified Stoner model. The

shift in the down-spin sub-band, due to the exchange interaction, makes the density

of states at the Fermi energy [N (EF )] different for both spin-up and spin-down

[N ↓(EF )>N ↑(EF )]. (b) Equivalent circuit using the two-current model for the

parallel case. (c) Charge current applied to the magnetic-multilayer device in the

antiparallel configuration. The magnetization of FM1 and FM2 are represented by

the red and blue thick arrows, respectively. For each FM, the d-band structure is

shown in the simplified Stoner model. The exchange interaction shifts in opposite

directions spin sub-bands in FM1 and FM2 and, hence, the total magnetization is

opposite. Accordingly, the density of states at the Fermi energy changes for the

spin-up spin-down electrons, being different in the two FMs. (d) Equivalent circuit

using the two-current model for the antiparallel case. Figure adapted from Ref. [10].

The GMR parameter depends on the difference between RP and RAP as
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follows:

GMR(%) =
RAP −RP

RP
× 100. (1.1)

The realization of large GMR devices at room temperature [11, 12] estab-

lished the transition from fundamental physics to applications since it can de-

tect sub-nT magnetic fields allowing for precise magnetic field sensors [13–15].

In order to improve the GMR parameter, a thin insulating layer was in-

troduced between the two FM slabs. This stack is known as magnetic tunnel

junction (MTJ), whose performance is quantified by the tunnelling magnetore-

sistance (TMR). MTJ consists of two FM where the magnetization of the first

FM layer is pinned and the magnetization of the second FM easily follows

the direction of the external magnetic field. In this configuration, the electrons

tunnel through the insulating layer keeping their spin and, hence, the charge

current gets spin polarized when it is applied from a FM. In 1975, M. Jullière

measured for the first time tunneling conduction in a Fe/Ge/Co stack and ob-

served how electrons keep their spin when tunneling with a TMR of 14% [16].

Years later, Al2O3 was used as a insulating layer, improving the TMR at room

temperature up to 11.8% [17]. Much higher effect was later obtained using

single-crystalline Fe/MgO/Fe stacks, exhibiting TMR values of up to 220% at

room temperature [18,19].

The first industrial application of GMR and TMR was in the field of infor-

mation technology in 1997, with the realization of GMR-based hard-disk read

heads [20,21]. GMR sensor was used to detect the magnetic state of the bits in

the magnetic race and, due to the good scalability and high sensitivity, GMR

sensor revolutionized the hard-disk industry [22]. Moreover, Slonczewski [23]

and Berger [24] independently predicted, in 1996, an important consequence

of the underlying physics of GMR: spin-transfer torque (STT). When a charge

current flows through a FM material (fixed layer), it becomes spin polarized

and maintain its polarization when travelling through the thin NM spacer.

Once the spin-polarized current reaches the second FM material (free layer),

it will exert a torque on its magnetization, transferring angular momentum to

it. This STT can induce precession and even switch the magnetization. STT

is now widely used in the MRAM (Magnetic Random Access Memory) tech-

nology [25], however, the large current density needed to write the magnetic

state (typically in the order of 107Acm−2) compromises further evolution of

STT-MRAMs [26]. Alternative to STT, a new way to write the magnetic state

of the FM layer has emerged, the spin-orbit torque (SOT) [27, 28]. The origin
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of the torque relies on the generation of a spin current in a NM material due

to the presence of strong spin-orbit coupling (SOC). SOT bridges two different

research areas in spintronics: the manipulation of electron spin in NM materials

and the one based on magnetic multi-layer devices.

Along with the revolution caused firstly by GMR and later by STT, dif-

ferent spin-based logic proposals were made. While Datta and Das, back in

1990, proposed the spin field-effect transistor based on the transport and ma-

nipulation of spin currents by means of electric field [29], Dery and co-workers

proposed spin accumulation in semiconductor/FM multiterminal structure to

conform a logic gate [30]. In 2010, Behin-Aein and co-workers proposed pure

spin currents to directly switch the magnet, constituting a cascade process [31].

These proposals triggered the study of the generation, transport and detection

of spin currents, which we will discuss in Section 1.2 and 1.3. The possibility

of using the SOC in NM materials to also generate spin currents for SOT, or

to detect spin currents for the MESO device, is a driving force in the study of

spin-to-charge conversion (SCC) which will be discussed in Section 1.4.

1.2 Electrical spin injection

Spin injection into NM materials can be achieved using FM materials via

electrical injection [32], spin pumping [33], or spin-dependent Seebeck effect

[34]; or using NM materials via Spin Hall Effect [35,36] or Edelstein effect [37,

38]. In this section, the electrical spin injection using FM materials is explained.

FM materials present a net magnetization even in the absence of an external

magnetic field. The overall magnetization is due to the exchange interaction

that shifts one of the 3d spin sub-band with respect to the other [39]. In FM

materials such as Fe, Co and Ni, these spin sub-bands are not completely filled

and, hence, one of them will present more occupied states than the other, giving

rise to the overall magnetization of the material. On the case of an over-idealized

Stoner model, the 3d band scheme for FM materials is represented in each FM

layer in Fig. 1.1.For the red FM, the sub-band of blue spins, say down-spins (↓),
is shifted with respect to the red spins, say up-spins (↑). The Fermi energy, EF ,

lies inside both bands, therefore, they are not completely filled. The filling of

the up-spin sub-band (represented by the red background) is larger than in the

down-spin sub-band (blue background) leading to an overall up magnetization

represented by the thick red up-arrow. On the contrary, for the blue FM [FM2
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in Fig. 1.1(c)], the up-spin sub-band is less filled than the down-spin sub-band,

yielding an overall down magnetization, represented by the blue thick down-

arrow. Typically, the spins which determine the overall magnetization of the FM

are named majority spins, while the others are minority spins. The two-current

model states that the electrical conduction in FM materials can be understood

as two currents of spin-up and spin-down electrons in parallel, with different

transport properties. Based on the two-current model and using the Einstein

relation, the electrical conductivity in a FM material becomes a spin-dependent

parameter given by:

σ↑,↓ = e2N↑,↓ (EF )D↑,↓, (1.2)

where N ↑,↓(EF ) is the spin-dependent density of states at the Fermi energy, e

is the elementary charge, and D↑,↓ is the spin-dependent diffusion coefficient,

given by:

D↑,↓ =
1

3
vF↑,↓λe↑,↓, (1.3)

where vF↑,↓ is the spin-dependent Fermi velocity of the electrons and λe↑,↓
is the spin-dependent electron mean free path.

Before delving further into the spin injection process, few basic concepts

have to be defined. A charge current density (jjjc) is defined as electrons with

opposite spins moving in the same direction [Fig. 1.2(a)]. When the amount

of spin-up moving in one direction is the same as the spin-down moving in

the opposite direction, the flow of charge is zero but there is a net flow of

spin angular momentum known as pure spin current density (jjjs) [Fig. 1.2(b)].

Likewise, if there is an unbalance in the spin-up and the spin-down electron

moving in one direction, charge current coexists together with spin current, the

so-called spin-polarized current density [Fig. 1.2(c)].

When applying a charge current in a FM material, due to the difference in

the conductivity for spin-up and spin-down electrons, the charge current gets

spin polarized. The current spin polarization of a FM material (αFM ) is defined

as:

αFM =
σ↑ − σ↓
σ↑ + σ↓

. (1.4)

For NM materials, the conduction of both spins is the same (σ↑ = σ↓ = σ)

and, thus, the charge current does not get spin polarized when flowing through

them.
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jc

js js

jc

a) b) c)

Figure 1.2: Definition of currents. (a) Charge current. The same amount of

electrons with spin-up (in red), and electrons with spin-down (in blue) are moving

in the same direction. The direction of the movement is represented by the dashed

arrow. The resulting charge current is represented by the bottom red thick arrow.

The total flow of spin angular momentum is zero. (b) Pure spin current. Electrons

with opposite spins move in opposite directions. The spin current is defined in the

direction in which spin-up electrons are moving, represented by the top green thick

arrow. The total flow of charge is zero. (c) Spin-polarized current. There is an

imbalance between spin-up and spin-down electrons moving in one direction. There

are a net flow of charge, represented by the bottom red arrow, and spin angular

momentum, represented by the top green arrow.

The difference in the conductivity between spins has a large impact when

a FM material is placed in contact with a NM material and a charge current

is applied between them [40–43]. The difference in the conductivity creates

a splitting in the electrochemical potential for spins up (µµµ↑) and down (µµµ↓)

at the FM/NM interface. This leads to a spin accumulation, which is defined

as µµµs = µµµ↑ − µµµ↓. A gradient in the spin electrochemical potential (∇µµµ↑,↓) is

the driving force of the up(down)-spin current in the same way a gradient in

the charge electrochemical potential (∇µµµc) is the driving force of the charge

current:

jjjc =
σ

e
∇µµµc (1.5)

jjj↑,↓ =
σ↑,↓
e

∇µµµ↑,↓, (1.6)

where the sum of the spin-up (jjj↑) spin-down (jjj↓) current densities results into

the charge current density (jjjc = jjj↑+jjj↓) and the difference into the spin current

density (jjjs = jjj↑ − jjj↓).

Under the assumption that the spin-flip scattering time (τs) is much larger

than the momentum scattering time (τp), µµµ↑ and µµµ↓ can be defined at any

point of the junction. The dynamics of the spins diffusing in any material are
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governed by the diffusive Bloch equation [44]:

Ds∇2µµµs −
µµµs

τs
= 0, (1.7)

where the first term corresponds to the diffusion of the spin accumulation and

the second term corresponds to the spin relaxation term. Considering the spin

accumulation in a NM material along the x -direction, the 1D-solution to the

equation is given by:

µs = A exp
(
−x/λNM

s

)
+B exp

(
x/λNM

s

)
, (1.8)

where A and B are defined by the boundary conditions due to the continuity of

charge and spin currents, λNM
s is the spin diffusion length in the NM, and is re-

lated to the spin lifetime as λs =
√
τsDs, being Ds the spin diffusion coefficient

which is the weighted average of the spin-dependent diffusion coefficient:

Ds =
σ↓D↑ + σ↑D↓

σ↑ + σ↓
. (1.9)

1.3 Spin transport and detection

Back in 1985, Johnson and Silsbee [45] were able to inject spins from a FM

material (FeNi) to a NM one (Al) with an efficiency ranging from 6% to 8%.

Years later, spin injection and detection in semiconductors were achieved using

circularly polarized light and semiconducting FM materials [46–49]. However,

it was lacking an efficient spin injection from FM metals [50,51]. Several stud-

ies showed efficient spin injection into semiconductors using a local lateral spin

valve (local LSV) geometry, where the charge current is applied from one FM

to the other through the NM channel and the voltage is measured between the

same two FM electrodes [52,53] [see Fig. 1.3(a)]. Using this geometry, different

artifacts mimicking the spin signal can arise, such as anisotropic magnetoresis-

tance or anomalous Hall effect [54]. In order to remove spurious contributions

and based on the potentiometric technique used to measure spin accumulation

in gold films [55] [Fig. 1.3(b)], Filip and co-workers developed the non-local

lateral spin valve (non-local LSV) [56] [see Fig. 1.3(c)].

Figure 1.3(c) shows the non-local LSV configuration where the charge cur-

rent path and the voltage path are separated to avoid any spurious effect. The

charge current is applied from FM1 to the left side of the NM channel. The

current spin polarization in the FM material will create a spin accumulation

at the FM/NM interface.
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𝑥

𝑦

𝑥

FM

V

L

FM

a)

FM

V

b)

FM1

VNL

FM2

c)

WNM

WFM1

Figure 1.3: Different measurement configurations to detect the spins

injected from a FM into a NM channel. The magnetization of each FM is

represented by the arrow on top. The magnetization of the first FM is fixed while

the magnetization of the second one changes from +y to −y. (a) Local LSV con-

figuration. The charge current is applied between the two FM electrodes and the

voltage is measured between them. (b) Potentiometric configuration. The current is

applied between the FM and one side of the NM channel and the voltage is probed

between FM and the other side of the channel. (c) Non-local LSV configuration.

The current is applied between FM1, acting as spin injector, and one side of the

the NM channel. The spin accumulation generated at the interface diffuses to both

sides of the spin injector (represented by the red arrows). The voltage is measured

between FM2 and the NM channel. The relative orientation between the spins and

the magnetization of FM2 will give rise to different values of VNL. The two FM

electrodes are separated by a distance L, with a width wFMi
. The width of the NM

channel is represented by wNM .

Assuming band structures as the one shown in Fig. 1.4, and an ideal spin

injection without spin flip at the interface, when the electrons flow from NM

to FM, the minority spins accumulate at the interface [57]. At the interface,

the spin accumulation (µµµs) is due to the difference between µµµ↑ and µµµ↓. If

the direction of the current is reversed, the majority spins accumulate at the

interface accordingly. The spin accumulation created at the interface diffuses

in the channel with a characteristic length − the spin diffusion length (λs).

FM2 can only detect the spins which are aligned with its magnetization axis,

by probing the voltage build up at the junction between NM and FM2. The

non-local voltage is defined as the difference in the voltage between the detector

and the NM channel and it is given by VNL = (µ↑,↓ − µc)/(-e). By using this

technique, any magnetoresistance which does not depend on spins is suppressed

since the charge current path and the voltage path are completely separated.

Often a non-local resistance (RNL) is given, which is the non-local voltage

normalized by the applied charge current (Ic), RNL = VNL/Ic.

This spin detection technique relies on the spin accumulation created at

the FM/NM interface. However, the spin accumulation created at the interface
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FM1 NM FM1 / NM (𝑥 = 0)

Figure 1.4: Band scheme in the spin injection process from FM to NM.

Using the simplified Stoner model, the d-bands of FM1 are represented for the spin-

up and the spin-down sub-bands. The total magnetization of the FM1 is up. The

s-bands in NM present the same amount of spin-up and spin-down electrons. When

a charge current (Ic), represented by the orange arrow, is applied from FM1 to NM,

more up-spin electrons flow from NM to FM1 because σ↑|FM1
> σ↓|FM1

. This

leads to a down-spin accumulation (µµµs) at the FM1/NM, which sites at x = 0, due

to the difference between the spin-up and spin-down electrochemical potentials.

is reduced if the spins enter into the FM. This phenomenon is known as spin

absorption [42, 44, 58–61], and happens when the spin finds a less resistive

path when flowing to the FM instead of accumulating at the interface. This

phenomenon is enhanced by the conductivity mismatch problem in this kind

of devices, where usually the resistivity of the FM is much lower than the one

of the NM, promoting the spin absorption to the FM. Likewise, this effect also

happens at the injector electrode, where the efficiency of the spin injection

can be diminished due to the back-flow of spins. The conductivity mismatch

issue was firstly theoretically reported by Schmidt and co-workers [41] and the

solution to it, by adding a tunnel barrier (TB), was proposed by Rashba [58].

From the experimental side, the conductivity mismatch problem was ob-

served by Jedema and co-workers [62] when using a NiFe/Cu/NiFe LSV, the

obtained current spin polarization was around 2% while it was greatly improved

when using TB and substituting Cu by Al (Co/TB/Al/TB/Co) [63]. TBs play

a crucial role providing high spin-dependent resistance, enhancing the spin po-

larization of the injected spin current, and avoiding the back-flow of the spins

once they are injected into the NM channel. By sweeping the magnetic field in

the in-plane easy axis, and due to the different shape anisotropy between the

injector and detector, it is possible to access a parallel or antiparallel configu-

ration of the LSV. By measuring VNL, while the magnetic field is swept, the

signal will dramatically change from the parallel to the antiparallel configura-



1

The history of spintronics | 11

tion. This abrupt change in the signal allows us to define the spin signal as the

semi-difference between parallel (RP
NL) and antiparallel state (RAP

NL):

∆RNL =
RP

NL −RAP
NL

2
. (1.10)

The spin signal can be calculated taking into account the continuity of the spin

currents and the charge current at the interfaces in Eq. 1.8, leading to [42]:

∆RNL = 2RNM
s exp

(
L

λNL
s

)
∏2

i=1

Pi
Ri

RNM
s

1− P 2
i

+

αFM
RFM

s

RNM
s

1− α2
FM


∏2

i=1

1 +

2
Ri

RNM
s

1− P 2
i

+

2
RFM

s

RNM
s

1− α2
FM

− exp

(
2L

λNM
s

) ,

(1.11)

where the i -index corresponds to the two different interfaces FM1/NM and

FM2/NM, P i=1 corresponds to the polarization of the FM1/NM interface,

which in the following will be referred as P inj , and P i=2 the polarization of

the FM2/NM interface, in the following Pdet. Ri corresponds to the resistance

of each FMi/NM interface, and R
FM(NM)
s is the spin resistance of the FM or

NM, given by:

RFM(NM)
s =

ρFM(NM)λ
FM(NM)
s

AFM(NM)
, (1.12)

where ρFM(NM) is the resistivity of the FM or NM, AFM = wFMwNM is

the area of the interface, and ANM=wNM tNM is the cross-section of the NM

channel, being tNM the thickness of the NM.

The spin signal will depend on whether each FM/NM junction is transpar-

ent, TB or a mix between both. If the interface resistance of both FMi/NM are

lower than the spin resistance of each FM (R1,R2 ≪ RFM
s ), the contact between

FM/NM is transparent, and the signal will initially decrease very abruptly and

then as an exponential decay. If the interface resistances are larger than the

spin resistance of the NM (R1,R2 ≫ RNM
s ), the spin signal will decay as an

exponential and will be larger than in the transparent contact case [42].

By measuring the spin signal for different values of L, it is possible to fit

the results to Eq. 1.11 and extract the spin injection (αFM , P i) and the spin

transport (λNM
s ) parameters of the LSV.
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1.3.1 Hanle spin precession.

Throughout the spin transport, the electron spins can undergo a coherent

precession, known as Hanle precession, under the presence of an external mag-

netic field perpendicular to the spin polarization direction (B⊥). During the

time the spins are diffusing in the channel (t) their direction will be modified

by an angle ψ = ωt, where ω is the Larmor frequency ω=gµBB⊥/ℏ, g is the

g-factor of the electron, µB is the Bohr magneton, and ℏ is the reduced Plank

constant.

For low enough magnetic fields, the magnetization of the detector will lie

along its easy axis and will only detect the projection of the spin onto its

magnetization, thus the detected voltage will be proportional to ± cos (ψ). The

normal distribution of electrons that, once injected, will arrive at the detector

within a diffusion time t is given by:

P(t) =
1√

4πDct
exp

(
− L2

4Dct

)
, (1.13)

where Dc is the charge diffusion coefficient. If a diffusive transport is assumed

for both spin and charge, then Dc =Ds. Considering the spin precession around

a perpendicular magnetic field and its relaxation over time, the spin accumula-

tion with spin polarization parallel to the magnetization of the detector (easy

axis, y-direction) will be given by:

µsy ∝ P(t)cos(ψ) exp (−t/τs), (1.14)

where the exponential term [exp (−t/τs)] corresponds to the spin-flip scattering.

The non-local resistance probed at the detector will be given by the addition of

all the spins arriving to the detector over the diffusion time t, with the following

form:

RNL(B⊥) ∝
∫ ∞

0

P(t) cos (ψ) exp (−t/τs)dt. (1.15)

For larger magnetic fields, the magnetization of the detector will be pulled

towards the direction of the magnetic field until it is aligned. Taking into ac-

count the angle pulled out of the easy axis (Θ), the RNL will be given by [63]:

RNL(B⊥,Θ) = RNL(B⊥) cos
2 (Θ) + |RNL(B⊥ = 0)| sin2 (Θ). (1.16)

When the magnetization is parallel to the magnetic field (Θ = π/2), no pre-

cession occurs. By fitting the experimental data to the previous equation, the

spin lifetime (τs) and the spin polarization (
√
PinjPdet) can be quantified.
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1.3.2 Spin relaxation mechanisms

The spin accumulation is a non-equilibrium situation because spin is not

a conservative quantity and can flip between up and down states. There are

different mechanisms that cause spin accumulation to relax to an unpolarized

state of equilibrium. The different spin relaxation mechanism an electron can

undergo while travelling in a NM are [61, 64]: (i) Elliott-Yafet [65, 66], (ii)

D’Yakonov-Perel [67, 68], (iii) Bir-Aronov-Pikus mechanism in p-doped semi-

conductors (spin-flip due to the exchange interaction in electron-hole scattering

event) [69, 70], and (iv) hyperfine interaction [71, 72], which is the magnetic

interaction between the magnetic moment of the electron and the nucleous.

However, the most common ones are Elliott-Yafet and D’Yakonov-Perel mech-

anisms.

On the one hand, Elliott-Yafet mechanism emerges from the probability an

electron has to flip its spin while scattering with a defect (impurity, phonon...)

through the SOC of the material. Under Elliott-Yafet scattering, τs is pro-

portional to the momentum scattering time (τs ∝ τp). On the other hand,

D’Yakonov-Perel occurs in systems with broken inversion symmetry. The ab-

sence of this symmetry together with the SOC creates a different effective mag-

netic field at any k -point in the band structure. This induces spin precession,

leading to a dephase in the spin orientation in between scattering events. There-

fore, τs is inversely proportional to the momentum scattering time (τs ∝1/τp).

1.4 Spin-to-charge conversion

As mentioned before, different techniques can be used to generate spin cur-

rents in NM materials. In Section 1.3, electrical spin injection using FM ma-

terials has been discussed. However, spin currents can also be generated using

NM materials via spin Hall effect or Edelstein effect. Both effects occur in sys-

tems with strong SOC, while the latter also needs the inversion symmetry to

be broken. In this section, a physical explanation of each process is given.

SOC steams from the interaction between the spin and the orbital angular

momentum. The interaction between them induces a splitting in the spin sub-

bands allowing to host electrons with both spin-up and down in the same

quantum state. The strength of the SOC interaction scales with Z 4, being Z

the atomic number. Those materials with large Z will present high SOC while
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the ones with low Z will present negligible SOC [73,74].

1.4.1 Spin Hall effect

Early theoretical studies [67,75] considered that electrons deflect in different

directions depending on their spins when scattering with impurities, due to

SOC. This scattering process will generate a spin imbalance with its associated

spin current [Fig. 1.5(a)]. Without being aware of the work from D’ayokonov

and Perel, in 1999, Hirsch gave the name of spin Hall effect (SHE) to this

phenomenon, and was predicted to happen in paramagnetic materials [76].

Reciprocally, a spin current should induce a charge current, which is known as

inverse spin Hall effect (ISHE) [Fig. 1.5(b)].

−jc

js
js

−jc

a) b)

Figure 1.5: SHE and ISHE process in a high symmetry SOC material. (a)

By applying a charge current into a SOC material, electrons with opposite spins will

deflect to opposite sides inducing a transverse spin current. (b) When a spin current

is injected into a SOC material, spins will deflect in the same direction generating

a transverse charge current.

Upon applying an electric field in a strong SOC material, a spin current is

generated following:

jαi = σα
ijEj , (1.17)

where jαi is the spin current along the i -direction with spin polarization along

α-direction generated when an external electric field (Ej) along the j -direction

is applied and σα
ij denotes the spin Hall conductivity tensor. It is important

to note that the crystal symmetry of the SOC material determines the tensor

elements that are allowed. When the SOC material has high symmetry [see

Fig. 1.5(a)], that is at least two mirror planes in the crystal structure, only the

tensor elements where the spin polarization, charge current, and spin current
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are mutually perpendicular (i ̸=j ̸=α), are allowed. In this case, Eq. 1.17 has

the following form:

jjjs =

[
ℏ
e

]
θSHjjjc × sss, (1.18)

where j s is the generated spin current, θSH is the spin Hall angle, parameter

which gives the efficiency of the interconversion between charge current and

spin current, and j c is the applied charge current (jjjc = σEEE). For low-symmetry

materials, non-orthogonal configurations are allowed [77,78] bringing flexibility

in spintronic devices.

For disordered systems in the diffusive regime, the relation between the spin

Hall conductivity tensor and the spin Hall angle is:

θαij =
σα
ij

σ
. (1.19)

In the reciprocal effect, ISHE, from an existing spin current a charge cur-

rent is generated [see Fig. 1.5(b) for the high symmetry material case]. The

respective equations for the ISHE in a general case is:

ji = σ′α
ij E

α
j (1.20)

and, in particular, in a high symmetry material is:

jjjc =
[ e
ℏ

]
θISHjjjs × sss, (1.21)

where σ′α
ij is the inverse spin Hall conductivity tensor and Eα

j is the gradient of

the spin potential in the j -direction generated by the spins polarized along α.

In Eq. 1.21, θISH is the inverse spin Hall angle, which gives the efficiency of the

conversion of a spin current into a charge current. Due to Onsager reciprocity,

the efficiencies of the charge-to-spin and spin-to-charge conversions have to be

the same, σα
ij = σ′α

ji and θSH = θISH [35].

In this Thesis, the values of σα
ij are given in units of

[
ℏ
e

]
. Discrepancies

in the literature when comparing σα
ij can come from the difference in units,[

ℏ
2e

]
instead of

[
ℏ
e

]
, or from the definition of θαij , being θ

α
ij = 2

σα
ij

σ
instead

the relation we use (see Eq. 1.19). A thorough discussion can be found in the

Supplementary Information of Ref. [79].
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1.4.1.1 Contributions to the Spin Hall Effect

When E. H. Hall tried to measured the ordinary Hall effect in ferromagnetic

materials, he observed an extra contribution at zero magnetic field, which came

to be known as the anomalous Hall effect (AHE) [80]. In 1954, Karplus and

Luttinger [81] claimed the SOC to be the origin of the AHE. The SOC acts as

an effective magnetic field that deflects the spin-up and spin-down in opposite

directions. This is known as the intrinsic contribution to the AHE. In addition,

scattering with impurities can also give rise to AHE. Two different scattering

mechanisms can be distinguished: skew scattering and side jump. The skew-

scattering mechanism was proposed by Smit in 1958 and it arises from the spin-

dependent scattering process caused by the SOC of impurities in the lattice [82].

In 1970, Berger suggested that the side-jump scattering is due to the opposite

electric field the electrons with opposite spin orientation feel when approaching

an impurity [83]. SHE is essentially the same effect as AHE but in NM materials

and, hence, the mechanisms giving rise to AHE are also contributions for the

SHE [84–91].

The intrinsic contribution involves concepts of topology and geometry that

have been formulated recently. An electron in an n-band level with k -state has

a non-vanishing mean velocity [92]. Lately, this description has been completed

by adding a term corresponding to the transverse velocity that an electron can

acquire in the presence of an electric field [93]:

vvvn(k) =
1

ℏ
∇kεn(k)−

e

ℏ
EEE ×ΩΩΩn(k), (1.22)

where k is the wave vector and can be always confined to the first Brillouin

zone, εn(k) is the energy level of an electron in a periodic potential and the

second term corresponds to the anomalous velocity, which is transverse to the

electric field (EEE) and to the Berry curvature ΩΩΩn(k). The anomalous velocity

term gives rise to the Hall current. ΩΩΩn(k) is gauge-invariant and calculated over

the n-band in the momentum space.

The anomalous velocity term has not been always included and still the

formula has succeeded in describing electronic properties in the past [92]. The

symmetry plays an important role in determining whenΩn(k) can be neglected.

On the case of materials which hold time-reversal and spatial inversion symme-

tries, the Berry curvature vanishes. Time-reversal symmetry is represented by

the time transformation T :t→ −t. In a system that holds time-reversal sym-

metry, when the time transformation is applied, the momentum and the spin

of a given particle should reverse as well (k→ −k, s→ −s). Spatial inversion
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symmetry is held in a system which possesses a symmetry center and, hence, an

atom in the (x,y,z ) position in the crystal is indistinguishable from one located

at (−x,−y,−z ).

In certain materials, at least one of the aforementioned symmetries, is not

present and, therefore, the Berry curvature is non-zero giving rise to a trans-

verse contribution to the electron velocity. This is the case of FM materials,

in which time-reversal symmetry is broken due to the magnetization of the

system, and the electrons acquire a transverse velocity causing the AHE [87].

While, in the AHE case, time-reversal symmetry is broken due to the mag-

netization of the FM, in the SHE case both time-reversal and inversion sym-

metries can be held in materials such as Pt, Ta, W... In these materials, the

total Berry curvature will be zero and, one can expect to have zero anomalous

velocity. Although the total Berry curvature is zero, the spin Berry curvature

is opposite for both spins and, therefore, the spin Berry curvature is the one

creating the anomalous velocity in the SHE. The spin Berry curvature (Ωα
ij,n)

will be different for each direction of the spin polarization α and the spin Hall

conductivity (σα
ij) can be calculated using the Kubo formula [36,94]:

σα
ij = −

( e
ℏ

)∫
d3kkk

(2π)3

∑
n

f [εn(k)]Ω
α
ij,n(kkk), (1.23)

where f [εn(k)] is the Fermi-Dirac distribution function.

1.4.1.2 Spin Hall effect in metals

Different measurement configurations were proposed in order to detect spins via

SHE in metal devices [76, 95–97]. In 2006, Valenzuela and Tinkham measured

for the first time SHE in a metal-based LSV [98]. A CoFe electrode was used

as spin injector into Al through an Al2O3 tunnel barrier to improve the spin

injection. In the used configuration, by applying a charge current (I c) from

the FM to the Al stripe, a spin accumulation is created at the interface and

diffuses to both sides of the injector. On one side, a pure spin current flows

along the Al channel, and due to the ISHE, a transverse current is generated

creating a transverse voltage (VSH) in the Hall arms of the Al channel, see Fig.

1.6(a). The associated spin Hall resistance (RSH = VSH/Ic) is measured as the

magnetic field is swept in the out-of-plane direction, see Fig. 1.6(b). In high

symmetry materials such as Al, the generated charge current via ISHE has to

be perpendicular to both spin current and spin polarization. Due to fabrication

constrains, the only measurable voltage is limited to the y-direction and the
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spin current has to propagate in the Al channel along the x -direction. The only

possible spin polarization that fulfills the ISHE requirement is the out-of-plane

spin polarization. The signal changes linearly with the magnetic field for low

enough magnetic fields. In this regime, the magnetization of the FM is pulled in

the direction of the field. For large enough values of the field, the magnetization

saturates and the RSH value flattens out. Figure 1.6(b) shows the measured

spin Hall resistance (grey open circles) and the sine of the angle between the

magnetization and the magnetic easy-axis direction (black line). RSH follows

the pulling of the direction of the FM until it saturates at ∼ ±2 T. By fitting

the curve, the Al spin Hall angle of Al was extracted, θAl
SH ≈ (1-3)10−4.

b)

I+

I-

a)

Figure 1.6: Spin Hall effect in a metallic device. (a) Measurement config-

uration and sketch of the ISHE. A charge current is applied from an out-of-plane

magnetized FM electrode to a NM channel, while a voltage drop is measured be-

tween the Hall arms in a non-local configuration. (b) Measured spin Hall resistance

as a function of the out-of-plane magnetic field (grey open circles). The black line

corresponds to the sine of the angle between the magnetization and the magnetic

easy axis of the FM electrode. The inset is a scanning electron microscopy image of

the device. Figure adapted from Refs. [36, 98].

1.4.1.3 Spin absorption experiment in metals

The configuration used in the previous experiment requires long λs of the SOC

material and a large enough θSH . The former is needed so that the spin current

diffuses long enough in the material to reach the voltage probes, and the latter

is needed to detect a measurable signal. In NM materials, these two parameters

tend to compensate so that if λs is large, θSH is small or the other way around,

since both parameters are governed by the strength of the SOC. In materials

with high SOC, the SCC efficiency is large, but the spin current cannot diffuse

for long distances. In contrast, in materials with low SOC, the SCC efficiency

is small, and the spin current can travel long distances. This is the case of Pt

and Al, respectively. Pt, one of the foremost examples of SOC material [99],
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at room temperature, λPt
s ∼ 1 nm and θPt

SH ∼ 8% [100] while for Al, λAl
s

ranges between 500−700 nm and the θAl
SH ranges between 0.01−0.03% at low

temperatures [98]. In order to overcome this issue, and trying to access the

SHE in different SOC materials, the spin absorption technique was proposed

by Vila and co-workers [99]. The device consisted of two FM electrodes (Py),

a NM spin channel (Cu) and a stripe made of a SOC material (Pt), see Fig.

1.7(a). By applying a charge current from Py to Cu, a spin accumulation is

created at the interface that diffuses to both sides of the Py. When the diffusive

spin current reaches the Pt stripe, it is absorbed because RPt
s is lower than

RCu
s [101, 102]. Due to the short λPt

s , when the spin current is absorbed into

Pt it can be assumed to flow along the vertical direction (z−direction). Pt is a

high symmetry material, hence, the resulting charge current via ISHE is along

the y−direction [see Fig. 1.7(c) and Eq. 1.21]. Reciprocally, if a charge current

is applied along the Pt stripe, a spin current along the z -direction is generated

due to the SHE with spins polarized along x -direction [see Fig. 1.7(d)]. The

signals corresponding to the SHE and ISHE configuration are represented in

Fig. 1.7(b) at 10 K when the magnetic field is swept in the in-plane hard axis

of the Py wires.
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Cu

a) b)

c) d)

Figure 1.7: Spin absorption technique. (a) Scanning electron microscope image

of the device. The Py electrodes are colored in green, the Pt stripe in yellow, and

the Cu channel in pink. (b) SHE and ISHE measurement recorded at 10 K using a

Pt thickness of 20 nm. In the SHE (ISHE) the voltage is probed between contacts

B-C (E-A), while the current is applied between E-A (B-C). (c) Sketch of the SHE

in Pt. The diffusive spins in Cu when reaching the Pt wire are absorbed, creating

a spin current denoted by I s. Via SHE, this spin current generates a transverse

charge current along the Pt stripe, I e. (d) Sketch of the ISHE in Pt. When a charge

current (denoted by I e) is applied along the Pt stripe, a transverse spin current

(I s) is generated via ISHE. The resulting spins accumulate at the interface and

diffuse into Cu, being later detected using the FM electrode. Figure adapted from

Refs. [35, 99].

1.4.2 Edelstein Effect

Besides the SHE, there is another effect in which the spins are converted

into a charge current but with a different physical origin, the Edelstein effect

(EE). This process is also known as spin galvanic effect [103] or current-induced

spin polarization [104–106]. In a non-magnetic system with broken inversion

symmetry, upon the presence of an external electric field and due to the SOC,

an homogeneous spin accumulation with spin polarization perpendicular to

the electric field is generated. This effect has been observed in metallic Rashba

interfaces [107–110], semiconductors [103,111,112], surface states of topological

insulators [113–117] and oxide Rashba interfaces featuring a two-dimensional
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electron gas [118,119]. The bast majority of systems showing Rashba effect are

2D systems [120], where the Edelstein effect is also known as Rashba-Edelstein

effect (REE).

Due to the broken inversion symmetry, together with the SOC, the band

structure of a Rashba system is modified, presenting a splitting as the one

shown in Fig. 1.8(a). Such spin splitting has been measured in different sys-

tems such as surfaces or interfaces containing Bi, Pb, W, Au... [121–124] and

gives rise to spin-momentum locking, that is, for a given value of the momen-

tum (k) the spin is fixed. By cutting the band at the Fermi energy, the band

appears as two concentric circles with opposite spin helicity in the momentum

space [see Fig. 1.8(b)]. When a charge current is applied to the system, the

contours of each spin-splitted band are shifted in the direction of the electrons

movement (x -direction), creating a spin accumulation with polarization along

the −y-direction, due to the imbalance in the red and blue filled areas in Fig.

1.8(c). This spin accumulation can diffuse resulting in a 3D pure spin current.

Reciprocally, when a spin accumulation with polarization along the y-direction

is injected into the system, the two Fermi contours are shifted in opposite di-

rections, yielding a charge current along the x -direction, which is called inverse

Rashba-Edelstein effect (IREE).

The SCC efficiency via Inverse Edelstein effect (IEE), in a fully 2D sys-

tem, is given by αIEE = j2Dc /j2Ds . If the spin accumulation is injected from a

3D into the 2D system, contrary to θSH and αIEE , the efficiency is given by

λIEE = j 2Dc /j 3Ds , which has dimensions of length. A careful discussion about

the comparison between the SHE and EE efficiencies can be found in Ref. [125].
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Figure 1.8: Band structure of a Rashba system showing Edelstein effect.

(a) Two spin-splitted bands in a Rashba system. (b) Fermi contours of the bands at

a certain energy. The bands are concentric with opposite spin helicity. (c) When a

charge current is applied to the system, the Fermi contours shift in the direction of

electron’s movement generating a net spin accumulation transverse to the applied

charge current. This effect is know as Edelstein effect. (d) When a spin current is

injected into a Rashba system (represented by the light green arrows), the Fermi

contours are shifted in opposite directions, generating a charge current. This is

known as inverse Edelstein Effect. Figure adapted from Ref. [126].

In topological insulators, the spin generation is very similar to the one of

Rashba systems. However, only one band (with linear dispersion, associated to

the topologically protected surface states) is present at the Fermi energy. In this

scenario, the induced spin accumulation is larger since there is no compensation

from the inner Fermi contour with opposite spin helicity [116,127].
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1.5 2D materials: a breakthrough in spintronics

Back in 2004, Andre Geim and Kostya Novoselov isolated single layer graphene

flakes using the Scotch-tape technique, and measured electrical transport on

them [128,129]. This discovery was a milestone in material science and opened

the door to the discovery of other two-dimensional (2D) materials showing ex-

otic properties. In 2010, Geim and Novoselov were awarded with the Nobel

Prize in Physics.

1.5.1 Graphene

Graphene consists of a single 2D layer of carbon atoms in a honeycomb

arrangement. This arrangement is a particular case of an hexagonal crystal

lattice with two-atoms basis [A sub-lattice atoms in green, and B sub-lattice

atoms in red represented in Fig. 1.9(a)]. Back in 1947, P. R. Wallace predicted

graphene electronic structure [130]. The electronic properties of this material

are described by Dirac fermions, massless relativistic particles whose energy

dependence with the momentum is linear. At low energies, the band disper-

sion in the momentum space can be seen as two cones touching at the so-called

Dirac point [see Fig. 1.9(b)]. The conduction band (CB) and valence band (VB)

touch at the Dirac point and, hence, graphene is a zero-gap material. The linear

dispersion occurs in six vertices of the hexagonal Brillouin zone (momentum

space). Three of the vertices are equivalent and labeled as K, and the other

three equivalent vertices, as K ’ points. The two inequivalent sublattices break

the in-plane inversion symmetry graphene allowing for an additional degree of

freedom, where the carriers in inequivalent valleys carry different information.

This phenomenon opens the door to the desired electric generation and detec-

tion of the valley polarization, being the grounds for valleytronics [131]. This

feature led to the observation of new exotic transport phenomena in graphene

such as half-integer Quantum Hall Effect [132], minimum conductivity [133],

or supercurrents [134].

By moving the Fermi energy up or down, the carrier density in graphene can

be tuned changing from hole-doped to electron-doped as shown in Fig. 1.9(b).

This tuning can be done by electrostatic gating.

Graphene is a weak SOC material, in the order of µeV, because of the

low atomic number of carbon (Z=6). Moreover, it is characterized by a low
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Figure 1.9: Graphene. (a) Graphene crystal lattice where the two sub-lattices,

A in green and B in red, are represented. The distance between atoms of the same

sublattice is given by a and it is represented by the arrows. (b) Linear energy

dispersion as a function of momentum for graphene. The upper cone, conduction

band, touches the valence band at the Dirac point, where the Fermi energy is zero.

By increasing the Fermi energy, graphene starts to be n-doped, in contrast, by

decreasing the Fermi energy, graphene starts to be p-doped. The tuning of the

energy level can by done by electrostatic gating.

hyperfine interaction.. These two properties give rise to long spin diffusion

length, making graphene an ideal candidate for spin transport [135–142]. In

the context of spintronics, the first demonstration of spin transport in graphene

at room temperature was done by Tombros and co-workers in 2007, using the

non-local LSV configuration [143]. This configuration became the standard one

to characterize spin transport properties in graphene as, for example, when

the spin transport was modulated by electrostatic gating [144,145]. Moreover,

electric fields can also induce spin drift and modulate the spin injection [146–

148]. The spin transport properties of graphene were improved by combining

it with hexagonal boron nitride, which can act as a substrate in graphene

LSVs [149], as encapsulating layer [150–153], and as a tunnel barrier [154–156].

In Chapter 2, a detailed explanation of the development and improvement of

graphene-based spin devices is given.

1.5.2 Other 2D materials

The discovery of graphene triggered the study of other 2D materials provid-

ing a new playground for spintronics [128,157,158]. Layered materials bonded

by weak out-of-plane van der Waals forces are the inception for 2D materials,
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where the layers can be peeled off until the ultimate monolayer limit. In the

2D form, materials can behave different from the 3D counterpart, for instance,

transition metal dichalcogenides (TMDCs) have an indirect band gap in the

bulk, but show a direct band gap in the monolayer, making them suitable for

optoelectronic applications [159–161].

TMDCs are materials where the transition metal atom (usually Mo or W)

is sandwiched between two chalcogen atoms (S, Se or Te). Similar to graphene,

TMDCs in the hexagonal crystal lattice show energetically degenerate but in-

equivalent valleys at the K and K ’ points in the momentum space. These

valleys add an extra degree of freedom that can be used to carry information

in valley-based devices. Due to the large valley separation in momentum space,

the valley degree of freedom is expected to be robust against scattering events.

As in graphene, in the monolayer, in-plane inversion symmetry is explicitly bro-

ken. However, SOC is much stronger in TMDCs than in graphene. The broken

inversion symmetry together with the strong SOC induces a large spin-splitting

in the VB while the CB remains degenerate at the valleys. The spin-splitting

in the VB is about 0.15 eV in MoS2, 0.43 eV in WS2, 0.18 eV in MoSe2 and

0.46 eV in WSe2 [162]. Due to time-reversal symmetry, the spin-splitting at

the K and K ’ valleys must be opposite, shifting the up-spin sub-band in the

K valley to higher energy than the down-spin sub-band and the opposite in

the K ’ valley. This couples the spin and valley degrees of freedom (spin-valley

locking), opening the door to a new way to encode information [163–166].

Besides TMDCs, hexagonal boron nitride (hBN) and black phosphorus have

also recently attracted attention. hBN is a high-κ dielectric with similar crystal

structure and lattice parameters as graphene and it has been integrated in

spintronic devices [149–156]. When graphene is combined with hBN, because

it reduces the trapped charge concentration and is atomically flat, hBN boosts

the electrical properties of graphene [167]. Moreover, hBN is studied in the

context of optics for the phonon-polariton transport [168, 169]. On the other

hand, black phosphorus is characterized by an in-plane anisotropy inducing an

anisotropic band structure where the effective charge-carrier mass is different

in the two in-plane directions [170–172]. Black phosphorus exhibits relatively

long spin relaxation length ( ∼ 6 µm) [173], but the need of full encapsulation

to avoid degradation of the material makes the device fabrication difficult [174].
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1.5.2.1 Low-symmetry TMDCs

Beyond the diversity in the chemical composition of TMDCs, the crystal struc-

ture can also vary. In the present Thesis, special emphasis should be placed

for the low-symmetry TMDC materials. Crystal symmetry governs the physi-

cal properties of crystalline solids [175]. When lowering the crystal symmetry,

novel transport phenomena are allowed, such as non-linear Hall effect [176], val-

ley magnetoelectricity in non-centrosymmetric crystals [177], or magnetochiral

anisotropy in chiral crystals [178,179].

As representative crystal phases of TMDCs, we can consider: the high-

symmetry 2H phase, with hexagonal Bravais lattice and space group 194 [Fig.

1.10(a)], and two low-symmetry phases: the 1Td phase, with orthorhombic

Bravais lattice and space group 31 [Fig. 1.10(b)], and the 1T’ phase, with mon-

oclinic Bravais lattice, and space group 11 [Fig. 1.10(c)]. Materials in different

crystal phases show a plethora of exotic effects, like superconductivity [180],

charge density waves [181], quantum spin Hall semimetal behaviour [182–185],

or ferroelectricity [186]. Not only low-symmetry phases show exotic effects, but

they can also change the electrical behaviour of the material. While most of

the TMDCs in the 2H phase are semiconducting [187], 1T’ and 1Td phases can

show metallic or semimetallic behaviour.

This is the particular case for MoTe2, which can be present in three dif-

ferent crystal coordinations: trigonal prismatic coordination, i.e., 2H-MoTe2,

or distorted octahedral coordination, i.e., 1T’-MoTe2 and 1Td-MoTe2. While

the 2H-MoTe2 is a n-type semiconductor [188, 189], 1T’-MoTe2 behaves as a

semimetal [190]. Moreover, 1T’-MoTe2 is expected to show a phase transition

to the 1Td phase when the temperature is below 240 K [191–202]. 1Td-MoTe2

is expected to present large spin Hall conductivity [203] and has been widely

studied in the context of Weyl physics [195,198]. Considering all the above, 1T’-

MoTe2 is a fascinating material to be studied in the framework of spintronics

(see Chapter 4 for a detailed characterization of this material).
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a) b) c)
2H 1Td 1T’

Transition metal Chalcogen

Figure 1.10: TMDCs crystal structure. Different crystal structures in which

TMDCs can grow. Upper panel corresponds to the top view, and bottom panel to

the side view. The transition metal atom is in orange while the chalcogen atom is

in blue. (a) High symmetry 2H crystal phase. (b) Low-symmetry 1Td crystal phase.

(c) Low-symmetry 1T’ crystal phase. Figure adapted from Ref. [204].

1.5.3 van der Waals heterostructures

Looking beyond pure 2D materials, van der Waals heterostructures enrich

even more the 2D world forging Legoland, a new land based on the combina-

tion of different 2D materials [205]. Individual 2D materials are continuously

obtained using the Scotch-tape technique [128, 129]. Each 2D material con-

stitutes one Lego brick, which can be combined with other 2D materials by

van der Waals stacking. Despite the complex technique for stacking different

types of 2D materials, sophisticated multilayers have been fabricated up to

date. One of the first heterostructures was hBN/graphene, where hBN acts as

a high-quality substrate [149]. Later, MoS2 or WS2 acting as a tunnel barrier

were combined with graphene working as an electrode [206, 207]. The tunnel-

ing heterostructures demonstrate a new kind of electronic devices: field-effect

tunnelling transistors.

One of the of the most challenging van der Waals stackings is magic-angle

twisted bilayer graphene. By combining two graphene layers, twisted by a par-

ticular “magic” angle (1.1◦), graphene changes from behaving as a correlated

insulator (Mott insulator) to a superconductor, by applying a small electric

field to the system [209, 210]. The presence of an insulating state close to a

superconducting one is a characteristic feature of high-Tc superconductors.

Magic-angle twisted bilayer graphene is therefore a surprisingly simple system

to study high-Tc superconductivity without the need of subjecting the system
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Figure 1.11: Legoland. Artistic representation of how stacking different 2D mate-

rials, a new world of physical properties is created. Each 2D material is represented

by a Lego block and they can be placed one on top of the other. Figure extracted

from Ref. [208].

to extremely large magnetic fields or changing composition to tune the carrier

density (as in cuprates, the best known family of high-Tc superconductors),

which can be simply done by electrical gating.

Van der Waals heterostructures have also revolutionised the research field of

spintronics. As mentioned before, graphene is the ideal candidate to propagate

spin currents due to its weak SOC and hyperfine interaction. The combination

of graphene, as a spin channel, with strong SOC materials opens the door to

a plethora of spin-based experiments. In the forthcoming Chapter, a detailed

explanation of the graphene-based van der Waals heterostructures in spintronic

devices is given.

1.6 This Thesis

This Thesis is based on the study of the SCC phenomena in graphene-based

LSVs. This process relies on the presence of strong SOC, which is provided by

in the low-symmetry TMDC, 1T’-MoTe2. At the hands of the low crystal sym-

metry, non-orthogonal SCC processes are allowed. Low-symmetry SOC mate-

rials bring flexibility to the SCC configuration. Additionally, when graphene is

placed in contact with a SOC material, its SOC is enhanced and SCC processes

can take place in graphene. The different SCC processes that occur in the low-
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symmetry MoTe2/graphene van der Waals heterostructures are studied along

this Thesis. The manuscript is divided in 8 Chapters in total.

Chapter 1 provides a general introduction to the history of spintronics.

The most relevant discoveries in metal spintronics are included such as the

achievement of efficient spin injection, essential for the pioneer experiments of

SCC via SHE. Special emphasis is placed on the breakthrough of 2D materials

in spintronics. Since its discovery, graphene was postulated as an ideal material

to transport spin information over long distances due its weak SOC and hy-

perfine interaction. The discovery of graphene prompted the discovery of other

bidimensional materials such as TMDCs and, in particular, of low-symmetry

TMDCs, as 1T’-MoTe2.

Chapter 2 gives a detailed explanation of graphene-based LSVs. Firstly

the electrical spin injection in graphene is discussed, followed by spin transport

and detection. The different SCC processes that can be observed in graphene-

based LSV combined with a SOC material, are thoroughly studied, as well

as SCC signals caused by the different spin polarization directions. Lastly, a

detailed spin transport model to quantify the efficiency of the SCC via SHE in

MoTe2 is explained.

Chapter 3 introduces the experimental techniques used in the fabrication

of graphene-based LSVs. The step-by-step process to create the graphene/MoTe2

van der Waals heterostructure is disclosed. Finally, the different techniques

for electrical and material characterization of the final heterostructure are de-

scribed.

Chapter 4 presents the characterization of MoTe2. Firstly, the crystal

structure and crystal axes of the exfoliated MoTe2 flakes are determined via

polarized Raman spectroscopy and scanning transmission electron microscopy.

Once the crystal axes of the MoTe2 are determined, the magnetoresistive be-

haviour of MoTe2 flakes was measured when the magnetic field is applied along

different crystallographic directions. Lastly, spin transport experiments are car-

ried out in MoTe2 flakes.

Chapter 5 and Chapter 6 investigate the SCC process in graphene /

MoTe2 LSV in the standard LSV configuration. While Chapter 5 focuses on

the study at moderately high temperatures, Chapter 6 focuses on the SCC at

low temperatures where new effects such as proximity-induced SCC is domi-

nant. In the case of moderately high temperatures, any in-plane spin polariza-

tion induces SCC. In order to observe such an effect, the crystal symmetries
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of the system have to be reduced, and different scenarios are considered. At

lower temperatures, along with the previous observation, an out-of-plane spin

polarization also induces SCC, and a detailed discussion of the possible origin

is presented.

Chapter 7 explores the SCC phenomena combining the previously studied

standard configuration with a new configuration, in which the charge current is

applied along different directions within the MoTe2 flake. This study provides

new insights into the SCC processes that can take place in the graphene /

MoTe2 heterostructure.

Chapter 8 collects the main results and future perspectives.
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Chapter 2

Graphene-based lateral

spin valves

Despite the great advances and improvements achieved in metal-based spin-

tronic devices, an efficient spin transport at room temperature over long dis-

tances was still lacking. Since the discovery of graphene, this material has

been postulated as a great candidate to be integrated in spin-based devices.

Its weak SOC and negligible hyperfine interaction makes graphene suitable

to transport spin information. Indeed, graphene exhibits the longest λs ever

measured at room temperature enabling the spin transport in complex de-

vices [151, 155, 211–214]. Van der Waals heterostructures based on graphene

are claimed to be crucial in the next generation of spin-based devices where

TMR [215–217], spin logic gates [218,219], spin-transfer torque [220,221], spin

manipulation [222–224], or SCC [225–235] phenomena have been measured.

In this Thesis, graphene-based LSVs are used in order to study the SCC

process in combination with a low-symmetry high-SOC van der Waals material,

MoTe2. A graphene-based LSV consists of two FM electrodes placed on top of

a graphene channel. In between the two FM electrodes, a SOC material can be

added in order to achieve SCC, either directly in the material or by imprinting

the SOC in graphene itself, as will be discussed in Section 2.2. Graphene can

be obtained via exfoliation, using the Scotch-tape technique, or via Chemical

Vapor Deposition (CVD) and shaping it via an etching process. In this Chapter,

a detailed explanation of graphene-based LSVs is given.

31
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2.1 Spin transport in pristine graphene

In this section, we will first introduce the concept of electrical spin injection

into graphene and, subsequently, we will explain the dynamics of spin transport

and detection in graphene.

2.1.1 Electrical spin injection into graphene

As introduced in Section 1.2, in order to overcome the conductivity mis-

match problem, TBs can be introduced between the FM injector and the

NM channel to have an efficient spin polarization. The pioneering work from

Tombros and co-workers demonstrated an efficient spin polarization (10%) into

graphene using Co electrodes with a TB of AlOx [143]. Subsequent works using

MgO as a TB also showed a spin polarization of about 5% [236,237]. Since sput-

ter deposition damages the surface quality of graphene, inducing defects [238],

other techniques have been used, such as atomic layer deposition of Al2O3 [239],

thermal evaporation of metals followed by air exposure, such as yttrium (whose

spin polarization was not larger than 15%) [240], titanium [222] or Al [143]; or

e-beam evaporation of oxides as Al2O3 [147], SrO [241], or MgO [211].

The inefficient spin injection directly from the FM to graphene is due to

the lower spin resistance of the FM in comparison with the one of the graphene

channel. Spins tend to relax towards the path with lower spin resistance, flowing

back to the FM, which acts as a spin sink, instead of flowing into graphene. The

role of the insulating layer between the FM and the graphene is to avoid this

back-flow due its high resistance. Yet, if the resistance of the insulating layer is

comparable to the graphene spin resistance (Rgr
s ) spin relaxation mechanisms

occur at the interface. Significant effort has been put to improve the quality of

the barriers. By placing a Ti seed layer between MgO and graphene, Han and

co-workers improved the spin polarization of the electrode up to 30% [242].

2D materials are expected to act as ideal TB as they do not present pinholes.

hBN was demonstrated to be a good TB since the resistance of the barrier de-

pends exponentially on the thickness and it is pinhole free [206]. However, if

the resistance of the hBN layer is comparable to the one of graphene, the con-

ductivity mismatch issue is not fully overcome [152, 154, 155, 243]. Chemically

functionalized graphene can also be used as a TB, achieving spin polarization

up to 45% for fluorinated graphene and 17% for hydrogenated graphene at low
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temperatures [244,245]. Unfortunately, the spin signal in chemically functional-

ized graphene at room temperature vanishes [246]. Recent studies observed very

efficient spin injection into graphene using bilayer or trilayer hBN [247–249].

However, the sample-dependent variability of the resistance of the TB using

hBN [155] together with the demanding fabrication process make hBN a chal-

lenging material to be used as a TB combined with graphene.

2.1.2 Spin transport and detection in graphene

After electrical spin injection, i.e when Ic is applied between FM1 and one

side of graphene, a spin accumulation is created at the interface and diffuses

to both sides of the graphene channel [Fig. 2.1(a)]. The spin current eventu-

ally reaches FM2 and, by measuring the voltage generated between FM2 and

graphene (VNL), the transport along the graphene channel will be inferred. By

sweeping the magnetic field along the easy axis of the FMs, the relative ori-

entation of the FMs changes from parallel to antiparallel due to the different

shape anisotropies, inducing a sign change in the non-local resistance RNL, see

Fig. 2.1(b). The semi-difference between the parallel and the antiparallel value

is represented by ∆RNL (see Eq. 1.10).
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Figure 2.1: Graphene-based lateral spin valve. (a) Schematic of the device.

FM electrodes are placed on top of graphene separated by a distance L, while

non-magnetic electrodes are placed at both graphene ends (yellow contacts). The

green arrow represents the spin polarized current direction, while the purple arrow

represents the pure spin current direction. The spin accumulation induced by I c

is represented by the red arrows on top of graphene. The length of the arrows

represents the spin accumulation value exhibiting exponential decay. VNL is probed

using FM2 and the non-magnetic contact on graphene. The width of the graphene

flake is represented by wgr. (b) Measurement of the non-local resistance as a function

of the magnetic field along the in-plane easy axis (y-direction). The amplitude of

the signal (∆RNL) is represented by the grey vertical arrow and the magnetization

states of the FM are displayed by the red and blue arrows. This signal has been

measured at room temperature using a few-layer exfoliated graphene flake with

TiOx as a TB and Co as a FM.

By fitting the dependence of ∆RNL with the distance between FM elec-

trodes (L) to Eq. 1.11, the spin diffusion length of graphene (λgrs ) can be de-

termined. However, it is difficult to obtain the same polarization between FMs

and NM (P inj and Pdet) and contact resistances (Ri) in different LSVs. To

properly extract the spin transport parameters of graphene, precession mea-

surements are usually performed.

2.1.2.1 Hanle precession

As explained in Section 1.3.1, spin precession measurements can be used to

characterize the spin transport parameters. In this case, by applying an out-of-

plane magnetic field (Bz), the parameters λgrs , τgrs , and Dgr
s can be extracted.

If Bz is not large enough to pull the magnetization towards the direction of

the field, the spins will precess when diffusing in the graphene channel [Fig.

2.2(a)]. This precession occurs in the y−x -plane and the measured signal will

oscillate accordingly. The initial state of the relative magnetization of the FMs

can be parallel [blue solid circles in Fig. 2.2(b), RP
NL] or antiparallel [red open

circles in Fig. 2.2(b), RAP
NL] and the corresponding curve should be equivalent
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but for the sign. This allows to remove any background by applying again Eq.

1.10. The resulting ∆RNL curve is exemplary shown in the inset of Fig. 2.2(b).

At zero magnetic field, the amplitude of the signal is maximum and cor-

responds to ∆RNL when sweeping the magnetic field along the y-direction.

As the precession starts when the magnetic field increases, the signal starts to

decrease until it vanishes when the parallel and antiparallel state signals take

the same value. This condition corresponds to an average spin precession of

90◦, that is, the arriving spins will be polarized along the x -direction while the

magnetization of the detector is along y-direction. Since FM2 is only sensible to

the projection of the spin polarization onto the direction of its magnetization,

the measured signal vanishes. For large enough magnetic fields, the magneti-

zation of the electrodes start to be pulled and the signal saturates, taking the

same value for both parallel and antiparallel initial states.
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Figure 2.2: Hanle precession in a graphene-based lateral spin valve. (a)

Schematic of the device and measurement layout. FM electrodes are placed on top of

graphene separated by a distance L, while the non-magnetic electrodes are placed at

both graphene ends (yellow contacts). The spin accumulation at the FM1/graphene

interface, created by applying an Ic between FM1 and the left side of graphene,

while diffusing through the graphene channel will precess in the x−y-plane due to

the external magnetic field along the z -direction. The spin precession is represented

by the red arrows in the graphene channel. (b) Non-local resistance as a function

of the external out-of-plane magnetic field. The blue curve corresponds to RNL

measured after setting the FM electrodes in a parallel magnetization configuration,

while the red curve corresponds to an antiparallel configuration. The magnetization

of the FMs are represented by the pair of arrows. Inset ∆RNL vs Bz obtained from

the data in the main panel. This Hanle precession signal was measured in the same

graphene-based LSV as the one in Fig. 2.1(b) at room temperature.

If L≫ λs, spins stay longer in the channel than in the vicinity of the contacts

and, consequently, the influence in the spin transport from the contact is almost

negligible. Considering 1D spin transport, with L≫ λs, the dynamics of the spin
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accumulation determined by the Bloch equation takes the following form:

Ds
∂µs

∂x2
− ∂µs

τs
+ ω × µs = 0, (2.1)

where an extra term corresponding to the spin precession is added in compar-

ison with Eq. 1.7. ωωω corresponds to the Larmor frequency and depends on the

external magnetic field BBB.

Considering the simplest case, where the magnetic field is out of plane, spin

lifetime is isotropic, and the TB is ideal, together with the boundary conditions,

Eq. 2.1 can be solved, yielding [44,250]:

∆RNL =
P 2 cos2 ΘRgr

sqλ
gr
s

wgr
ℜe

exp

(
− L

λgrs

√
1− iωτgrs

)
√
1− iωτgrs

 , (2.2)

where Rgr
sq is the sheet resistance of graphene. This equation is numerically

equivalent to Eq. 1.15, and the polarization of the injector and detector are

assumed to be the same (P=P inj=Pdet).

2.1.2.2 Spin relaxation mechanisms in graphene

During the propagation of the spin carriers, the polarization of the spin cur-

rent decays due to spin relaxation mechanisms. In metals and semiconductors,

the four main spin relaxation mechanisms are usually discussed [61]: Elliott-

Yafet [65, 66], D’yakonov-Perel [67, 68], Bir-Aronov-Pikus [69] and hyperfine

interaction [71,72].

In graphene, the hyperfine interaction is negligible due to the low presence

of isotopes with nuclear magnetic moment. Due to the diffusive transport of

electrons, the nuclear fields on the spins average out, so that the hyperfine

mechanisms can be neglected for graphene [251].

Bir-Aronov-Pikus mechanism accounts for the electron-hole exchange in-

teraction and the spin-flip process that can occur. This effect is important in

heavily p-doped semiconductors, but can be disregarded in graphene.

Elliott-Yafet mechanism accounts for the change in the spin polarization of

a Bloch electron due to the scattering with phonons or impurities. In doped

graphene, this mechanism depends on the carrier concentration and the strength

of the SOC [252–254].
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D’yakonov-Perel mechanism takes into account the spin dephasing between

scattering events. Due to the double degenerated bands in graphene, SOC can

be understood as an effective field that makes the spin precess in a direction

determined by the direction of the motion of the electron and, hence, the scat-

tering randomizes precession [44,255].

Both Elliott-Yafet and D’yakonov-Perel mechanisms overestimate τgrs in

graphene. For the case of Elliott-Yafet, considering typical values of carrier

concentration of 1012 cm−2 and the strength of SOC of 10 µeV, τs is calculated

to be around 10 µs, which is 4 orders of magnitude larger than the ones ex-

tracted in Hanle measurements in pristine graphene [143, 211]. For the case of

D’yakonov-Perel, τs is predicted to be around 1 µs which, again, is longer than

the values reported experimentally. Understanding the additional relaxation

mechanism is still a puzzling aspect of graphene-based devices. Considering

other intrinsic relaxation sources, Van Tuan and co-workers claimed that the

entanglement of the spin with the valley degree of freedom leads to fast spin

relaxation at energies close to the Dirac point [256]. This mechanism explains

the dependence of τgrs with the carrier concentration that cannot be explained

using Elliott-Yafet mechanism. Magnetic impurities, as extrinsic sources of spin

relaxation, should also be considered [257]. Impurities with local magnetic mo-

ments can behave as spin hot spots inducing high spin relaxation rates. Due

to exchange interaction, the electron spin can flip when interacting with the

magnetic moment of the impurity. These impurities may come from the fabrica-

tion process [257–259]. The encapsulation of graphene with hBN has proven to

dramatically increase the spin lifetime of graphene [150,151,155,156,260,261],

since hBN seals the graphene, acting as a protection layer and avoiding con-

tamination during the fabrication process of the device.

2.2 Spin-to-charge conversion in graphene-based

heterostructures

In the field of spintronics, even though graphene is an ideal candidate to

transport spin currents over long distances due to its low SOC (see previous

Section), this possesses a limitation on the manipulation of such spin currents.

However, SOC can be enhanced in graphene by proximity to another 2D ma-

terial in van der Waals heterostructures [262–269], inducing weak antilocaliza-

tion [270–274], or spin lifetime anisotropy [275–277], and allowing the electrical

control of spin currents [222,223] and, more recently, of the SOC-induced spin
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precession [224]. Spin-orbit proximity in graphene also induces SHE [226–228]

and REE [225,228,229,232,235], giving rise to electrically controllable SCC.

Most of the SCC experiments based on spin-orbit proximity place a semi-

conducting high-SOC van der Waals material on top of graphene, which then

has to be structured so that it can be used as an electrode for the proximi-

tized region [225–228,232]. However, if graphene is combined with a conducting

(metallic or semimetallic) van der Waals material, SCC can be measured by

directly probing the voltage across both materials. In this case, disentangling

the origin of each SCC process remains challenging as it can either occur via

SHE in the high-SOC material itself, or in the proximitized graphene; or via

EE at the surface of the high-SOC material, or at the proximitized graphene.

Hereunder, each contribution is deeply discussed.

2.2.1 Due to SHE

2.2.1.1 In the SOC material

Along this Chapter, it has been mentioned how crucial are the crystal symme-

tries in regard of the permitted SCC processes. Crystalline systems are grouped

in 230 space groups, where the 32 crystal classes and the 14 different Bravais

lattices are considered. The lower the number of the space group is, the fewer

symmetry operations are granted, and more independent elements in the spin

Hall conductivity tensor, σα
ij , are allowed. The higher the number of the space

group is, the more σα
ij elements are correlated via symmetry operation and the

number of independent elements in the tensor reduces.

Representative crystal phases in which TMDCs typically grow are the 2H

phase, which corresponds to space group 194, 1T’ phase, corresponding to space

group 11, and 1Td phase, corresponding to space group 31. The elements for

each spin polarization of the spin Hall conductivity tensor for the 2H phase are

given by:

σx
ij =

0 0 0

0 0 σx
yz

0 σx
zy 0

 σy
ij =

 0 0 σy
xz

0 0 0

σy
zx 0 0

 σz
ij =

 0 σz
xy 0

σz
yx 0 0

0 0 0


(2.3)

where 6 elements are allowed and only 3 are independent. The relation among
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them are: σy
zx = −σx

zy, σ
y
xz = −σx

yz and σz
xy = −σz

yx.

For the 1T’ phase, the spin Hall conductivity tensor is given by:

σx
ij =

 0 σx
xy 0

σx
yx 0 σx

yz

0 σx
zy 0

 σy
ij =

σy
xx 0 σy

xz

0 σy
yy 0

σy
zx 0 σy

zz

 σz
ij =

 0 σz
xy 0

σz
yx 0 σz

yz

0 σz
zy 0


(2.4)

where the 13 granted elements are independent.

For the 1Td phase, the spin Hall conductivity tensor is given by:

σx
ij =

0 0 0

0 0 σx
yz

0 σx
zy 0

 σy
ij =

 0 0 σy
xz

0 0 0

σy
zx 0 0

 σz
ij =

 0 σz
xy 0

σz
yx 0 0

0 0 0


(2.5)

where the 6 non-zero elements are independent.

In order to obtain the spin Hall conductivity tensor for different space

groups, one can check appendix in Ref. [78] or [278]. While only six orthogonal

elements are granted in both the 2H and 1Td phases, 13 orthogonal and non-

orthogonal elements are allowed in the 1T’ phase. Moreover, the symmetries of

the system determine not only how many tensor elements are permitted, but

also the relation between them. Both in the 2H and 1Td phases, 6 elements are

assured. However, for the 2H phase, only 3 of them are independent, while all

6 are independent in the 1Td phase.

In high-symmetry materials, i.e., where at least two mirrors are present, the

SHE only allows to generate spin current perpendicular to the direction of the

spin polarization and charge current. When a spin current along the z -direction,

with spin polarization along the x -direction, enters into a SOC material, the

generated charge current is along the y-direction [see Fig. 2.3(a)]. If the crystal

symmetry is lower, i.e., with one mirror present, two different spin polarization

orientations can generate charge current along the direction perpendicular to

the mirror plane (y-direction) with the spin current along the z -direction, that

is spin polarization orientation along z - and x -directions [see Fig. 2.3(b)]. This

particular case is of interest in order to switch out-of-plane FM since it is

possible to generate, via SHE, out-of-plane spin polarization parallel to the spin

current direction. This has been studied in spin-orbit torque experiments where

the spins induce a switching in the direction of the FM magnetization [202,279,
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280]. If the crystal symmetry is further reduced, no mirror is present and any

spin polarization direction can induce a charge current along the y-direction

with the spin current along the z -direction. In order to reduce the symmetry

constrains of the SCC processes, low-symmetry 2D materials can be used to

study SHE conversion, or high-symmetry materials where the symmetries are

broken by applying strain to the system [202,231,233,235,279,281,282].

Symmetry lowering

c)

js

jc

js
sz

jc

sx
sy

a)

js

jc

jc
js

y
z

x

sx

ℳ!

ℳ" b)

js

jc

sz
js jc

sx

ℳ!

Figure 2.3: ISHE process in low-symmetry materials. (a) High-symmetry

SOC material presenting two perpendicular mirror planes. Only a spin polarization

along x -direction, with spin current along z -direction can generates a charge current

along y-direction. Note that the charge current, spin current and spin polarization

are mutually perpendicular. (b) If the crystal symmetry is lowered, only one mirror

plane is present and, together with the previous configuration, an out-of-plane spin

polarization induces as well charge current in the y-direction, perpendicular to the

mirror plane, with spin current parallel to the spin polarization. (c) If the crystal

symmetry is further lowered, any spin polarization can induce a charge current along

the y-direction with spin current in z -direction.

2.2.1.2 In the proximitized graphene

Graphene is very sensitive to the environment, allowing to boost its SOC via

chemical functionalization, adatom decoration or substrate engineering [259,

283–289]. The disadvantage of these approaches is that they reduce the elec-

tronic quality of graphene. However, a van der Waals heterostructure of graphene

with a TMDC material will preserve graphene electronic quality while SOC can

be imprinted on it via spin-orbit proximity [290].

The initial experiments combining graphene/TMDCs showed gate tunabil-

ity of the spin absorption into MoS2 [222, 223]. Afterwards, strong spin-valley

coupling in graphene/WS2 and graphene/MoS2 was demonstrated, inducing

spin lifetime anisotropy [275, 277]. These results boosted the study of SCC in

graphene/TMDCs heterostructures.

In this regard, Avsar and co-workers observed in a graphene/WS2 het-
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erostructure an enhancement of the graphene SOC up to 17.6 meV, allowing

the observation of (I)SHE in graphene [291], although unleashed scientific con-

troversy with the double Hall bar design used to measure the effect [292]. A

theoretical work by Gmitra and co-workers reported a graphene-SOC enhance-

ment in the order of 0.2 meV in a graphene/MoS2 heterostructure [263]. The

large difference in the strength of the induced SOC in graphene by MoS2 or

WS2 was also theoretically reported [264, 266, 268]. According to the theoreti-

cal works, the proximity-induced SOC in graphene/TMDCs present mainly two

contributions: Rashba SOC and a new type of SOC, denoted as valley-Zeeman

SOC, which dominates over the other [271]. Valley-Zeeman SOC couples the

spin and valley degrees of freedom. Due to such coupling, the relation between

intra and intervalley scattering plays a crucial role. If the intervalley scattering

is dominant, the electron is scattered from one valley to the other, changing

its mass accordingly. This process reduces the averaged mass of the electron

and so the strength of the induced SOC, which is directly linked with the

spin Hall conductivity. Moreover, as Fig. 2.4(a) shows, the spin Hall conduc-

tivity σz
xy of the proximitized graphene changes with the carrier concentration

of graphene. The largest value of σz
xy is reported for graphene/WS2. In ad-

dition, σz
xy changes sign when changing the carrier type in graphene, which

can be tuned via electrostatic gating. Although the expected value of σz
xy in

graphene/MoS2 heterostructure is not the largest reported, the induced SHE in

graphene was unequivocally observed for the first time by Safeer and co-workers

in such system [226].

a) b)

Figure 2.4: Spin-to-charge conversion for different graphene/TMDC van

der Waals heterostructures. (a) Dependence of the spin Hall conductivity as

a function of the band energy for different graphene/TMDCs heterostructures.

Figure adapted from Ref. [266]. (b) Non-equilibrium spin density for different

graphene/TMDCs heterostructures. In the inset, the non-equilibrium spin density

is calculated for a pure Rashba system for graphene/WS2. Figure adapted from

Ref. [268].
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Different experimental works report the gate tunability of σz
xy via electro-

static gating in graphene/WS2 [228] and graphene/WSe2 [227]. In these cases,

the experimental values are larger than the theoretical calculations, indicating

the possibility that extrinsic contributions, such as localized defects, may also

contribute to the SHE induced in graphene [228].

2.2.2 Due to Edelstein effect

EE occurs in systems with broken inversion symmetry and SOC (see Section

1.4.2). In a SOC material, EE can occur at the surface of at the bulk. In

addition, in a graphene/SOC material heterostructure EE can also occur in

the graphene by proximity.

2.2.2.1 In the SOC material

On the one hand, if the inversion symmetry is broken in the bulk of a material,

bulk EE can be observed. By applying an external electric field, a macro-

scopic spin polarization is expected to be induced and in the bulk of such

materials [293]. This is the particular case of Weyl semimetals, which host

spin-polarized surface, known as Fermi arcs [294]. Other than Weyl semimet-

als, chiral materials lack inversion and mirror symmetries, and gate-tunable

EE has been recently observed in Te [179]. Additionally, the bulk EE has also

been observed in other systems with strong SOC and broken inversion sym-

metry such as bulk Rashba materials [295–297]. In particular, the 1Td phase

presents broken inversion symmetry, therefore, any material with high-SOC in

this crystal phase is expected to show bulk EE. Contrary to this, the 1T’ phase

preserves the inversion symmetry so does not allow the bulk EE.

On the other hand, at the surface of a SOC material, inversion symmetry

is broken by definition. The surface EE leads to a spin accumulation when

a charge current is applied along the surface. In order to know the allowed

components at the surface EE in a SOC material, its crystal symmetries are

crucial. In the case of the 1T’ phase, only one mirror plane is present, say My

mirror symmetry, which corresponds to a mirror plane along the x -direction

and, in consequence y → −y. While the electric field, associated to the charge

current, is a vector, the spin polarization is a pseudovector, consequently, when

applying the mirror symmetry to them the effect is different [175].

For the case of vectors, and in particular the electric field E, the resulting
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electric field when the My mirror symmetry is applied, is given by:

MyE(x, y, z) =

 Ex

−Ey

Ez

 . (2.6)

For the case of pseudo-vectors, in particular the spin polarization (s), the re-

sulting spin polarization after the symmetry operation is given by:

Mys(x, y, z) =

−sx
sy

−sz

 . (2.7)

If the electric field reverses sign, the spin polarization should also reverse

the sign. Therefore, if the SOC material contains a single My mirror, an elec-

tric field along the x - and z -directions can induce spin polarization along y,

via surface EE, while an electric field along the y-direction can induce spin

polarization along x - and z -directions.

2.2.2.2 In the proximitized graphene

When a SOC material is combined with graphene, a hybrid system is formed at

the interface between both materials, which we have referred to as “proximitized

graphene” (see Section 2.2.1.2). This new interfacial system accounts for the

surface of the SOC material facing the graphene flake, the interface between

both materials, and the graphene modified by the presence of the SOC material.

In this case, the EE in the surface of the SOC material and he one induced in

graphene are indistinguishable. For the sake of simplicity, we will refer to this

effect as EE in proximitized graphene from now on.

In the case of graphene/TMDCs heterostructures, the Rashba SOC in graphene

steams from the breaking of the inversion symmetry due to the proximity with

the TMDC [262,265]. In such graphene/TMDC Rashba system, when a charge

current is applied, a spin accumulation via EE is created, with spin polar-

ization perpendicular to the applied charge current. This spin accumulation

will diffuse away from the proximitized region. REE has been observed in dif-

ferent graphene/TMDCs heterostructures such as monolayer WS2 [225, 228],

TaS2 [229], MoTe2 [230], and also in graphene/(Bi0.5Sb0.85)2Te3, which is a

topological insulator [232]. Moreover, REE in proximitized graphene is gate-

tunable. By tuning the carrier type in graphene, the induced spin-density can

change sign as shown in Fig. 2.4(b) [228,268].
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The allowed SCC configurations via EE at the interface between the two

materials are determined by the mirror alignment between them. If on top of

graphene, which contains two mirror planes, a SOC material is placed, which

none of its mirrors are aligned with the ones of graphene, the interface has

no symmetry and any spin polarization can be induced via EE when a charge

current is applied to the interface. In contrast, if certain mirrors of the SOC

material are aligned with those of graphene, the symmetry of the interface is

determined by the number of aligned mirrors.

2.2.3 Disentangling the SCC signals in graphene-based

LSV

Graphene-based LSVs combine graphene with a SOC material in order

to study the SCC conversion process. In particular, in this Thesis, the SOC

material is 1T’-MoTe2, a low-symmetry material. As Fig. 2.5 represents, the

graphene channel sites along the x -direction, and the long axis of MoTe2 along

the y-direction. In order to measure SCC, we will use by default what we call

“standard SCC configuration”, also sketched in Fig. 2.5. The charge current

(Ic) is applied between the FM and graphene, in order to inject spins into the

graphene channel, and the non-local voltage (VNL) is measured along the long

axis of MoTe2, from which the non-local resistance RNL = VNL/Ic is obtained.

As discussed above, SCC can have different origins. Moreover, if a low-

symmetry material such as MoTe2 is studied, non-orthogonal elements in the

spin Hall conductivity tensor are allowed. In order to identify how these com-

ponents will influence the RNL signal, the contributions from each spin polar-

ization when sweeping the magnetic field along the three different directions

are analyzed.

By applying a magnetic field along the different directions (x, y, and z ), the

direction of the spin polarization s = (sx, sy, sz) is controlled. Moreover, the

magnetization of the FM electrode tends to lie along its easy axis, which, due

to the shape anisotropy, corresponds to the y-direction and can be along the

+y-direction (blue arrow on the FM in Fig. 2.5) or −y-direction (red arrow on

the FM in Fig. 2.5). [The non-local resistance measured when the initial state

of the FM is along the +y-direction is referred to as R↑
NL, whereas when the

initial state of the FM is along the −y-direction is referred to as R↓
NL.]

In the following, we will discuss the expected shape of the RNL curve as a
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VNL

𝑥

𝑦

𝑧

MoTe2

Graphene

FM

Ic

Figure 2.5: Standard SCC configuration in graphene-based LSV in com-

bination with MoTe2. Sketch of a graphene-based LSV with MoTe2 being the

SOC material. In the standard SCC, the charge current is applied between the FM

and graphene and the voltage is probed along the MoTe2 flake. Due to the shape

anisotropy, the magnetization of the FM lies along the ±y-direction, corresponding

to the blue/red arrows.

function of the magnetic field in the different directions by considering the mos

general case in which spin polarization in any of the three directions induces

SCC, regardless of its origin.

2.2.3.1 Applying in-plane magnetic field along the hard axis of the

FM injector (Bx)

By applying Bx, the orientation of the injected spins is affected in two different

ways: by precession and via pulling of the FM. Initially, at zero magnetic field,

the Co magnetization lies along the easy axis, so that s=(0, ±sy, 0). Figure

2.6(a) represents the direction of the magnetization along the +y-direction,

hence, the spin polarization is s=(0, +sy, 0). The associated signal to the

SCC of +sy spins is maximum at zero field, represented by the blue solid line

(R↑
NL) in Fig. 2.6(b). Likewise, if the initial state of magnetization is along the

−y-direction, the polarization of the injected spins is s=(0, −sy, 0) and the

corresponding signal is represented by the red dashed line (R↓
NL) in Fig. 2.6(b).

For relatively low values of Bx, since the direction of the injected spins is

perpendicular to the direction of the field, the spins in the graphene channel

will precess in the y−z -plane [see Fig. 2.6(c)]. As precession starts, the sy com-

ponent of the spins arriving to the MoTe2 is reduced and, thus, RNL associated

to the SCC of sy spins decreases. The resulting symmetric Hale curve is equiv-

alent to the standard Hanle precession using a FM detector (Fig. 2.2), since it
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also comes from spin precession and is symmetric with Bx. If the initial state

of the magnetization is along the +y-direction, at certain positive value of Bx,

the spins reaching the MoTe2 will be polarized along the +z -direction (R↑
NL).

In contrast, spins will be polarized along the −z -direction at certain negative

value of Bx. RNL associated to the SCC of sz spins will also detect the pre-

cession, resulting in an antisymmetric Hanle curve in this cases . Figure 2.6(d)

represents the corresponding signal when the initial state of the magnetization

is along the +y-direction (blue solid line, R↑
NL) or along the −y-direction (red

dashed line, R↓
NL). The two curves are antisymmetric with the magnetic field

and have opposite sign for the same value of Bx.

For large enough values of Bx, the magnetization of the FM is pulled to-

wards the direction of the field, until it aligns. Figure 2.6(e) shows the case

where the magnetization of FM is along the +x -direction and, hence,sx spins

are injected. RNL associated to the SCC of sx spins is independent of the two

initial states of the magnetization, since it comes from the pulling of the magne-

tization, which is the reason why the blue (R↑
NL) and red curves (R↓

NL) are one

on top of each other in Fig. 2.6(f). These S-shaped curves are antisymmetric

with the field and both have the same sign.
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Figure 2.6: Standard SCC measurement contributions by applying an

in-plane magnetic field along the hard axis of the FM injector. (a) At zero

magnetic field, the magnetization of the FM lies along the easy axis (+y-direction)

and the injected spins are polarized along the same direction. (b) RNL as a function

of Bx generated by the SCC of sy . The solid blue and dashed red curves correspond

to the two different initial states of the magnetization, +y and −y directions respec-

tively. These are symmetric Hanle curves. (c) For intermediate values of Bx, the

injected spins precess in the y−z -plane. (d) RNL as a function of Bx generated by

the SCC of sz , which depends on the initial state of the magnetization (+y-direction

corresponds to solid blue curve and −y-direction corresponds to dashed red curve).

These are antisymmetric Hanle curves. (e) For large values of Bx, the magnetization

of the FM is aligned in the direction of the field. Consequently, the injected spins

are parallel to Bx. (f) RNL as a function of Bx generated by the SCC of sx, which

arises from the magnetization rotation and, hence, does not depend on the initial

state of the magnetization. The curve shows an S-shape, which is antisymmetric

with the magnetic field.
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2.2.3.2 Applying out-of-plane magnetic field (Bz)

By applying Bz, the orientation of the injected spins is also affected in two

different ways, by precession and via pulling of the FM. Figure 2.7(a) represents

the direction of the magnetization along the +y-direction, therefore, the spin

polarization is s=(0, +sy, 0). The associated signal to the SCC of +sy spins is

maximum at zero feld, represented by the blue solid line (R↑
NL) in Fig. 2.7(b).

Likewise, if the initial state of magnetization is along the −y-direction, the

polarization of the injected spins is s=(0, −sy, 0) and the corresponding signal

is represented by the red dashed line (R↓
NL) in Fig. 2.7(b).

For relatively low values of Bz, since the direction of the injected spins is

perpendicular to the direction of the field, the spins in the graphene channel will

precess in the y−x -plane [see Fig. 2.7(c)]. As precession starts, the sy compo-

nent of the spins reaching the MoTe2 is reduced, so the spin signal associated to

the SCC of sy spins decreases, showing a symmetric Hanle curve. If the initial

state of the magnetization is along the +y-direction, at certain positive value of

Bz, the spins reaching the MoTe2 will be polarized along the +x -direction. In

contrast, spins are polarized along the −x -direction at certain negative value of

Bz. This Hanle precession for the sz is antisymmetric with the magnetic field

along the z -direction. Figure 2.7(d) represents the corresponding signal when

the initial state of the magnetization is along the +y-direction (blue solid line)

or along the −y-direction (red dashed line). It is important to note that this

effect occurs over a wider range of Bz in comparison to the spin precession un-

der Bx, since the magnetic field needed to pull the magnetization out of plane

is higher.

For large enough values of Bz, the magnetization of the FM is pulled towards

the direction of the field, until it aligns. Figure 2.7(e) shows the situation where

the magnetization of FM is along the +z -direction and, hence, sz spins are

injected spins. These S-shaped curves are antisymmetric with the field and

both signals have the same sign.
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Figure 2.7: Standard SCC measurement contributions by applying an

out-of-plane magnetic field. (a) At zero magnetic field, the magnetization of

the FM lies along the easy axis (+y-direction) and the injected spins are polarized

along the same direction. (b) RNL as a function of Bz generated by the SCC of

sy . The solid blue and the dashed red curves correspond to the two different initial

states of the magnetization, +y and −y directions respectively. These are symmetric

Hanle curves. (c) For intermediate values of Bz , the injected spins precess in the

y−x -plane. (d) RNL as a function of Bz generated by the SCC of sx, which depends

on the initial states of the magnetization (+y-direction corresponds to solid blue

curve and −y-direction corresponds to dashed red curve). These are antisymmetric

Hanle curves. (e) For large values of Bz , the magnetization of the FM is aligned

in the direction of the field. Consequently, the injected spins are parallel to Bz . (f)

RNL as a function of sz generated by the SCC of sz arises from the magnetization

rotation and, thus, spins does not depend on the initial state of the magnetization.

The curve shows an S-shape which is antisymmetric with the magnetic field
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2.2.3.3 Applying in-plane magnetic field along the easy axis of the

FM injector (By)

Due to the shape anisotropy, the easy axis of the Co electrode and, consequently,

its magnetization at zero field, lies along the y-axis. By applying enough mag-

netic field along the ±y-direction (By), the magnetization of the electrode and,

thus, the spin polarization of the injected current can be switched (the coercive

field of Co electrodes is typically < 0.05 T). However, By does not induce spin

precession during the spin transport along the graphene channel because s and

By are parallel to each other and, as a result, the spin polarization is restricted

to be ±sy [Fig. 2.8(a)]. The corresponding contribution to the SCC signal when

sweeping By only comes from sy spins and it is shaped as a squared hysteretic

loop [Fig. 2.8(b)].

By

RNL

a) b)

𝑠𝑦

𝑥𝑦

𝑧
By

𝑅NL
↑

𝑅NL
↓

Figure 2.8: Standard SCC measurement contributions by applying an

in-plane magnetic field along the easy axis of the FM injector. (a) At

zero magnetic field, the magnetization of the FM lies along the easy axis (+y-

direction) and the injected spins are polarized along the same direction. (b) RNL

as a function of By generated by the SCC of sy . The solid blue and dashed red

curves correspond to the two different initial states of the magnetization, +y and

−y directions respectively.

Table 2.1 summarizes the shape of the different SCC components to the

RNL curves, coming from the different spin polarizations, as a function of Bx,

By, and Bz.
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Table 2.1: Shape of the RNL curve generated by the SCC of each spin

polarization for different directions of the magnetic field.

RNL from sx RNL from sy RNL from sz

Bx S-shape Symmetric Hanle Antisymmetric Hanle

By − Hysteresis loop −
Bz Antisymmetric Hanle Symmetric Hanle S-shape

2.3 1D spin diffusion model for SHE in a low-

symmetry material

When a SOC material is placed on top of graphene, if the spin resistance of

the material is lower than the one of graphene, the spin current will be absorbed

and then converted into a measurable charge current in the SOC material (see

Section 1.4.1.3). To quantify the efficiency of the SCC, we solved the 1D spin

diffusion model considering the geometry of the device. When the SCC process

is studied using a low-symmetry material, different spin polarizations can gen-

erate a charge current. Our model accounts for the different spin polarizations

generating charge current.

When an external out-of-plane magnetic field (Bz) is applied to a graphene-

based LSV with a SOC material (see Fig. 2.5), the spin accumulation is given by

the 1D-Bloch equation (Eq. 2.1). In this situation, the spin precession will occur

in the x−y-plane and, hence, the spin accumulation will only have contributions

from the spins polarized along x (µsx) and y (µsy ) [see Fig. 2.7(a,c)]. The spin

accumulation for each component can be written as:

µsx = − iA exp

(
x

λgrs

√
1 + iωτgrs

)
+ iB exp

(
x

λgrs

√
1− iωτgrs

)
− iC exp

(
− x

λgrs

√
1 + iωτgrs

)
+ iD exp

(
− x

λgrs

√
1− iωτgrs

)
,

(2.8)

µsy = A exp

(
x

λgrs

√
1 + iωτgrs

)
+B exp

(
x

λgrs

√
1− iωτgrs

)
+ C exp

(
− x

λgrs

√
1 + iωτgrs

)
+D exp

(
− x

λgrs

√
1− iωτgrs

)
,

(2.9)

where A, B, C, and D are coefficients determined by the boundary conditions

and depend on the device geometry.
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Figure 2.9: Sketch of a graphene-based LSV with a SOC material be-

tween the FM contacts. (a) Top view of a LSV with a SOC material (yellow) on

top of a graphene channel (grey) and two FM contacts (brown) at both sides of the

SOC material. I c is injected from FM1 to the graphene channel (orange arrows).

This current generates a spin current (green arrow) and a pure spin current (purple

arrow) in each side of the FM, respectively. The amplitude of the spin accumulation

is given by the length of the red arrows in the graphene channel. Two different

measurement configurations can be performed depending on the place where the

voltage is measured: (i) to characterize the spin absorption, the voltage is probed

in the FM2 with respect to the graphene (blue configuration); (ii) to study the SCC

process, the voltage is probed along the SOC material (red configuration). The dark

brown arrows in the FM contacts represent the magnetization orientation that can

be flipped by applying a magnetic field. (b) Side view of panel a. The injector is

placed at x = 0, the SOC material at x = x1 and the detector at x = L. All the

regions used in the calculations are depicted as well as the geometrical parameters

of the FMs and SOC material.

When the spin current flowing in the graphene channel finds a material

with strong SOC (see Fig. 2.9), it can be absorbed and converted into charge

current via ISHE. This process of spin absorption depends on the interface

resistance between the graphene channel and the SOC material. In the case

the spin current is partially absorbed, there will be a spin accumulation inside
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the material along the vertical direction (z -direction):

µsx = E exp

(
z

λSOC
s

)
+ F exp

(
− z

λSOC
s

)
, (2.10)

µsy = G exp

(
z

λSOC
s

)
+H exp

(
− z

λSOC
s

)
, (2.11)

where λSOC
s corresponds to the spin diffusion length of the SOC material, and

E, F, G and H are determined by the precession in the graphene channel and

the confinement induced by the thickness of the SOC material, tSOC .

In the layout of the device, five different regions can be distinguished (see

Fig. 2.9):

• Region I: It is a semi-infinite region going from x → −∞ up to FM1,

which is placed at x = 0 with a contact resistance Rc1 . This FM contact

acts as spin injector.

• Region II: This region goes from x = 0 to x = x1, where the SOC

material is placed. In this region, it is assumed that λgrs ≫ wSOC , being

wSOC the width of the SOC material. The interface resistance between

the SOC material and the graphene channel is Rint.

• Region III: This region extends from the SOC material to FM2 acting

as a spin detector, positioned at x = L. The spin transport properties of

this region are the same as in region II.

• Region IV: Semi-infinite region from the spin detector to x → ∞. FM2

contact resistance is denoted by Rc2 . The spin transport properties of

this region (τgrs , Dgr
s and Rgr

s ) are the same as in Region I.

• Region V: This region is along the z -direction. It extends from the

graphene channel to the thickness of the SOC material, tSOC . The spin

transport in this region is perpendicular to the graphene plane and is

considered to have an irrelevant spin precession since, in general, SOC

materials have short spin diffusion length and spin lifetime. It is charac-

terized by the resistivity of the SOC material, ρSOC , and its thickness

tSOC .

The boundary conditions in the system used to determine the spin accu-

mulation are the following:



2

54 | CHAPTER 2

• The spin accumulation vanishes in the infinity. µs → 0 when x→ ±∞.

• The spin accumulation is continuous everywhere in the graphene channel

but at the interface graphene/SOC material, where the discontinuity is

given by ∆µs = eRintI
int
s . Iints is the spin current crossing the interface

between graphene and the SOC material.

• The spin relaxation at the interface between graphene and SOC material

is not considered. The spin current at the interface is the same as the

spin current at the bulk of the SOC material at z = 0, Iints = ISOC
s .

• The spin currents in graphene and in the SOC material are, respectively,

defined by:

Igrsx(y)
= − wgr

eRgr
s

∂µsx(y)

∂x
, (2.12)

and

ISOC
sx(y)

= −wgrwSOC

eρSOC

∂µsx(y)

∂z
. (2.13)

• The discontinuities of Igrs are given by the following equations for x =

0 under the injector, for x = x1 under the SOC material, and for x = L

under the detector:

x = 0 ∆Igrsx = −µsx(x = 0)

eRc1

, (2.14)

x = 0 ∆Igrsy = PinjIc −
µsy (x = 0)

eRc1

, (2.15)

x = x1 ∆Igrsx(y)
= −

µgr
sx(y)

(x = x1)− µSOC
sx(y)

(z = 0)

eRint
, (2.16)

and

x = L ∆Igrsx(y)
= −

µsx(y)
(x = L)

eRc2

. (2.17)

Two different experiments can be performed using this kind of devices: (i)

the spin absorption experiment, where the voltage is probed between FM2 and

the graphene channel (blue configuration in Fig. 2.9), and (ii) the SCC study,
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where the voltage is probed along the SOC material (red configuration in Fig.

2.9).

First, the spin precession signal should be measured in a pristine graphene

part of the device, where the SOC material is not playing any role. From the

fitting of the spin precession, the spin transport parameters of pristine graphene

are extracted. Then, the spin signal is measured in the absorption configuration.

Part of the injected spins from FM1 will be absorbed into the SOC material, and

part will arrive to FM2, thus, the spin signal will be reduced when comparing

it with the pristine graphene signal. The spin signal at the detector (x = L) is

determined using:

Rs(x = L) =
Pdetµsy (x = L)

eI
, (2.18)

where ± stands for the parallel and antiparallel states between the magnetiza-

tion of the injector and detector.

When the magnetic field is strong enough, the magnetization of the FM

electrodes starts to be pulled towards the direction of the magnetic field. This

pulling of the FM has to be taken into account in the non-local resistance

measured at the detector (blue measurement configuration in Fig. 2.9) so that

Eq. 1.16 can be rewritten as:

R
P (AP )
NL = +(−)Rs(x = L) cos2 Θ+R|| sin

2 Θ, (2.19)

where the +(−) stands for the parallel (antiparallel) relative magnetization

state of the injector and detector, Θ is the angle between the orientation of the

magnetization and its easy axis (y-axis), and R|| is the spin signal induced by

the non-precessing spins. Considering Eq. 1.10 and Eq. 2.19, ∆RNL takes the

following form:

∆RNL =
RP

NL −RAP
NL

2
= Rs (x = L) cos2 Θ. (2.20)

Now, if this signal is measured across the SOC material with the spin ab-

sorption configuration (red measurement configuration in Fig. 2.9), then it is

possible to extract λSOC
s provided that the spin resistance of the SOC mate-

rial is larger than the resistance of the interface between SOC material and

graphene (RSOC
s >Rint).

Once the spin-dependent transport parameters are characterized in the

graphene channel, it is possible to quantify the efficiency of the SCC process. If
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the spin current is absorbed from the graphene to the SOC material, it will be

converted into charge current, due to the ISHE, creating a non-local resistance

measured along the SOC material flake. This non-local resistance will be given

by the following formula for each of the possible spin polarizations (µsx and

µsy ):

R
x(y)
SH = θx(y)zy ρSOCχshuntĪsx(y)

/wSOC . (2.21)

Due to geometrical constrains in the device, the measured charge current

can only by along the y-direction and the spin current has to flow along the

z -direction, since it is absorbed from graphene to the SOC material. χshunt is

the shunting factor due to the fact that graphene acts as a parallel channel for

the converted charge current and Īsx,y
is the average spin current in the SOC

material, Īsx(y)
=

1

tSOC

∫ tSOC

0
Isx(y)

(z)dz.

As shown in Section 2.2.3.2, the contribution of each spin polarization to

the SCC have a different dependence with the magnetic field and, moreover,

some of them also depend on the initial state of the FM. In the case of an

out-of-plane magnetic field, the contributions to the signal of sx and sy depend

both on the initial state of the magnetization, R↑,↓,
NL as:

R↑,↓
NL = +(−)R

x(y)
SH cosΘ +R

||
SH sinΘ, (2.22)

where ± corresponds to the magnetization initial state of the FM injector,

+(−)y-direction, respectively. R
||
SH is the SCC of the spins pointing along Bz.

In order to remove any signal that does not depend on the initial state of the

magnetization, the SCC signal is defined as:

RSCC =
R↑

NL −R↓
NL

2
= R

x(y)
SH cosΘ. (2.23)

In particular, the contribution of sy to the signal is a symmetric Hanle curve

[see Fig. 2.7(b)], while the contribution of sx is an antisymmetric Hanle [see

Fig. 2.7(d)]. In order to separate each component, RSCC has to be symmetrized

and anti symmetrized and the resulting data is fit to:

Ranti
SCC = Rx

SH cosΘ, (2.24)

and

Rsymm
SCC = Ry

SH cosΘ. (2.25)
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Experimental techniques

Van der Waals materials are characterized by the weak van der Waals forces

that bond the individual atomic planes. Thanks to the fragile nature of the

forces, these materials can be easily exfoliated, and combined with other van

der Waals materials, such as graphene, where the van der Waals forces keep

the materials bound.

The exfoliation of van der Waals materials by means of tape, is known

as Scotch-tape technique [128, 129], and it has been widely used to fabricate

spintronic devices [143, 148, 151, 211, 222–226, 230, 234, 275, 277, 296, 298–301].

The assembling of the van der Waals heterostructure is assisted by the dry

viscoelastic stamping [302]. Once the heterostructure is formed, it can be later

patterned via electron-beam lithography, followed by metal deposition and lift-

off processes, in order to electrically contact it.

In this Chapter, it is explained the step-by-step fabrication processes and

the final characterization of the van der Waals graphene-based LSVs, in order

to study the SCC process. Although the fabrication procedure is the same, each

heterostructure requires a tailored design for the patterning of the contacts.

3.1 Sample fabrication

Highly-doped Si with 300 nm of thermally grown SiO2 is used as a substrate

for the graphene-based LSV. The size of the substrate is 5 mm × 5 mm, and

it is previously patterned with an array of numbered crosses 500 µm a part.

57
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These structures act as reference coordinates, essential for the later location

of the exfoliated flake of interest on the substrate. The SiO2 layer is crucial

to: (i) enhance the optical contrast of graphene flakes [303], and (ii) to apply

electrostatic gating to the graphene flake using the Si as bottom contact.

The first step, prior to exfoliation, is the cleaning of the substrates. Initially,

the substrates are immersed in acetone in an ultrasound bath for 5 minutes and,

subsequently, by another 5 minutes in isopropanol (IPA) in the ultrasound bath.

Later, they are dried by blowing N2.

3.1.1 Graphene exfoliation via Scotch-tape technique

Once the substrates are cleaned, the graphene flake is exfoliated first. Prior

to the transfer, the substrates are heated at 120 ◦C in a hot plate for 5 minutes,

to remove any water from the surface. Graphene is hydrophobic [304,305] and,

hence, removing any water from the surface of the substrates is crucial to

transfer a large amount of material. A piece of graphite (supplied by NGS

Naturgraphit GmbH ) acts as a matrix on where the blue tape is placed. The

blue tape (Nitto SPV 224P [306]) is peeled-off from the graphitic crystal until

the amount of material on the tape is enough to be transferred onto the Si/SiO2

substrates. After the heating of the substrate, the blue tape can be placed on

the substrate. On the one hand, if the substrate is still too hot, the glue from

the blue tape is melted and consequently transferred to it, emerging residues

on the substrate. On the other hand, a lot of graphene flakes are transferred.

For the samples fabricated in this Thesis, the substrate was one minute out

from the hot plate before placing the blue tape on top, so that the amount

of transferred graphene was still large but the glue residues are reduced. Once

the blue tape is on the substrate, gentle pressure is applied for a few seconds.

Afterwards, the blue tape is slowly peeled off from the substrate.

Although this process is known as the Scotch-tape technique [128, 129],

the tape we utilize is blue Nitto tape instead. While Scotch tape is useful to

exfoliate 2D materials with stronger inter-layer forces, in the case of van der

Waals materials, we prefer to use blue Nitto tape since it leaves fewer residues,

although its adhesion force is lower.

Figure 3.1 exemplifies the graphene flakes transferred on a substrate using

the Scotch-tape technique. A marker used as a reference to later locate the

flakes is also visible. As highlighted by the dashed white rectangle, certain
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areas of the substrate present a large density of graphene flakes, presenting

differences in the contrast among them. The more visible the graphene flake is,

the thicker it is. In the case of the graphene-based LSVs, we look for graphene

flakes with a needle-like shape, like the one highlighted by the dashed white

rectangle in Fig. 3.1(b). The low contrast of this particular flake hints is single-

layer graphene. In order to align the MoTe2 flake on top of graphene, it is

important to have proper contrast, therefore, the use of single-layer graphene

flakes difficulties further fabrication steps. For the sake of simplicity, in the

following, the few-layer graphene flakes are going to be referred to as graphene,

although it might not correspond to a single-layer graphene flake.

10 μm10 μm

a) b)

Figure 3.1: Graphene flakes on Si/SiO2 substrates transferred using the

Scotch-tape technique. (a) Optical image of graphene exfoliation on Si/SiO2

substrate. The numbered marker used as a reference to later locate the flakes is

also visible. The dashed white rectangle indicates an area with a larger density of

graphene flakes. (b) Zoom of the area highlighted by the dashed white rectangle in

panel a. A typical needle-shape graphene flake employed for the fabrication of the

LSVs is highlighted by the dashed white rectangle.

In contrast to CVD-graphene or the chemical exfoliation process of graphene,

a crucial advantage of the Scotch-tape micro-mechanical cleaving technique is

that the top surface of the graphene flake has not been exposed to any chemical

or material. This is crucial for the high-quality interface van der Waals het-

erostructures. Indeed, we observed that, if the graphene flake was chemically

cleaned before the stamping of the next 2D material, the interface resistance

between both materials was larger than if the stamping was performed without

the chemical cleaning, meaning that some organic residues from the cleaning

process remained on top of graphene.
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3.1.2 MoTe2 exfoliation in inert atmosphere

MoTe2 has been reported to be sensitive to ambient conditions as effects

of the oxidation when exposed to air [307–309]. This oxidation comes from the

Te atoms, which are more prone to oxidation [310]. In order to prevent surface

oxidation, and to keep a non-oxidized interface between graphene and MoTe2,

the exfoliation of the latter is performed in a glovebox with Ar atmosphere.

Once the graphene flake is identified on a substrate [Fig. 3.2(a)], the MoTe2

flake is exfoliated. Initially, a small piece of a transparent polymer (poly-

dimethylsiloxane, PDMS) is placed at the edge of a microscope crystal slide.

The PDMS acts as a substrate for the MoTe2 exfoliation and, since it is trans-

parent, allows us to lay the MoTe2 on top of the pertinent graphene flake.

Following the same Scotch-tape technique, initially the blue tape is placed

on a MoTe2 crystal piece. Once there is enough material on the blue tape, it

is settled on top of the PDMS and, by applying gentle pressure, the MoTe2 is

transferred. Using an optical microscope, an elongated needle-like MoTe2 flake

is searched. Figure 3.2(b) shows an exfoliation of MoTe2 on PDMS, and the

desired flake is marked by the dashed rectangle.

Once both flakes are identified, the next step is the stamping of MoTe2 on

graphene.

3.1.3 Stamping process

The stamping process is achieved with the help of an optical microscope

inside the glovebox. The Si/SiO2 substrate is placed on a stage, which can

be moved in the plane (x and y directions and rotation), and it is controlled

from outside of the glovebox. The microscope crystal slide, with the PDMS

containing the desired MoTe2 flake, is held by a mechanical arm, which can be

moved in all three directions (x, y, and z ) remotely, and it is placed between

the microscope objective and the stage, where the substrate is as shown in Fig.

3.3. Initially, by changing the focus of the microscope from one flake to the

other, while keeping a safe distance between the MoTe2 and graphene flakes,

the substrate is rotated in such a way the MoTe2 flake is perfectly perpendicu-

larly aligned at the middle of the graphene flake. This process is consecutively

performed while the distance between flakes is reduced, by moving downwards

the mechanical arm, until the PDMS gets in contact with the substrate. Once it
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Graphene flake
10 μm

MoTe2 flake

SiO2

PDMS

a) b)

c) d)

Figure 3.2: Fabrication steps of a graphene/MoTe2 van der Waals het-

erostructure. (a) The graphene flake is identified in a Si/SiO2 substrate. The

position on the flak is known with respect to the markers that are previously pat-

terned on it. (b) MoTe2 is mechanically cleaved on PDMS, a transparent and flexible

polymer. A needle-shaped MoTe2 flake is sought and highlighted by the grey dashed

rectangle. (c) Final van der Waals heterostructure highlighted with the orange rect-

angle, with respect the four markers on the Si/SiO2 substrate. The distance between

markers is 500 µm. (d) Zoom of the orange square in previous panel. The MoTe2

needle-shaped flake is placed on top of the chosen graphene flake. The left side of the

graphene is 11.1 µm long, while the right side is 4.7 µm. The width of the MoTe2

flake is ∼ 450 nm.

is in contact, the MoTe2 flake should be stamped as slow as possible, while any

possible misalignment between the flakes is corrected. After the MoTe2 flake is

stamped on top of graphene, the PDMS is peeled-off fast by bringing up the

mechanical arm, making sure the MoTe2 remains on the graphene. At the end

of this process, the van der Waals heterostructure is successfully formed, as

shown in Fig. 3.2(c,d), and ready to be patterned.
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Microscope

Stage

Mechanical arm

Mechanical arm

a) b)

Microscope crystal
slide with PDMS

Figure 3.3: Stamping system inside the glovebox. (a) Optical microscope

inside the glovebox. The different important parts are tagged. (b) The mechanical

arm holding the microscope crystal slide with the PDMS is placed between the

microscope objective and the stage in order to perform the stamping.

3.1.4 Contact patterning and metallization

For contact patterning, the electron-beam lithography (eBL) technique,

with a tailored design for each heterostructure, is adopted. The patterning

and the subsequent metallization, have been carried out in a clean environ-

ment in the CIC nanoGUNE BRTA cleanroom facility. The amount and size of

the particles within the cleanroom are strictly controlled in the different clean-

room bays, where the lithography bay presents the lowest amount of particles

with size ≥ 0.1 µm per cubic feet, 3500. To start with, the standard eBL pro-

cess followed during the fabrication of the samples is described. The successive

metallization via e-beam or thermal evaporation, and the lift-off processes are

also detailed in the following sections.

3.1.4.1 Standard eBL process

Before the lithography process, the sample is covered with a polymer sensitive

to the exposure of the electron beam, known as e-beam resist. This e-beam

resist is diluted in a solvent, which eases the spin coating and the subsequent

developing.
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In this Thesis, we use polymethyl methacrylate with anisole solvent (PMMA)

resist, which is a conventional e-beam resist. In particular, we use double-layer

PMMA with two different molecular weights and anisole concentrations, which

vary the sensitivity to the e-beam exposure. The first PMMA layer is 495K

PMMA A4, and the second layer is 950K PMMA A2, where the first number

(495K or 950K) corresponds to the molecular weight and the second one (A4

or A2) to the concentration of polymer in anisole, in %. The first resist layer

is thicker and creates an undercut to ease the lift-off process.

Each resists layer is spin-coated at 4000 rpm with an acceleration of 1000

rpm during 60 seconds, followed by hard baking at 180 ◦C during 90 seconds.

Afterwards, the sample is ready to be loaded into the eBL system. In this

Thesis, two equivalent eBL systems have been used: Raith150 TWO and Raith

e-Line [311]. Both systems reach the same resolution, and have a load-lock

where the sample is loaded on a metallic stage, fixed by a clamp. Subsequently,

the sample is transferred into the main chamber, where the base pressure is

∼10−5 Torr. The fundamental parameters in the eBL system are: the e-beam

voltage; the aperture, which together with the voltage determines the current

of the e-beam; the size of the writing field, which is the area of the sample that

can be written without moving the position of the beam, just by deflection;

the working distance; and the dose. For all the lithography steps involved in

the Thesis, the voltage is set to 10 kV and the working distance to 10 mm.

The aperture and the corresponding working field size are varied. Figure 3.4(a)

shows a representative design of the contacts in a graphene/MoTe2 heterostruc-

ture. While the left panel displays the design in the whole substrate, the right

panel is a zoom in the region close to the heterostructure. For small features,

where the accuracy is crucial, the aperture is set to 10 µm and the corre-

sponding write field size is 100 µm. An area of 100 µm × 100 µm, centered

in the heterostructure, is patterned with the aforementioned characteristics of

the e-beam [see Fig. 3.4(a)]. For contacts away from this area, the aperture

is increased to 120 µm and the write field size is set o 1000 µm. The 120 µm

aperture loses accuracy but the exposure time is considerably reduced. That is

the reason why the aperture is enlarged for the patterning of the electrodes far

from the heterostructure, and the different working fields have to be stitched,

taking into account that some misalignment can happen when the beam moves

to write the whole contact structure.

In the case of the graphene/MoTe2 heterostructure, four small crosses close

to the heterostructure separated 80 µm apart, are firstly pattern using the
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10 µm aperture, as shown in Fig. 3.4(b). These crosses are used as alignment

marks, in order to be as accurate as possible when patterning the electrodes

on the flakes.

After the exposure of the resist to the e-beam, the bonds of the e-beam

resist are modified in such a way that, when the sample is immersed in the

corresponding chemical developer, the resist is removed. If the e-beam resist is

positive (negative) the part of the resist which is removed is the part which has

(not) been exposed to the beam. Both the 495K PMMA A4 and 950K PMMA

A2 resits are positive, therefore, when the sample is immersed in methyl isobutyl

ketone diluted in IPA (MIBK/IPA 1:3) for 60 seconds, and later into IPA to

stop the developing process for other 60 seconds, the resist is removed in those

parts which have been exposed to the beam, corresponding to the contacts, as

can be seen in Fig. 3.4(c).

3.1.4.2 Metal deposition

After the developing of the patterned design, different materials can be de-

posited on the sample. For the LSVs, firstly the non-magnetic electrodes are

patterned, followed by the corresponding metallization with Ti/Au. The evap-

oration of both materials is performed in situ in a high vacuum evaporation

system, with 10−7 mbar base pressure (Kurt J. Lesker). Whereas the evap-

oration of the Ti layer is using the e-beam technique, the Au evaporation is

thermal. In the following, the basis of each technique is explained.

e-beam evaporation

In the e-beam evaporation, a current is applied to a W filament. This fila-

ment thermionically emits electrons which are later focused by magnetic fields

into a crucible with the material we want to evaporate, in this case Ti. The

temperature of the material starts to increase until the atoms evaporate. The

evaporated atoms reach the sample forming a continuous layer. For the non-

magnetic electrodes, 5 nm of Ti are evaporated at a rate of 1 Å/s.

Thermal evaporation

This evaporation relies on the Joule heating. When a charge current is

applied on a thermal boat, it heats up and so the temperature of the material

inside the boat increases. When the temperature of the material is high enough,

it starts to evaporate. Small wires of Au are placed on the boat which is then

heated. A layer of 100 nm of Au is evaporated at a rate of 0.8 Å/s.
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Figure 3.4: eBL design and black and white optical microscope pictures

of the fabrication steps in a graphene/MoTe2 heterostructure. (a) Con-

tacts design in a 5 mm × 5 mm, where the Ti/Au electrodes are in orange and

the FM electrodes in black. The electrodes end in a big square, used to electrically

connect the sample with the electrical equipment. The highlighted red square corre-

sponds to the area close to the heterostructure. In the right panel, the grey square

corresponds to the area of 100 µm × 100 µm patterned with the 10 µm aperture.

The outer electrodes are patterned with the 120 µm aperture. The blue contacts

corresponds to the Au electrodes, while the brown ones to FM. (b) Picture of the

heterostructure after the developing of the alignment marks patterned close to the

heterostructure. (c) Picture after the development of the non-magnetic electrodes.

(d) Heterostructure after the lift-off of the non-magnetic electrodes, where only the

Ti/Au electrodes are present. (e) Development of the second eBL step to pattern

the FM electrodes. (f) Picture of the final device after the three eBL steps and two

metallizations.

To avoid Ti oxidation, the subsequent Au evaporation of the electrodes should

be performed in situ. Interestingly, other materials can be used as a seed layer

of Au, as Cr or Pd. The work function of these materials should be as close as

possible to the work function of the contacted material. In our case, the Ti is

the one that shows lower electrical noise when contacting MoTe2.
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3.1.4.3 Lift-off

When the metallic layers are evaporated in the whole sample, the next step

is the lift-off process. The substrate is immersed in a solvent to remove any

resist. By removing the resist, the material evaporated on top is also removed

and, therefore, the metallic layer only remains in those parts where there was

no resist. For PMMA, the remover used is acetone and the sample is left in

acetone for few hours. Once the PMMA resist is dissolved, the sample is rinsed

in IPA to remove the organic residues left by the acetone. After the lift-off

process, the sample looks like the example in Fig. 3.4(d).

In the samples we use to study the SCC process, we also need FM contacts.

In order to pattern the FM electrodes, a subsequent spin-coating and eBL step

followed by the metal evaporation are needed. The eBL process requires the

same conditions as the one of the non-magnetic electrodes, where the crosses

patterned close to the heterostructre are crucial to align the FM electrodes to

the previous metallic contacts. Fig. 3.4(e) displays a picture after the developing

of the FM patterned contacts after the developing. However, the evaporation

of the FM electrodes is carried out in a particular fashion.

As we have explained in Chapter 1 and 2, a TB is crucial to have proper

spin injection from the FM to the NM channel. In our case, we use TiOx as

the TB. Firstly, 0.3 nm of Ti are deposited via e-beam evaporation at a rate of

0.2 Å/s. This Ti layer is exposed to air for 10 minutes to induce the oxidation

of the Ti, creating a TiOx layer. This non-continuous layer presents enough

resistance to properly inject spins. Next, 35 nm of Co are e-beam evaporated

at a rate of 1 Å/s. To prevent the Co oxidation, 5 nm of Au are deposited

to cap the FM electrodes. After the lift-off process, an example of the final

heterostructure is shown in Fig. 3.4(f).

3.1.4.4 Fast FM electrodes oxidation

Although, the FM electrodes are capped, the Au only covers the top part of the

electrodes, while the lateral side of the FM contacts is exposed to air after the

lift-off process. On certain occasions, we observed a fast degradation of the Co

electrodes right after taking the sample out from the cleanroom. Figure 3.5(b)

shows an optical microscope image of the bubbles created at the FM electrodes

as a consequence of the fast degradation.

After analyzing different variables such as base pressure of the evapora-
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tion chamber, rate of the evaporation, thickness of the capping Au layer, pre-

evaporation of Co, etc., the crucial factor was the humidity in the laboratories.

If the humidity of the laboratory is above 80%, the Co undergoes a fast oxida-

tion process. While electrically measuring the Co electrodes also a degradation

is observed [see for instance in Fig. 5.15(b)], it is boosted by the humidity in

the environment.

10 μm 10 μm

a) b)

Figure 3.5: Fast degradation of FM electrodes. (a) Optical microscope image

o the heterostructure right after the lift-off process of the FM electrodes. (b) Optical

image after 30 minutes in a laboratory with high humidity. Only the Co electrodes

show degradation.

Chiefly, for the samples fabricated for the study of spin transport in 1T’-

MoTe2 (see Section 4.5), the patterning and metallization of non-magnetic

electrodes is omitted, and the FM electrodes are directly patterned.

3.2 Sample characterization

Once the sample is fabricated, electrical and material characterization can

be performed.

3.2.1 Electrical measurements

The set-up system is a Physical Property Measurement System (PPMS)

from Quantum Design. In this system, the temperature can vary from 1.8 K to

400 K, and the magnetic field can reach ±9 T. As the applied currents and the

induced voltages in the heterostructures, are very low (in the order or micro or

nano Volts or Amperes), an electrical set-up designed for the measurement of

such low values is used.
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Firstly, the substrate is glued to a chip carrier with 8 electrical contacts.

Among all the contacts we patterned on the heterostructure, only 8 can be

connected to the chip carrier at the same time. The sample and the pins of the

chip carrier are connected using an Al wire-bonder. The chip carrier is then

fixed in the rotatory stick, which enters into the cryostat. The design of the

chip-carrier together with the rotatory stick allows to change the direction of

the magnetic field with respect to the sample surface.

Using a switchboard, the current and voltage probes are selected and con-

nected to the electrical setup. A 6221 Keithley is used as a current source while

a 2182A Keithley acts as a nanovoltmeter. In order to remove thermoelectric

effects that are constant or linear with time, and to reduce noise, a Delta mode

is used. This mode, also known as “DC reversal technique”, applies alternated

positive and negative pulses of current and the voltage is probed in each pulse

(VM ) (see Fig. 3.6). Each cycle of Delta measurement contains three pulses of

charge current, on which the voltage is measured. The voltage read by a Delta

configuration in the nth cycle is given by [312]:

VnthDelta =

(
VMn − 2VMn+1 + VMn+2

4

)
· (−1)n−1, (3.1)

the (-1)n−1 term is used due to the polarity reversal of every other calculated

Delta reading. This makes all the calculated Delta readings in the same polarity

and can be averaged out later. In our case, the Delta reading is repeated several

times, in most of our experiments 128 or 256 times, to further reduce the noise.

Additionally, the delay time, that is the time that passes since the charge

current pulse starts and the voltage measurement, is usually set to 20 ms.

DELTA 
Reading 

1st6221
Current source

VM1

VM2

VM3

VM4

Ic High

Ic Low

1st Delta Cycle

2nd Delta Cycle

Delay time

0
time

Figure 3.6: Delta measurement process scheme. Figure adapted from Ref.

[312].
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In general, we calculate the resistance (R) of our signal, which is the ratio

between the averaged voltage (V ) and the applied charge current (I c), R =

V /I c. Usually this resistance is measured as a function of the temperature

[R(T )] or the magnetic field [R(H )].

Once the sample is electrically characterized, we proceed with the material

characterization.

3.3 Material characterization

3.3.1 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is a microscopy tech-

nique that, focuses an electron beam on the sample surface. The incident elec-

trons interact with the atoms in the sample. The secondary electrons, which

are emitted from excited atoms due to the incident electron beam, are detected

and the information about the topography can be extracted. By analyzing the

secondary electrons point by point, the whole image of the sample is formed.

In this Thesis, the SEM was performed in the same eBL Raith equipment uses

for the lithography of the electrodes.

3.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique that

forms an image by detecting the electrons that are transmitted through a ul-

trathin sample, called lamella. TEM microscopy was used to determine the

crystallographic direction of the MoTe2 flakes. The system used was a Titan

60-300 TEM/STEM instrument from FEI, Netherlands, in STEM mode with

an acceleration voltage of 300 kV. The MoTe2 lamella used to determine the the

crystal direction was cut by focused ion beam (FIB). This microscopy technique

was carried out by Andrey Chuvilin and Evgenii Modin in CIC nanoGUNE

BRTA.

3.3.3 Atomic force microscopy

Atomic force microscopy (AFM) was used to determine the thickness of the

MoTe2 and graphene flakes. A sharp tip is attached to a cantilever which is
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bend due to the atomic interaction with the surface of the sample. An incident

laser on the cantilever changes the deflection accordingly, and it is detected

through a photodetector. The AFM instrument to characterize the thickness

of the flakes is from Agilent Technologies [313].

3.3.4 Polarized Raman spectroscopy

Raman spectroscopy is used to measure excitation modes in a material.

When a monochromatic light, usually a laser, is shined to the surface of a mate-

rial, it interacts with the molecular vibrations of the material. This interactions

shifts the backscattered light and contains information about the vibrational

modes. This shift is known as Raman shift, and it is often expressed in the units

of cm−1. Polarized Raman spectroscopy relies on the excitation and detection

of polarized light. By analyzing the polarized backscattered light, information

about the molecular orientation and symmetry of the crystal structure can be

extracted.

Two different equipment has been used to characterize the MoTe2 crys-

tal structure: the WITec Confocal Raman to perform polarized Raman spec-

troscopy at room temperature [314] and Renishaw inVia Raman Microscope

where a Linckam chamber is coupled, and temperature can be controlled down

to 80 K [315,316].

Raman spectroscopy is an established technique to characterize the thick-

ness of the graphene flakes. From fitting the 2D peak (∼ 2700 cm−1) to a single

Lorentzian, if it is monolayer, or to multiple Lorentzian curves, the thickness

of the graphene layer is known [317–319]. Unfortunately, the flakes used for the

graphene-based LSVs are relatively narrow (∼ 500 nm) so the Raman signal

from the graphene was not large enough to see the graphene Raman peaks and

perform the fitting. The fitting of the Raman peaks was achieved in graphene

flakes from other works in our laboratory [224, 226, 227] and, therefore, a rela-

tion between the optical contrast and the thickness could be established. This,

together with the AFM technique, helped us to characterize the thickness of

the used graphene flakes.

The TEM and polarized Raman spectroscopy were used to determine the

crystallographic directions of the MoTe2 needle-shaped flakes. Once that was

known, these techniques were not repeated in all our devices.
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Molybdenum ditelluride

characterization

4.1 Introduction

Layered TMDC materials have attracted a lot of attention in the past years.

The discovery of graphene triggered the research of other 2D materials showing

exotic physical properties. By reducing the crystal symmetry of 2D materials,

new effects become allowed, making low-symmetry 2D materials an appeal-

ing materials system to study. A handy example is molybdenum ditelluride

(MoTe2).

In this Thesis, we study 1T’-MoTe2 grown by HQ Graphene company. 1T’-

MoTe2 is characterized by a molybdenum atomic chain along the a-crystal

axis, sandwiched by tellurium atoms. Each layer of MoTe2 is separated by a

van der Waals gap [see Fig. 4.1(a)] in the c-axis. The angle between a and b

crystal axes is 90◦ while between a and c is 93.83◦. Figure 4.1 sketches the

different side views of the 1T’-MoTe2 crystal structure. The a−c plane view

is represented in Fig. 4.1(a), where the Mo chain is along the a-axis and the

c-direction corresponds to the vertical stacking direction. Figure 4.1(b) shows

the b−c plane, where the distance between layers is the van der Waals gap.

This plane coincides with the mirror plane (Ma), perpendicular to the Mo

chain. Figure 4.1(c) represents the top-view of the crystal, corresponding to

the b−a crystal plane. The Mo chain is highlighted by the green zigzag line

71
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and the mirror plane is represented by the purple line.

van der 

Waals gap

a

c

b
b

c

a
b

a

c

Molybdenum Tellurium

ℳ𝑎

a) b) c)
Molybdenum chain

Figure 4.1: 1T’-MoTe2 crystal lattice along the three different crystal

planes. The molybdenum atoms (orange) sandwiched between tellurium atoms

(blue). The gap between layers of MoTe2 corresponds to the van der Waals gap.

(a) View of the a−c crystal plane. The Mo chain lies along the a-axis while the

c-axis corresponds to the stacking direction. (b) View of the b−c crystal plane. The

Mo chain is perpendicular to the plane. This plane corresponds to the mirror plane

(Ma). (c) b−a crystal plane. The Mo chain is represented by the green zigzag line

and is perpendicular to the mirror plane Ma [320].

4.2 Crystal axes determination

The crystal anisotropy of MoTe2 and the presence of only one mirror plane

in the crystal structure are directly linked to the the properties of the spin Hall

conductivity tensor (see Eq. 2.4). In order to establish a relation between the

allowed components in the SHE tensor and the corresponding crystal axis, it

is crucial to determine the crystallographic directions of the MoTe2 flakes.

1T’-MoTe2 crystal tends to grow forming needles, suggesting a preferential

growth direction. Moreover, from exfoliation using the Scotch-tape technique

[128,129], we observe a tendency in the MoTe2 flakes to be elongated. In order

to determine the crystal structure in 1T’-MoTe2 flakes, two different techniques

have been used: polarized Raman spectroscopy and Scanning Transmission

Electron Microscopy (STEM).

Polarized Raman spectroscopy measurements were performed in two elon-

gated needle-like flakes, similar to the ones used in the SCC studies (Chapter

5, 6 and 7). By combining a confocal microscope with a linearly polarized green

laser (λ = 532 nm), the Raman signal polarized parallel to the direction of the

laser is detected through a spectrometer. The incident laser can be polarized

parallel to the long axis of the flake or perpendicular to it, while the detected

Raman signal is the one polarized parallel to the incident polarization. The
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presence or absence of the peak at ∼260 cm−1 determines the crystal direc-

tion [202,321]. Figure 4.2(a,b) shows the intensity of the Raman peaks for two

different 1T’-MoTe2 flakes in two different measurement configurations each.

On the one hand, the green line corresponds to the configuration where the

incident laser is perpendicular to the long direction of the flake. From the pres-

ence of the Raman peak at ∼260 cm−1, it can be determined that the long

direction of the MoTe2 flake corresponds to the crystal b-axis. On the other

hand, the blue line corresponds to a polarization parallel to the long direction

of the MoTe2 flake, where the absence of the peak reveals that the direction

corresponds to the a-axis of the crystal, where the Mo chain lies.
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Figure 4.2: Determination of the crystallographic orientation of MoTe2

elongated flakes. (a-b) Polarized Raman spectroscopy of two different elongated

flakes. The intensity of the Raman peaks is represented as a function of the Raman

shift for two different directions of the polarized incident light. The respective flake

in which the measurements were done are shown as an inset. The scale bar corre-

sponds to 5 µm. (c) Optical image of the needle-shaped MoTe2 flake on top of two

graphene flakes. (d) STEM image of the flake along the red dashed line shown in

panel c. It shows the cleaving direction of the flake along the crystallographic axis,

where the zigzag Mo chain lies (a-axis). The crystallographic structure of the 1T’-

MoTe2 is superimposed. (e) Detail of the superimposed crystal structure in panel

d.
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Unfortunately, the spot size of the laser used to perform Raman spec-

troscopy is ∼2−4 µm, larger than the width of the prototypical MoTe2 flakes

used in the graphene-based LSVs (∼400−500 nm) and, hence, the crystallo-

graphic axes could not be determined in the same flakes where the SCC was

studied. In order to characterize the crystal axes in narrower flakes, STEM was

used. Figure 4.2(c) shows an optical image of the MoTe2 flake where STEM

was performed. Interestingly, this flake was stamped on graphene flakes, fol-

lowing the same procedure as the one for a real device. In case the crystal axes

of MoTe2 were somehow altered during fabrication, it should be observed by

STEM. A longitudinal cut was taken on the MoTe2 along the red dashed line

in Fig. 4.2(c). STEM was performed along the line and the observed crystal

structure is shown in Fig. 4.2(d). This image presents the cleaving direction

of the flake along the crystallographic axis where the Mo chain lies (a-axis).

The crystallographic structure superimposed to the STEM image is shown in

detail in Fig. 4.2(e). The Mo chain is along the a-axis and the vertical direction

corresponds to the stacking direction.

The crystal orientation of the elongated MoTe2 flakes determined via po-

larized Raman spectroscopy is in agreement with the one obtained via STEM,

i.e., the long direction of the needle-shaped MoTe2 flakes corresponds to the

direction of the a-axis.

4.3 Low-temperature polarized Raman spectroscopy

Previous crystal axes determination was performed at room temperature,

where the MoTe2 flake is expected to be in the 1T’-MoTe2 phase. However,

bulk MoTe2 crystals undergo a first-order phase transition from the 1T’ phase

to the 1Td phase at around 240 K when cooling [191]. Structural transitions

are known to be altered by pressure [194, 322] and impurity doping [323–325].

The phase transition in MoTe2 has been reported mostly in studies on bulk

crystals of 1T’-MoTe2 [191–193, 195–198], with only few on MoTe2 thin flakes

[199–201, 321]. Some works suggest the possibility of a layer-dependent phase

transition [200,201].

In order to distinguish the phase transition, polarized Raman spectroscopy

can be performed, where a splitting in the ∼133 cm−1 mode should appear if

such transition occurs [192, 193]. Figure 4.3(a) shows polarized Raman spec-

troscopy measurements performed with a green laser for temperatures ranging
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from 300 K to 80 K in a piece of bulk MoTe2 crystal. A splitting of the peak at

∼133 cm−1 is observed for temperatures below 240 K down to 80 K, which is

the lowest temperature the system can achieve. In contrast, Fig. 4.3(b) shows

the Raman measurements performed on a flake exfoliated from the bulk piece,

shown in the right panel. The data are an average of the measurements taken

at the three red dots on the flake. These data do not show any splitting of

the peak down to 80 K, meaning that our flakes stabilised in the 1T’ phase.

This fact was also probed by measuring the resistance of the flakes, where no

hysteretic behaviour was observed [see Fig. 4.4(b), Fig. 4.6(b) and Fig. 5.13(b)].
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Figure 4.3: Low-temperature polarized Raman on MoTe2. (a) Polarized

Raman spectroscopy on a bulk MoTe2 crystal as a function of temperature. A

splitting of the peak at 130 cm−1 appears for temperatures below the expected

phase transition around 240 K [193]. (b) Polarized Raman spectroscopy on a MoTe2

flake exfoliated from the bulk crystal in panel a, as a function of temperature. The

data for each temperature correspond to the average of the measurements taken at

the red circles on the MoTe2 flake. The splitting of the peak at 130 cm−1 is absent

at all measured temperatures.

The polarized Raman spectroscopy, together with the temperature-dependent

resistance measurements of the 1T’-MoTe2 flakes, suggest the flakes stabilise in

the 1T’ phase. These measurements are in agreement with other reports where

no phase transition is observed in 1T’-MoTe2 flakes down to 5 K [202]. In the

forthcoming, for the sake of brevity, 1T’-MoTe2 will be referred as to MoTe2.

4.4 Magnetoresistance measurements

Magnetoresistance is a change in the electrical resistance upon the presence

of an external magnetic field. Magnetoresistance in normal metals is charac-

terized by a low variation with the magnetic fields, and it theoretically satu-

rates for high values of the field [326,327]. With the discovery of 2D materials,

non-saturating magnetoresistance, together with an increase of several orders
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of magnitude in the resistance as a function of the magnetic field, has been

observed in materials such as Cd3As2, NbSb2, and WTe2 [328–331]. The non-

saturating magnetoresistance in WTe2 arises from its crystal phase, the 1Td

phase. Although we have proven to have MoTe2 in the 1T’ phase, it is of inter-

est to characterize the resistance of the material as a function of the magnetic

field in different directions.
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Figure 4.4: Magnetoresistance measurements on a MoTe2 Hall bar. (a)

Optical image of the MoTe2 exfoliated flake contacted by non-magnetic Ti/Au elec-

trodes. A sketch of the 4-point resistance configuration (R4−point) is included. (b)

Longitudinal 4-point resistance as a function of temperature. (c) Magnetoresistance

as a function of the magnetic field measured at 10 K in a 4-point configuration. The

magnetic field is applied along the x -direction (green curve), y-direction (light blue

curve), and z -direction (dark blue curve).

Figure 4.4(a) shows an optical image of a MoTe2 flake contacted with Ti/Au

electrodes. In the absence of an external magnetic field, the 4-point resistance

is measured as a function of temperature [Fig. 4.4(b)]. This resistance is mea-

sured using the configuration sketched in Fig. 4.4(a) and shows metallic-like

behaviour. At 10 K, an external magnetic field is applied along the different

crystal axes: along the a-axis which corresponds to the y-direction, along the

b-axis which corresponds to the x -direction, and the z -direction. The magne-

toresistance is given by:

MR(%) =
R(B)−R(B = 0)

R(B = 0)
× 100, (4.1)

where R(B) is the electrical resistance measured as a function of the magnetic

field. Figure 4.4(c) shows a MR at 9 T of about 5% when the magnetic field

is applied out of plane (dark blue curve), about 2% when the magnetic field is

applied along the Mo chain direction (light blue curve) and about 0.5% when

it is applied along the x -direction (green curve).

Similar measurements where performed in a flake in which the SCC pro-

cess was studied (see Section 5.7.6). The MoTe2 flake was contacted by Ti/Au

and, by performing 2-point resistance measurements, the magnetoresistance of
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MoTe2 was extracted [see Fig. 4.5(a)]. Initially, the magnetic field was applied

out of plane (Bz) and the magnetoresistance was measured for different temper-

atures from 200 K down to 10 K. For high temperatures, the MR is negligible,

however, as the temperature decreases, it starts to increase up to almost 5%

at 10 K [Fig. 4.5(b)]. Figure 4.5(c) shows the angular dependence of MR at 10

K. The direction of the magnetic field is swept from 0◦, which corresponds to

the out-of-plane direction, to 90◦, which corresponds to the y-direction along

the Mo chain. The value of MR decreases as the magnetic field rotates from

the out-of-plane direction to the in-plane one. These results are qualitatively

similar to the ones reported from the MoTe2 Hall bar (see Fig. 4.4).
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Figure 4.5: Magnetoresistance measurements from a MoTe2 flake used

to study spin-to-charge conversion. (a) Optical image of the MoTe2 flake, con-

tacted with Ti/Au electrodes, used to study spin-to-charge conversion (see Section

5.7.6). (b) Magnetoresistance in 2-point configuration and applied out-of-plan mag-

netic field as a function of temperature. (c) Magnetoresistance measured in 2-point

configuration and magnetic field applied at different angles between the y-direction

(90◦) and z -direction (0◦) at 10 K.

The fact that the magnetoresistance is larger for low temperatures and

when the magnetic field is along the out-of-plane direction, has direct impact

in the low-temperature SCC measurements performed in MoTe2 as is discussed

in Chapter 6.

4.5 Spin transport in 1T’-MoTe2

In high-SOC materials, there is a trade-off between the spin Hall angle and

the spin diffusion length. If the former is large, the later is small, since both

are determined by the SOC and one tends to compensate the other. Naively

speaking, if the efficiency of the SCC is high, i.e., large θαij , the spins cannot

travel long distances while keeping the spin information, i.e., short λSOC
s . In

case of metals, a constant value of the product of θαijλ
SOC
s is usually observed

yielding ∼0.1 nm for most of the studied metals, such as Pt, W or Ta, where
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the value of θαij is large (in the order of 10%), but λs is in the order of ∼1−10

nm [35,99,332–335]. Opposite to this, Al, as discussed in Section 1.4.1.3, shows

large values of λAl
s , which ranges between 500−700 nm, and the θAl

SH ranges

between 0.01−0.03% at low temperatures [98]. In contrast, 1Td-MoTe2 was re-

ported to present θαij ∼ 0.32 and λMoTe2
s ∼ 2.2 µm [282], being both values

extraordinarily large. Also large, but seemingly more realistic results were the-

oretically calculated in monolayer MoTe2, where the θαijλ
MoTe2
s product was

predicted to be between 1 and 50 nm [336]. These works motivated us to study

spin transport in 1T’-MoTe2 flakes.
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Figure 4.6: False-colored SEM image of a MoTe2 flake contacted with

Co electrodes and longitudinal resistance measurement. (a) The widths of

the Co electrodes are different so that the coercive fields changes. The numbers

are on the contacts used in the measurements. (b) Resistance of the MoTe2 flake,

measured in 4-point configuration (V 56I 14), when cooling down (blue solid circles),

and when warming-up (open orange circles). The two measurements are one on top

of each other, therefore, no fingerprint of phase transition is observed.

Figure 4.6(a) shows a SEM image of the device containing a MoTe2 flake

with several FM electrodes on top. The distance between electrodes is ∼250

nm and, due to the different widths of the electrodes, each FM electrode has

different coercive field, allowing us to access to the parallel and antiparallel

states. The contacts involved in the experiments are labeled with numbers.

Initially, the four-point resistance of the MoTe2 is measured as a function of

temperature. By applying the charge current between contacts 1 and 4 and

measuring the voltage between contacts 5 and 6 (V 56I 14), the temperature

dependence of the MoTe2 resistance was measured when cooling down (blue

solid circles) and warming-up (orange open circles). The MoTe2 flake shows

metallic-like behaviour and no fingerprint of phase transition is observed [see

Fig. 4.6(b)].

In order to measure the spin transport in MoTe2, the magnetic field is
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applied along the easy axis of the FM electrodes (y-direction), while the re-

sistance is measured in the non-local LSV configuration (V 34I 21). Due to the

shape anisotropy, the magnetization of the FM aligns along the y-direction. In

the one hand, by applying the magnetic field along the y-direction, at certain

value of By, the magnetization will reverse the direction. Based on the LSV

experiment, we expect to observe a signal similar to the one in Fig. 2.1. In

contrast, we observed the signal plotted in Fig. 4.7(a,b). The two curves corre-

sponds to the two sweeping directions of the field, i.e., from +0.1 T to −0.1 T,

in grey, and from −0.1 T to +0.1 T in green. The shape of the measured signal

at 10 K resembles an hysteresis loop, mimicking the spin signal measured in

local SCC devices [337].

On the other hand, if the magnetic field is swept along the in-plane hard axis

of the FM electrode (x -direction), the measurement contains four different mea-

surement branches. Initially, the magnetization is set along the +y-direction

(R↑
NL, blue curve) and then, the magnetic field is swept from 0 to +0.8 T and

from 0 to −0.8 T. Prior to each sweep of the magnetic field the magnetization

is set along the easy axis. Later, the magnetization is initially set along the

−y-direction (R↓
NL, red curve), and then, the magnetic field is swept. A Hanle-

induced spin precession is expected, as shown in Fig. 2.2. Figure 4.7(c,d) show

the non-local resistance measurement as a function of the in-plane hard axis

magnetic field. In contrast, to the expected Hanle precession, these signals at

10 K and 100 K are attributed to anomalous magnetoresistance (AMR). AMR

arises from the difference in the resistance of a FM stripe when the charge

current direction and magnetization are parallel or perpendicular [338]. When

the magnetization is set along the ±y-direction, the applied charge current and

the direction of the magnetization lie in the same direction, and it corresponds

to a dip in the resistance. As the magnetic field starts to increase along the

in-plane hard axis, the direction of the magnetization and the the direction of

the current become perpendicular, and the non-local resistance saturates [339].

To further check the non-local LSV configuration, another configuration

was used to check the spin transport. This time, the electrical configuration

was V 64I 51 and the measurement was done at 10 K. Figure 4.8 shows the

non-local resistance as a function of the in-plane easy axis magnetic field. The

sweep starting at positive By (grey line), presents a decay in the resistance

which has its lower value at negative By. Interestingly, the negative sweeping

(green line), does not present such decay in the signal. In order to discern the

spin-related origin of the signal, a minor loop was done. The green open circles
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Figure 4.7: Non-local resistance measurements as a function of the in-

plane fields performed in the non-local lateral spin valve configuration.

(a,b) Non-local resistance measured as a function of the in-plane magnetic field along

the easy axis of the FMs (By), for two different sweeps, from positive to negative

field (grey) and from negative to positive (green) at 10 K and 100 K respectively.

(c,d) Non-local resistance as a function of the in-plane magnetic field along the hard

axis of the FMs (Bx), for the two different initial states of the Co magnetization

(red and blue curves) at 10 K, and 100 K.

correspond to a sweep in the field starting at positive By values. Once the low

RNL value is achieved, the magnetic field is stopped, and starts to sweep back.

During the retrace of the field, the non-local resistance takes the same values

as in the trace. This confirms the AMR origin of the signal [340]. For a LSV,

when you sweep the magnetic field from positive to negative values of By, at

certain negative value of By, the resistance drops due a change in the relative

orientation in the magnetizations of the FMs. If at the drop of the resistance,

which corresponds to the antiparallel state, By is swept back to positive values,

the system stays in the antiparallel state until a certain positive value of the

magnetic field, when the magnetization of the FM switches back to the parallel

state. In this case, such hysteresis loop is not observed.
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Figure 4.8: Non-local resistance measurements as a function of the in-

plane fields performed in the non-local lateral spin valve configuration

at 10 K.

Using the non-local LSV configuration, charge current and voltage paths

are completely separated. This translates into a low baseline in the measure-

ments. In contrast, if the charge current and voltage current share the path, the

baseline increases. That is the case of Fig. 4.9, which shows the local resistance

measured in the V 23I 14 configuration. In this configuration, when the magnetic

field is swept along the in-plane easy axis, the signals at 10 K and 100 K show

random switching which cannot be attributed to any particular spin-transport

feature. In contrast, when the magnetic field is applied along the in-plane hard

axis direction, the AMR signal becomes more evident. This AMR signal at low

fields is the addition of the AMR in the y-direction, shown in Fig. 4.8, and

the contribution along the x -direction, shown in Fig. 4.7(c,d). Depending on

the configuration and the electrodes involved in the measurements, the AMR

signal intensities vary.

On the basis of these experiments, we can conclude that no spin transport is

observed in MoTe2. Moreover, the fact that the FM has to be very close one to

each other to detect the spin transport affects the measured signals. The AMR

effect is dominant and can hinder the observation of spin-dependent signals.

For this reason, λMoTe2
s could not be determined using the spin transport in

MoTe2 flakes.



4

82 | CHAPTER 4

-0.1 0.0 0.1
24.23

24.24

24.25

24.26

24.27
¬

R
L

o
c
a

l (
W

)

By (T)

10 K

®

-0.1 0.0 0.1

38.47

38.48

38.49

38.50

38.51

100 K

R
L

o
c
a

l (
W

)

By (T)

®
¬

-1.0 -0.5 0.0 0.5 1.0
24.20

24.24

24.28

24.32

 RNL


 RNL
¯

10 K

R
L

o
c
a

l (
W

)

Bx (T)

-1.0 -0.5 0.0 0.5 1.0
38.44

38.48

38.52

38.56

100 K  RNL


 RNL
¯

R
L

o
c
a

l (
W

)

Bx (T)

a) b)

c) d)

Figure 4.9: Local resistance measurements as a function of the in-plane

fields performed in the local lateral spin valve configuration. (a,b) Local

resistance measured as a function of the in-plane easy axis field for two different

sweeps, from positive to negative field (grey) and from negative to positive (green)

at 10 K, and 100 K respectively. (c,d) Local resistance as a function of the in-plane

hard axis magnetic field for the two different initial states of the Co magnetization

[blue (red) initial +(−)y magnetization] at 10 K, and 100 K.
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Chapter 5

Large multidirectional

spin-to-charge conversion in

MoTe2 at room

temperature

5.1 Introduction

The spin absorption technique using LSV is a non-local method to study and

quantify both the spin diffusion length and the SCC in strong SOC materials

(see Section 1.4.1.3 and 2.2). The advantage of using a non-local measurement

is that spurious effects related to local currents, such as Oersted fields in spin-

orbit torque techniques [341] or fringe field-induced voltages in three-terminal

potentiometric techniques [342, 343], are avoided. Graphene-based LSVs have

been employed to study prototypical spin Hall metals as Pt [298,344] due to the

excellent spin transport of graphene [143, 148, 151, 211, 238], and they are ex-

pected to be ideal for studying TMDCs as the van der Waals interaction with

graphene [222, 223, 226, 231, 275, 277] allows the formation of a good contact

between them. Using this technique, both spin-to-charge and charge-to-spin

conversions can be studied by exchanging the spin injection and detection ter-

minals. In this Chapter, we report the SCC of spin currents injected in MoTe2

83
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by spin absorption from graphene, with full magnetic-field-induced control of

the spin polarization direction. Along with a highly efficient conventional SCC,

we report the simultaneous observation of another unconventional SCC, unex-

pected as it remains forbidden by the mirror symmetry of the 1T’ phase. The

simultaneous detection of SCC originating from two different spin polarization

(s) directions for a fixed j c ⊥ j s configuration, which can only be explained if

the symmetries of the system are reduced, opens new possibilities in the design

of novel spintronic devices that could benefit from flexible configurations to

generate, detect, and control spin currents.

5.2 Experimental details

5μm

𝑥
𝑦

𝑧

a

b

Figure 5.1: Optical microscope image of the graphene-based LSV device

where the spin absorption technique is performed. It contains a graphene

channel (grey) with a MoTe2 flake (blue) placed on top. The ends of the graphene

channel and MoTe2 are connected to Ti/Au contacts (yellow). Several TiOx/Co

electrodes are placed on top of graphene channel (orange). The x - and y-directions

corresponds to the b- and a-axes of the MoTe2, respectively. The contacts used in

the experiments are labeled with numbers.

An optical microscope image of one of our devices is shown in Fig. 5.1.

An exfoliated few-layer graphene flake (590-nm wide) works as the spin trans-

port channel. A needle-like MoTe2 flake (890-nm wide and 11-nm thick) that

acts as the SOC material is placed on top of the graphene flake, forming a

van der Waals heterostructure. Several Co electrodes that work as spin injec-
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tor/detectors are also placed on top of graphene. The direction of the needle-

shaped flake corresponds to the a-axis of the MoTe2 crystal, that is, the Mo

zigzag chain is aligned along y, parallel to the easy axis of the Co electrode

(see Chapter 4 for MoTe2 crystal axes determination). The graphene channel

and MoTe2 are contacted with Ti/Au electrodes. The difference between the

spin signal in pristine graphene and the spin signal across MoTe2 [see Section

5.7.1 for details], is attributed to spin absorption into the MoTe2. Since j s is

absorbed into the MoTe2, SCC is expected to occur.

To perform such measurement, we apply a constant current I c = 10 µA

between the Co injector (Co contact 3) and graphene (Ti/Au contact 1). When

electrical current is applied from a Co electrode into the graphene channel, it

creates a spin accumulation at the interface, which diffuses away (j s) in the

graphene channel. j s is then absorbed into the SOC material along z and

converted into j c, which is detected as VNL across the MoTe2 flake along y

(Ti/Au contacts 4 and 7). In all our measurements, the directions of j s (along

z ) and the measured VNL (along y) are fixed, whereas the orientation of s is

controlled with the magnetic field applied along the three directions (x, y, and

z ).

The presence of an external magnetic field applied along the three different

directions (x, y, z ) controls the polarization direction of the spins reaching the

MoTe2 by two means: (i) inducing spin precession when the injected spins

are polarized perpendicular to the direction of the field, or (ii) by pulling

the magnetization of the Co injector towards the direction of the field. When

the magnetic field is applied along the in-plane hard axis of the Co electrode

direction (Bx), or along the out-of-plane direction (Bz), spin precession and

pulling of the magnetization occur as detailed in Section 2.2.3.1 and 2.2.3.2,

for the respective directions of the field. In contrast, if the magnetic field is

applied along the easy axis of the Co injector (By) no precession is induced, as

described in Section 2.2.3.3.

5.3 Spin-to-charge conversion by applying in-

plane magnetic fields

First, we study the SCC using the conventional experimental geometry

[298,344], that is, by sweeping Bx, and the resulting curves for RNL vs. Bx for

two different temperatures are shown in Fig. 5.2(a,b) (300 K and 100 K, re-
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spectively). The curves at other temperatures are shown in Section 5.7.2. The

measurement was performed in four steps: for the first two steps, RNL was

measured while sweeping Bx from 0 to 1 T and 0 to −1 T, with the magneti-

zation of Co initially saturated in the +y-direction prior to each sweep (R↑
NL,

blue curve). Then, similar measurements were repeated for the magnetization

of the Co initially set along the −y-direction (R↓
NL, red curve).

According to the conventional geometry of SCC (j s, j c and s must be mu-

tually orthogonal), the voltage VNL measured along y with j s fixed along z

is expected to detect the x -component of s (sx) in our experiment. As de-

picted in Fig. 2.6, Bx causes the Co magnetization to rotate toward x and

saturates when |Bx| > 0.3 T (see Section 5.7.3). The corresponding variation

of sx is proportional to sinΘ and expected to result in an RNL vs. Bx curve

that varies linearly below the saturation field, crosses zero for Bx = 0, and

saturates above the saturation field [S-shaped curve, see Fig. 2.6(f)] [298,344].

Figure 5.2(a,b) shows indeed the saturation of RNL when |Bx| > 0.3 T. How-

ever, below that saturation value, even at Bx = 0, we observe a non-zero value

of RNL that evolves differently with increasing Bx and depends on the initial

Co magnetization aligned along +y and −y [red and blue curves, respectively,

in Fig. 5.2(a,b)], suggesting the existence of nonzero SCC signal arising from

the y-component of s (sy) as well. To verify this possibility, we extract the

antisymmetric [Fig. 5.2(c,d)] and the symmetric [Fig. 5.2(e,f)] components of

the RNL vs. Bx curves. The former contribution, Ranti
SCC , shows the expected

behaviour proportional to sx, and it is independent of the initial magnetization

direction, indicating SCC in MoTe2 with the conventional symmetry. However,

the latter contribution, Rsymm
SCC , shows a behaviour which depends on the ini-

tial magnetization direction: R↑
NL is maximum at Bx = 0 and decreases to zero

at saturation, whereas R↓
NL shows the same shape with opposite sign. They

are thus proportional to the variation of sy, indicating a new and unconven-

tional SCC in our system with a j c||s geometry [similar behaviour to the one

represented in Fig. 2.6(b)].

To further confirm the SCC in this unconventional configuration, we mea-

sure RNL while sweeping By [see sketch in Fig. 2.8(a)]. Very interestingly, we

observe a square hysteresis loop for RNL vs. By, shown in Fig. 5.2(g,h) (300

K and 100 K, respectively), with the signal switching sign at the coercive field

of the Co electrode (∼ 0.034 T). This behaviour corresponds to the one repre-

sented in Fig. 2.8(b). We also note an opposite sign between the measured VNL

corresponding to the SCC from sx [Fig. 5.2(e,f)] and sy [Fig. 5.2(g,h)], indicat-
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ing that the sign of the conventional and unconventional SCCs are opposite.

The same measurements were performed in another device (see Section

5.7.6) and injecting from two different Co electrodes with different coercivity

and detect at the same MoTe2 flake. We observe that the switching fields for

these two RNL vs. By loops follow the coercivity of each Co injector (see

Section 5.7.7). This set of control experiments shows the robustness of this

unconventional SCC signal in our system.

By changing the current and voltage terminals, we measured both the di-

rect (charge-to-spin) and the inverse (spin-to-charge) conversion for both the

conventional and unconventional SCC components, which fulfills the expected

Onsager reciprocity (see Section 5.7.8).

In the RNL measurements presented above, s is set by the variation of

magnetization of the Co injector. In the RNL vs. Bx curves, the variation of

RNL associated with SCC from sx [Ranti
SCC , Fig. 5.2(e,f)] is proportional to the

variation of the magnetization of the Co injector along the x -direction [see

Fig. 2.6(e,f)]. However, the decrease of Rsymm
SCC from the maximum to zero with

Bx [Fig. 5.2(g,h)] can be indistinguishably associated with the decrease of sy

via the decrease of the Co magnetization along the y-direction or the spin

precession in the y−z -plane [see Fig. 2.6(g,h)]. It is then important to verify

that the measured RNL signal corresponds to SCC and it is not originated from

an artifact related to the Co magnetization, such as the AHE or the AMR. A

measurement sensitive only to the spin precession is required to confirm that

the true origin of the two observed contributions is SCC. It is thus convenient to

perform a measurement by applying Bz, as explained in the following Section.
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Figure 5.2: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with in-plane magnetic fields. (a,b) RNL vs. Bx at 300 K and 100 K,

respectively, for the two different initial states of the Co magnetization (red and

blue curves). (c,d) Ranti
SCC vs. Bx at 300 K and 100 K respectively for the two

different initial states of the Co magnetization (red and blue curves). (e,f) Rsymm
SCC

vs. Bx at 300 K and 100 K respectively for the two different initial states of the

Co magnetization (red and blue curves). (g,h) RNL vs. By at 300 K and 100 K

respectively.
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5.4 Spin-to-charge conversion by applying out-

of-plane magnetic field

To confirm the spin-related signal is convenient to perform a measurement

by applying Bz. The resulting curves RNL vs. Bz at two different temperatures

are shown in Fig. 5.3(a,b) (300 K and 100 K, respectively). The curves at other

temperatures are displayed in Section 5.7.2. The measurement was again per-

formed in four steps: for the first two steps, RNL was measured while sweeping

Bz from 0 to 2 T and 0 to −2 T, initially saturating the Co magnetization

along +y-direction prior to each sweep (R↑
NL, blue curve). Then the protocol

was repeated for the Co magnetization initially set along −y-direction (R↓
NL,

red curve). At low Bz regime, the direction of s is dictated by the spin pre-

cession along the x−y-plane, whereas the variation of the magnetization of Co

along the z -direction can be neglected because the saturation occurs at much

larger values (> 1.5 T) [see Fig. 2.7(c)].

To understand the overall RNL signal [Fig. 5.3(a,b)], we need to consider

that the two SCC components (arising from sx and sy) contribute to RNL,

but each contribution has a different dependence on increasing Bz. In partic-

ular, the contribution from sy to SCC should give rise to a symmetric Hanle

precession curve [as sketched in Fig. 2.7(a,b)], whereas the contribution from

sx should give rise to an antisymmetric Hanle precession curve [as depicted in

Fig. 2.7(c,d)] [226, 344]. Both curves should also change sign when the initial

magnetization direction is switched because the polarization of the injected

spins are opposite. This allows us to remove the background by subtracting

the two curves and obtain the pure SCC signal, RSCC (see Eq. 2.23) [Fig.

5.3(c,d)]. Then, symmetrization and antisymmetrization of the RSCC curve al-

lows us to distinguish the SCC contributions due to sx [Fig. 5.3(e,f)] and sy

[Fig. 5.3(g,h)], which have the expected corresponding behaviour as a func-

tion of Bz. From this result, we confirm that the measured VNL signal indeed

corresponds to the sum of a conventional [(j s||z )⊥(j c||y)⊥(s||x )] and an un-

conventional [(j s||z )⊥(j c||s||y)] SCC component, ruling out any artifact not

coming from spin currents. As observed before, we confirm that Rsymm
SCC and

Ranti
SCC have opposite signs.

A misorientation between the main crystallographic axis of the MoTe2

needle-like flake with respect to the magnetic easy axis of Co injector, in com-

bination with the anisotropy between the conventional (orthogonal) spin Hall
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conductivity tensor elements in 1T’-MoTe2 could in principle lead to the ob-

served unconventional SCC. However, the alignment accuracy of < 1◦ with

the fabrication of the Co electrodes (determined from the optical microscopy

image) rules out this possibility. The possibility of a tilt in the magnetic easy

axis of the Co injector toward the hard axis (x -axis) to explain the observed

result is also discarded (see Section 5.7.3).
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Figure 5.3: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with out-of-plane magnetic field. (a,b) RNL vs. Bx at 300 K and 100

K, respectively, for the two different initial states of the Co magnetization (red and

blue curves). (c,d) The SCC signal RSCC = (R↑
NL− R↓

NL)/2 obtained from panel

a and b, respectively. (e,f) Antisymmetric component of the RSCC shown in panel

c and d for 300 K and 100 K, respectively, which is fitted to the solution of the

Bloch equation (Eq. 2.24) (black solid curve). It corresponds to the contribution of

sx to SCC. The amplitude of the signal (∆Ranti
SCC), defined from the background to

the peak at negative Bz because this sets the spin polarization along +x -direction,

is negative. (g,h) Symmetric component of the RSCC shown in panel c and d for

300 K and 100 K, respectively, which is fitted to the solution of the Bloch equation

(Eq. 2.25) (black solid curve). It corresponds to the contribution of sy to SCC. The

amplitude of the signal (∆Rsymm
SCC ), defined from the background to the peak at

zero field, is positive.
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5.5 Quantification of the results

In our experimental geometry, due to the spin absorption by the MoTe2 flake

(Section 5.7.1), both the conventional and unconventional SCCs can originate

from two different mechanisms, the SHE at the bulk of the MoTe2 flake (see

Section 2.2.1.1) and the EE at the proximitized graphene (see Section 2.2.2.2).

An unconventional charge-to-spin conversion effect has been reported in

the low-symmetry 1Td phase of WTe2 [279,280] and 1T’ phase of MoTe2 [202]

using spin-orbit torque measurements, where out-of-plane damping-like torque,

in which the spin current parallel to the out-of-plane spin polarization (j s||s||z ),
is observed. Such torque is allowed in crystals with a single mirror plane. This

component is also allowed in our measurement geometry, since j c is measured

along the a-axis, that is, across the only mirror plane of the MoTe2 (see Chapter

4). It is interesting to note that this contribution of sz to SCC, which should

appear as an antisymmetric Hanle precession in the RNL vs. Bx curve as shown

in Fig. 2.6(c), is not observed in our experiments down to 75 K (see Chapter 6

for lower temperatures). Taking into account that this SCC is reported to be

∼ 8 times smaller than the conventional one [202], the corresponding signal is

likely below the resolution of our measurements.

In contrast, in the observed unconventional SCC, the charge current is par-

allel to the in-plane spin polarization (j c||s||y), a case which is forbidden by

symmetry both in the bulk (see Eq. 2.4) and the surface states of 1T’-MoTe2

(see Section 2.2.2.1). A recent work reports an unexpected SCC component

similar to our case (j c||s) in the 1Td-WTe2 below 100 K when applying j c

parallel to the mirror plane and attributes it to the special spin texture of

the topological Fermi arcs in the low-temperature Weyl semimetal phase [345].

However, this does not apply to our case. Although a transition into a Weyl

semimetal phase associated with a structural transition from 1T’ to 1Td below

240 K has been reported in MoTe2 [195,198], our measurements are performed

in the 1T’ phase (no phase transition to 1Td is observed in our flake, see Chap-

ter 4), where no topological surface Fermi arcs are expected. Lately, another

work reports unconventional SCC in WTe2/graphene-based LSV, where the

SCC remains forbidden by the crystal symmetries [233].

If we consider the bulk SHE in MoTe2, only the breaking of the mirror

symmetry My in the flake could account for σy
zy that is observed in our exper-

iment. Besides, if the the crystal mirror planes from graphene and MoTe2 are
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not aligned, the interface between them is a non-symmetric interface, where

a spin polarization can induced a charge current parallel to it via unconven-

tional IEE in the proximitized graphene system, thoroughly discussed in Sec-

tion 2.2.2.2 [346,347]. Importantly, unlike the case of graphene/semiconducting

TMDCS, the graphene/MoTe2 heterostructures are not annealed at high tem-

peratures, minimizing the probability of crystallographic alignment between

them [348, 349]. Anyhow, only a reduction of the symmetries of the system,

either at the proximitized graphene or at the bulk of the MoTe2, can lead to

the observed unconventional SCC.
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Figure 5.4: Temperature dependence of the extracted efficiency param-

eters. (a) Amplitude |∆RSCC | of the two components of the SCC signal, obtained

from the antisymmetric and symmetric components of the RSCC vs. Bz . (b) Lower

limit of the spin Hall angle of MoTe2 (|θαij |). (c) Lower limit of the product of the

spin Hall angle and the spin diffusion length of MoTe2 (|θαijλ
MoTe2
s |). (d) Lower

limit of the spin Hall conductivity (σα
ij). All plots show the results for the sx compo-

nent (red curve) and sy component (green curve) or the SCC, which have opposite

sign to each other.

Figure 5.4(a) shows the temperature dependence, from 300 K down to 75

K, of the absolute value of the amplitude ∆RSCC of the two observed SCC

components [as defined in Fig. 5.3(e,g)]. For both cases, we observe that the

SCC signal increases with temperature, reaching the largest value at room



5

94 | CHAPTER 5

temperature. Such trend arises not only from the temperature dependence of

the conversion efficiency but also from the spin transport parameters of Co

and graphene, the resistivity of MoTe2, and the interface resistance at the

graphene/MoTe2 van der Waals gap.

The spin transport parameters were calculated by fitting the non-local Hanle

spin precession measurement across the reference LSVs with the solutions of

Bloch equations (details are given in Section 5.7.3). We obtained a spin lifetime

τgrs ∼ 100 ps and a spin diffusion coefficient of Dgr
s ∼ 1.5× 10−3 m2/s for the

graphene and a spin polarization of |P | ∼ 4.15 % for the Co/graphene interface

at room temperature (see Section 5.7.3 for other temperatures). The different

resistances were obtained with four-point electrical measurements, and for the

interface resistance, we performed a finite element 3D modeling (see Section

5.7.4).

Since we cannot, a priori, distinguish whether the SCCs occur in the MoTe2

flake at the bulk (via ISHE) or at the proximitized graphene (via IEE), we

analyze our data assuming bulk ISHE of MoTe2 to extract the efficiency given

by θαij . In this case, we fit the antisymmetric [Fig. 5.3(e,f)] and symmetric

[Fig. 5.3(g,h)] components of the SCC precession curves to the solution of the

Bloch equation to extract θxzy and θyzy, respectively. These values will depend on

the value of λMoTe2
s , which is not possible to determine from spin absorption

(as discussed in Section 5.7.1). Moreover, the absolute sign of θαij cannot be

determined because the sign of P is not known. However, we can extract |θαij |
for a broad range of λMoTe2

s values (see Section 5.7.5).

On the one hand, we find that, for λMoTe2
s values similar or longer than the

thickness of MoTe2 flake (11 nm), |θαij | tends to a low constant value indepen-

dent of λMoTe2
s , because the SCC process is limited by the MoTe2 thickness.

This behaviour allows us to get a lower limit for |θαij |, which for the case of the

conventional component is |θxzy| ≥ 0.21 at room temperature comparable to the

best known spin Hall metals [100,350] and alloys [351,352]. The lower limit for

the unconventional component efficiency is also found to be remarkably large

(|θyzy| ≥ 0.10), and with opposite sign, at room temperature. The opposite sign

between the conventional and unconventional SCCs observed in our case is not

surprising. Indeed, theoretical calculations in MoTe2 show that even the sign of

the conventional spin Hall conductivities with mutually orthogonal symmetries

along different crystal axes can be opposite [203].

On the other hand, for λMoTe2
s values much shorter than the MoTe2 thick-
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ness, it is the |θαijλMoTe2
s | product that tends to a low constant value, which

is what defines the SCC efficiency [125, 353]. This allows us to give a lower

limit for |θαijλMoTe2
s |, which for the case of the conventional component is

|θxzyλMoTe2
s | ≥ 1.15 nm at room temperature, much larger than heavy met-

als (∼ 0.1−0.3 nm) [100,350]. The θxzyλ
MoTe2
s product can be compared to the

to the Edelstein length (λIEE), the efficiency associated with the IEE. This

value would be comparable to the best efficiency reported in topological insu-

lators (λIEE = 2.1 nm for α-Sn) [116]. The lower limit for the unconventional

component efficiency is |θyzyλMoTe2
s | ≥ 0.5 nm at room temperature (with op-

posite sign to the conventional one). Regardless of the origin of the SCC (bulk

or intrface), this quantification demonstrates that MoTe2 is a very promising

material for spintronics applications with the flexibility of obtaining very large

SCCs for spins with any in-plane spin polarization at room temperature.

By performing the fittings of the symmetric and the antisymmetric part of

the SCC precession curves (RSCC vs. Bz) at different temperatures between

300 K and 75 K, the lower limits for |θαij | and |θαijλMoTe2
s | are calculated and

plotted in Fig. 5.4(b,c) respectively. The trend of the efficiency (either |θαij | or
|θαijλMoTe2

s |) is different for the two different SCC components: whereas the

unconventional one does not vary much with temperature, the standard one

increases with temperature.

A better parameter to characterize the bulk SHE is the spin Hall conduc-

tivity, σα
ij , which is plotted in Fig. 5.4(d). In metals, σα

ij is expected to be tem-

perature independent when the intrinsic contribution arising from the Berry

curvature of the band structure dominates [100, 350]. This does not seem to

be the case for any components in MoTe2: whereas the unconventional compo-

nent (|σy
zy|) decreases with temperature, the conventional one (|σx

zy|) increases.
These trend can be explained when an additional mechanism contributes to

the SCC. One possibility is the extrinsic (skew scattering and/or side jump)

contribution to the SHE with opposite sign [91,350]. Another possibility is the

presence of the IREE in graphene induced by spin-orbit proximity with MoTe2,

which would be detected with the same measurement configuration and has

been recently reported in other graphene/TMDCs van der Waals heterostruc-

tures [225,226,229,265,268], and is in detail discussed in Section 2.2.2.2. This

contribution decreases with increasing temperature [225, 226], and, therefore,

an opposite (same) sign with respect to the intrinsic σx
zy (σy

zy) could explain the

observed trend. Finally it is also possible that the intrinsic spin Hall conduc-

tivity components of semimetal MoTe2 have stronger temperature dependence
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than that of metals. Chapter 6 and 7 provide additional results to help under-

standing the different mechanisms contributing to the SCC signals.

5.6 Conclusion

In conclusion, we observe and quantify SCC in MoTe2. Along with a large ef-

ficiency in the conventional orthogonal configuration (spin current, charge cur-

rent, and spin polarization are mutually perpendicular), we also demonstrate

SCC in an unusual non-orthogonal geometry, with a charge current arising par-

allel to the spin orientation. Whereas the low crystal symmetry of MoTe2 allows

for non-orthogonal SCC configurations, the unconventional SCC observed here

is only possible if the symmetries of our graphene/MoTe2 heterostructure are

reduced. On the one hand, the MoTe2 crystal symmetry can be lowered likely

due to fabrication-induced shear strain. On the other hand, the symmetries of

the graphene/MoTe2 interface can be reduced if none of the graphene mirrors

are aligned with the one of MoTe2, consequently a non-symmetric interface is

created, where there are no restrictions in the SCC configuration via EE in

the proximitized graphene. Regardless of the origin, we present here a system

where any in-plane polarization of injected spins results into charge conver-

sion, bringing new flexibility to the design of spin logic devices. Inversely, the

ability to obtain spin currents with any in-plane spin polarization by applying

electrical current along a single direction is a promising feature for spin-orbit

torque memories, current-induced domain wall, and skyrmions motion-related

applications. All of the above makes MoTe2 a system of interest for further

investigation and a promising material for future spintronic applications.

5.7 Appendices

In this section, complementary data to support our results in previous sec-

tions are added.

5.7.1 Spin absorption

To verify whether the spin current is absorbed into MoTe2, we compare the

spin signal measured in the LSV configuration, with and without the MoTe2 in

between. We clearly see a decrease in the spin signal in LSV with MoTe2 [Fig.
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5.5(a)]. This indicates that the spin current is strongly absorbed by MoTe2

before reaching the Co detector. The net j s reaching the MoTe2 flake depends

on the spin resistance of graphene (Rgr
s ), the graphene/MoTe2 interface re-

sistance (Rint) and the spin resistance of MoTe2 (RMoTe2
s ). By comparing the

spin signal across LSV with and without the SOC material in between, the spin

diffusion length of the SOC material can be quantified [298]. However, in our

case, the graphene/MoTe2 interface resistance dominates the spin absorption.

Therefore, within the resolution of our measurement and calculation, it is not

possible to extract the value of λMoTe2
s .
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Figure 5.5: Hanle precession measurement to determine λMoTe2
s . (a) Com-

parison of the Hanle spin precession measurement ∆RNL at 100 K for the reference

LSV (V21I 36) and the LSV with the MoTe2 in between (V56I 31) shown in black and

green, respectively. The spin signal for the latter is much smaller than the former,

indicating the absorption of spin current to MoTe2. (b) Fit to the Hanle precession

data measured at 100 K across the MoTe2 for λMoTe2
s = 1 and 100 nm using Eq.

2.20. Both values give the same fitting since the spin absorption is dominated by

Rint.

By fitting the Hanle precession measured at 100 K across the LSV with

the MoTe2 in between [Fig. 5.5(b)] for λMoTe2
s = 1 and 100 nm to Eq. 2.20,

we observed that both values of λMoTe2
s provide the same fitting to the data.

Because RMoTe2
s < Rint, the spin absorption is dominated by Rint, hence,

there is no relevant effect of changing λMoTe2
s as shown in Fig. 5.5(b) where

the two values fit the experimental data. This prevent us to quantify the value

of λMoTe2
s .
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5.7.2 Temperature dependence of the spin-to-charge con-

version measurements

Only two representative temperatures have been discusses before (300 K and

100 K). However, the spin-to-charge conversion signals have been measured at

different temperatures between 300 K and 75 K while sweeping the magnetic

field along the in-plane hard axis (Bx, Fig. 5.6 and 5.7), easy axis (By, Fig. 5.8),

and out-of-plane direction (Bz, Fig. 5.9). For all the temperatures, the spin-to-

charge conversion signal (RSCC) was calculated, followed by a deconvolution in

which the antisymmetric (Ranti
SCC) and symmetric components were calculated

(Rsymm
SCC ). For the particular case of Bx the average is also shown. While the

average is defined as Raverage
NL = (R↑

NL+R↓
NL)/2, the spin-to-charge conversion

signal is RSCC =(R↑
NL−R↓

NL)/2.
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Figure 5.6: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with in-plane magnetic field along the hard axis of the Co electrode

(Bx) at various temperatures. Initial magnetization of the Co electrode satu-

rated along positive (blue) and negative (red) y-direction at temperature (a) 300

K, (b) 250 K, (c) 200 K, (d) 150 K, (e) 100 K, and (f) 75 K.
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Figure 5.7: Spin-to-charge conversion contributions from RNL vs. Bx

at different temperatures. (a-f) The average non-local resistance defined as

Raverage
NL = (R↑

NL+R↓
NL)/2 for 300 K, 250 K, 200 K, 150 K, 100 K, and 75 K. This

signal shows an S-shape, as described in Section 2.2.3.1, arising from the SCC from

sx. (g-l) Spin-to-charge conversion resistance, defined as RSCC = (R↑
NL−R↓

NL)/2.

(m-r) Symmetric component of RSCC . As described in Section 2.2.3.1, this signal

corresponds to the SCC from sy . (s-x) Antisymmetric component of RSCC . As de-

scribed in Section 2.2.3.1, the absence of the antisymmetric component implies no

SCC from sz . Data extracted from Fig. 5.6.
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Figure 5.8: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with in-plane magnetic field along the easy axis of the Co electrode

(By) at various temperatures. (a) 300 K, (b) 250 K, (c) 200 K, (d) 150 K, (e)

100 K, and (f) 75 K.
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Figure 5.9: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with out-of-plane magnetic field (Bz) at various temperatures. (a-f)

RNL vs. Bz for the initial positive (blue) and negative (red) magnetization direction

of the Co electrode at different temperatures from 300 K to 75 K. (g-l) RSCC

obtained from the raw data in panels (a-f). (m-r) Antisymmetric component of the

RSCC curve. It corresponds to the contribution of sx to SCC as detailed in Section

2.2.3.2. The amplitude of the signal is defined from the background to the minimum

of the peak. (s-x) Symmetric component of the RSCC curve. It corresponds to the

contribution of sy to the SCC as detailed in Section 2.2.3.2. The amplitude of the

signal is defined from the background to the maximum of the peak.
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5.7.3 Spin transport in the reference graphene channel

and easy axis determination

The net j s reaching the graphene/MoTe2 interface depends on different

spin transport parameters: the spin polarization of the Co/graphene interface

injector and detector (P inj and Pdet, respectively), the spin lifetime (τgrs ) and

the spin diffusion coefficient (Dgr
s ) of graphene. To quantify them, we performed

standard Hanle precession measurements using the reference LSV as follows:

first, by applying By, the initial state of the magnetization of the two Co

electrodes are fixed either parallel of antiparallel to each other. Second, for each

case, RNL was measured by applying the external magnetic field along the out-

of-plane hard axis (Bz). As explained in Section 2.1.2.1, Bz causes precession

and decoherence of the spins, resulting in the oscillation and decay of the signal.

In addition, the rotation of the Co magnetization with Bz tends to reach parallel

magnetization along the z -direction at saturation magnetic fields. By combining

the Hanle measurements for initial parallel (RP
NL) and antiparallel (RAP

NL) states

of the Co electrodes (Fig. 5.10), the contribution from spin precession and

decoherence, ∆RNL, can be obtained [Fig. 5.11(a)]. The Hanle curve for the

spin precession and decoherence is then fitted to the solution of the Bloch

equation, Eq. 2.2. From this fitting, the τgrs , Dgr
s and P=

√
PinjPdet values at

each temperature are obtained [Fig. 5.11(b-d), respectively). Note that P inj

and Pdet cannot be obtained separately.
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Figure 5.10: Hanle precession at the reference LSV by applying Bz. Blue

(RP
NL) and red (RAP

NL) curves correspond to the initial parallel and antiparallel

state of the Co electrodes, respectively. Measurements are performed at various

temperatures (a) 300 K, (b) 250 K, (c) 200 K, (d) 150 K, (e) 100 K, and (f) 75 K.
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Figure 5.11: Fittings from the Hanle precession at the reference LSV. (a)

The ∆RNL vs. Bz at 300 K, obtained from the experimental data in Fig. 5.10 (a)

(purple solid circle) and the fitting of the data (black solid line) using the solutions of

the Bloch equation, Eq. 2.2. (b) Spin lifetime of pristine graphene (τgrs ) for 300 K -

75 K temperature range. (c) Spin diffusion coefficient of pristine graphene (Dgr
s ) for

300 K - 75 K temperature range. (d) Spin polarization of the graphene/Co interface

for 300 K - 75 K temperature range.

Even though the magnetization of the ferromagnetic electrodes (with widths

from 250 nm to 400 nm) should be dominated by the shape anisotropy, they

could eventually present domains along the hard axis due to the magnetocrys-

talline anisotropy of Co and show hysteresis loops. Since Bx is applied perpen-

dicular to the long direction of the FM electrodes (y-axis), the magnetization

of Co is pulled towards the direction of the field an angle Θ. Based on the

conventional Hanle precession data in the parallel and antiparallel configura-

tion shown in Fig. 5.12(a), we can determine Θ for each value of the magnetic

field. One of the terms of the Hanle precession data includes the signal due to

non-precessing spins, parallel to the magnetic field, which has the same sign

for RP
NL and RAP

NL and it is proportional to sin2 Θ (see Eq. 2.19). To obtain

the data plotted in Fig. 5.12(b), we have normalized 0 < RP
NL +RAP

NL < 1 and

taken the arc-sine of its square root to obtain Θ as a function of the magnetic

field. Based on the values of Θ at zero and low values of the magnetic field, we

conclude that the easy axis of the magnetization is along the y-axis.
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Figure 5.12: Hanle precession at the reference LSV by applying Bx. (a)

Conventional Hanle precession measurement at 300 K in the parallel (blue curve)

and antiparallel (red curve) states of the Co electrodes, while the magnetic field is

swept along the in-plane hard axis (Bx). (b) Angle Θ between the Co magnetization

and the easy axis extracted from the data in panel a.

5.7.4 Interface resistance between graphene and MoTe2

When measuring the graphene/MoTe2 interface resistance by applying the

charge current from contact 7 to contact 6 and picking up the voltage from

4 to 1 (V41I 76, see Fig. 5.1) the values of the resistance measured at room

temperature are negative. In this measurement configuration, it is important

to simulate the interface resistance taking into account the graphene sheet

resistance (Rgr
sq) [Fig. 5.13(a)], the resistivity of MoTe2 (ρMoTe2) [Fig. 5.13(b)],

the measured interface resistance (Rcross) [Fig. 5.13(c)], and the geometrical

parameters as width and thickness of graphene and MoTe2.
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Figure 5.13: Temperature dependence of sheet resistance of graphene,

resistivity of MoTe2, and graphene/MoTe2 interface resistance. (a) Sheet

resistance (Rgr
sq ) of the graphene flake in the same graphene/MoTe2 LSV device,

obtained from 4-point electrical measurement (V 23I 16). (b) Resistivity of MoTe2

(ρMoTe2 ) obtained from 2-point electrical measurement (V 74I 74) as a function of

the temperature. If the material undergoes a phase transition from the 1T’ to the

1Td phase, a jump of the resistivity with an hysteretic behaviour around 240 K is

expected [354]. In our case, this is not observed, evidencing that our MoTe2 flake

does not change phase in the range of temperatures we measure. The absence of

transition has been reported by Stiehl and co-workers [202]. (c) Resistance (Rcross)

obtained from 4-point electrical measurement across the graphene/MoTe2 interface.

(d) Simulated interface resistance using the data in panels a-c.

In order to obtain the interface resistance (Rint), the charge current dis-

tribution between the graphene channel and MoTe2 has to be simulated with

finite element method (FEM) [355,356]. By introducing the experimental Rgr
sq ,

ρMoTe2 , and the geometrical dimensions in the FEM simulation, varying the

interface resistance area product (RintAint), we can recover the measured value

across the interface (Rcross) for a given value of RintAint. This is done for each

temperature. When Rint is small enough, it can even lead to negative values of

the measured Rcross, as we observe at room temperature [Fig. 5.13(c)]. From

the FEM simulation, we also extract the shunting factor (χshunt) needed to

properly quantify the spin-to-charge conversion signal (Eq. 2.21).
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5.7.5 Quantification of the efficiency

In order to extract the SCC efficiencies of our device, because we cannot

extract λMoTe2
s for our experiments, we fit the SCC signal obtained from the

non-local resistance as a function of the out-of-plane magnetic field, to the

model described in Section 2.3 (Eq. 2.24 and 2.25) for 1 nm < λMoTe2
s <

20 nm. To reduce the amount of fitting parameters, we fixed τgrs and P inj

(assuming P=P inj = Pdet) to the values extracted from the reference Hanle

fittings (Fig. 5.11) and released Dgr
s and θαij . Since the sign of P inj is not

known, the absolute sign of θ
x(y)
zy cannot be determined. In Fig. 5.14, we show

the result from such a fit at room temperature for the antisymmetric (θxzy) [Fig.

5.14(a)] and symmetric (θyzy) [Fig. 5.14(b)] cases. In Fig. 5.14(c), we observe

how, for λMoTe2
s < tMoTe2 , θ

x(y)
zy is inversely proportional to λMoTe2

s leading to

constant θ
x(y)
zy λMoTe2

s [see Fig. 5.14(d)]. In contrast, when λMoTe2
s ∼ tMoTe2 ,

θ
x(y)
zy becomes independent of λMoTe2

s and θ
x(y)
zy λMoTe2

s increases linearly. This

occurs because Īsx(y)
in this range becomes almost independent of λMoTe2

s . We

have taken θ
x(y)
zy (λMoTe2

s = 20 nm) as the lower limit for θ
x(y)
zy and θ

x(y)
zy λMoTe2

s

(λMoTe2
s = 1 nm) as the lower limit for θ

x(y)
zy λMoTe2

s for the results plotted in

Fig. 5.4.
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Figure 5.14: Analysis of the SCC data as a function of λMoTe2
s at 300

K. (a) Antisymmetrized and (b) symmetrized SCC signals corresponding to the sx

and sy components of SCC, respectively, together with their fits to Eq. 2.24 and

Eq. 2.25 respectively. (c) and (d) show θ
x(y)
zy and θ

x(y)
zy λMoTe2

s , respectively, as a

function of λMoTe2
s . The grey areas in (c) and (d) correspond to the uncertainties

coming from the fittings errors.
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5.7.6 Reproducibility

Although in Section 5.5 we focus on the results obtained in one device, we

observed qualitatively similar SCC signals in another device (device 2, charac-

terized in Fig. 5.15), showing the robustness of the unconventional SCC signals

in our graphene/MoTe2 van der Waals heterostructures (Fig. 5.16 and 5.17). A

complete set of data could not be measured in this device, preventing us from

quantifying the SCC efficiency in this case.
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Figure 5.15: Device 2 characterization. (a) Optical image of device 2. (b) Area

scan showing the topography of device 2 after the electrical measurement. (c) Line

profile across the MoTe2 flake along the marked line in panel b. The thickness of

the MoTe2 flake is 40±5 nm.
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Figure 5.16: Device 2 spin-to-charge conversion in MoTe2 using

graphene-based LSV with in-plane magnetic field along the hard axis

of the Co electrode (Bx) at various temperatures. Initial magnetization of

the Co electrode saturated along positive (blue) and negative (red) y-direction at

temperature (a) 200 K, (b) 150 K, (c) 125 K, (d) 100 K, and (e) 75 K. Above 200

K, the signal to noise ratio decrease so that no spin signal could be distinguished.

These results are qualitatively similar to the measurement in device 1 (see Fig. 5.6).
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Figure 5.17: Device 2 spin-to-charge conversion in MoTe2 using

graphene-based LSV with in-plane magnetic field along the easy axis

of the Co electrode (By) at various temperatures. At temperature (a) 200

K, (b) 150 K, (c) 125 K, (d) 100 K, and (e) 75 K. These results are qualitatively

similar to the measurement in device 1 (see Fig. 5.8).

5.7.7 Spin injection from both sides of the MoTe2 flake
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Figure 5.18: Injection of the spin current from two Co electrodes with

different coercive fields. RNL vs. By , in device 2, at 10 K using (a) Co contact

3 as injector of spin current (V56I 37) and (b) Co contact 4 as the injector (V56I 48).

The switching of RNL occurs at the coercive fields of the corresponding Co injector.

The width of the Co contact 3 is narrower compared to that of Co contact 4. Due

to shape anisotropy, the coercivity of Co contact 3 is larger than of Co contact 4.
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5.7.8 Onsager reciprocity
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Figure 5.19: Onsager reciprocity. By swapping the current and the voltage ter-

minals between Co and MoTe2, in device 2, we measured the spin-to-charge (red,

electrical configuration V56I 48) and the charge-to-spin (blue, electrical configura-

tion V48I 56) processes. (a) The average of R↑
NL and R↓

NL vs. Bx measurement at

200 K. This signal corresponds to the sx contribution to the SCC. (b) RNL vs.

By measurement at 200 K associated to the SCC from sy . All these confirms the

expected Onsager reciprocity for both sx and sy components of the SCC.
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Chapter 6

Low-temperature

spin-to-charge conversion in

graphene/MoTe2

6.1 Introduction

In the previous Chapter, SCC was studied in graphene/MoTe2 from room

temperature to a moderately high temperature (75 K). However, at lower tem-

peratures, new SCC processes might become relevant. That is the case for

the spin-orbit proximity induced in graphene. As explained in Section 2.2.1.2,

when a high-SOC material is placed in contact with graphene, forming a van

der Waals heterostructure, the SOC in graphene can be enhanced by proximity.

This effect is dominant at low temperatures [225,226] and, hence, expected to

display below 75 K in graphene/MoTe2 heterostructure. By using the graphene-

based LSV combined with MoTe2, the SCC from the three directions of the

spin polarization can be studied in the same device, regardless of its origin.

In this Chapter, we report an omnidirectional SCC in graphene/MoTe2 at low

temperature. Along with the SCC of in-plane spin polarizations (both sx and

sy), already reported in Chapter 5, a new SCC arising from the out-of-plane

spin polarization (sz) is also observed. The origin of the latter is likely due to

the proximity-induced SHE in graphene.

111
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6.2 Spin-to-charge conversion by applying in-

plane magnetic fields

In a single experiment, i.e., measuring the non-local voltage across the

MoTe2 when sweeping the magnetic field along the in-plane hard axis (Bx),

the contributions to the SCC from the three spin polarizations (sx, sy and sz)

can be disentangled as detailed in Section 2.2.3.1. Initially, at zero magnetic

field, the injected spins are polarized along the Co easy axis (y-direction). If

they are converted into charge current, the non-local resistance will depend on

the initial state of the Co magnetization, which is either along the +y or the

−y direction [see Fig. 2.6(a)]. As long as Bx increases, the sy component de-

cays due to the spin precesion in the y−z -plane [see Fig. 2.6(c)]. From all this,

the contribution to the SCC signal coming from sy is symmetric with Bx and

maximum at zero field [see Fig. 2.6(b)]. In a second stage, in which precession

starts to occur, sz starts to increase, until it reaches its maximum at certain

value of Bx, when the spins arriving to the SCC region are mostly aligned

in the z -direction [see Fig. 2.6(c)]. Hence, the contribution to the SCC from

sz comes from precession and is described by an antisymmetric Hanle curve.

This signal depends on the initial state of the injector magnetization since it

is determined by precession [see Fig. 2.6(d)]. In the final stage, for large values

of Bx, the magnetization of Co is aligned with the direction of the field and,

hence, the injected spins are polarized along the x -direction and no precession

occurs [see Fig. 2.6(e)]. Thus, the contribution to the SCC from sx will show

a linear variation at low fields with two saturation values at large magnetic

field, S-shaped curve, taking opposite values at +Bx and −Bx, and it will not

depend on the initial state of the injector magnetization [see Fig. 2.6(f)].

The non-local resistance (RNL) associated to SCC is measured when sweep-

ing Bx for two different initial states of the Co magnetization. Initially, the

magnetization is set along the +y-direction [R↑
NL, blue curve in Fig. 6.1(a-c)]

prior to each sweep of the field from 0 to 1 T and from 0 to −1 T. Lastly, the

protocol is repeated but, in this case, the magnetization of the Co is initially

set along the −y-direction [R↓
NL, red curve in Fig. 6.1(a-c)]. This process is

done for 50 K, 25 K and 10 K. The shape of the signal is different for each

temperature, therefore, in order to extract the different contributions to the

SCC signal, it is crucial to consider which ones depend on the initial state of

the magnetization of Co electrode and which ones do not.
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Figure 6.1: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with in-plane magnetic field along the in-plane hard axis of the Co

electrode (Bx) at low temperatures. (a-c) RNL vs. Bx for the two different

initial states of the Co magnetization, along the +y- (blue) and −y-direction (red).

(d-f) The SCC signal defined as RSCC = (R↑
NL− R↓

NL)/2 obtained from data in

panels a-c. (g-i) The average non-local resistance, defined as Raverage
NL = (R↑

NL+

R↓
NL)/2 obtained from data in panels a-c. (j-l) Antisymmetric component of the

RSCC obtained from data in panels a-c. (m-o) Symmetric component of the RSCC

obtained from data in panels a-c. All the data is shown at 50 K, 25 K, and 10 K.

On the one hand, the contribution of sy clearly depends on the initial state
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of the magnetization, since it is determined by the conversion of +sy or −sy

spins [see Fig. 2.6(b)]. Moreover, the contribution of sz will also depend on

the initial state of the magnetization since it comes from the spin precession,

which is determined by the polarization of the injected spins [see Fig. 2.6(d)].

Therefore, both contributions are included in the calculated RSCC signal with

RSCC = (R↑
NL− R↓

NL)/2. While the sy contribution is symmetric with respect

to Bx, the contribution of sz is an antisymmetric Hanle as a function of Bx.

This difference allows us to establish an univocal relation between the SCC

from sy (sz) and Rsymm
SCC (Ranti

SCC).

On the other hand, the contribution of sx does not depend on the initial

state of the magnetization, since it occurs at large magnetic fields, when the

magnetization of the Co is pulled in the direction of the field [see Fig. 2.6(f)].

In order to remove any signal that depends on the initial state of the magneti-

zation, the average of R↑
NL and R↓

NL is extracted Raverage
NL = (R↑

NL+ R↓
NL)/2.

Taking a closer look to Raverage
NL , the signals measured at all temperatures

display two saturating states above the saturation field of Co [Fig. 6.1(g-i)].

This signal is associated to the SCC from sx spins, as it was proven at higher

temperatures via precession with Bz. Interestingly, R
anti
SCC shows an antisym-

metric Hanle curve for the three low temperatures [Fig. 6.1(j-l)]. These signals

evidence the SCC from sz spins that have not observed at higher temperatures.

Additionally, Rsymm
SCC shows a maximum at zero field and decays at the satu-

ration Bx field [Fig. 6.1(m-o)]. This signal is associated to the SCC from sy

spins, as it was proven at higher temperatures via precession with Bz.

Furthermore, if the magnetic field is swept along the in-plane easy axis

direction, the direction of the magnetization is reversed at certain value of By.

By measuring RNL while sweeping By, a square hysteresis loop is observed

(Fig. 6.2) with a switching sign at the coercive field of the Co electrode. This

signal corresponds to the SCC from sy spins. The same behaviour was also

observed at higher temperatures (see Fig. 5.8).

It is important to note that the signals from Fig. 6.1 are measured as a

function of the in-plane hard axis magnetic field (Bx) and, then, only the

sz contribution arises from precession. The dependence of Rsymm
SCC with Bx

is not a symmetric Hanle curve, since the SCC from sy spins is determined

by the pulling of the Co magnetization, not by precession, as demonstrated

in Section 5.7.3. The SCC signal from sx arises also from the pulling of the

Co magnetization, thus no precession occur either. In order to prove the spin
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Figure 6.2: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with in-plane magnetic field applied along the easy axis of the Co

electrode (By) at low temperatures. RNL vs. By , for (a) 50 K, (b) 25 K, and

(c) 10 K.

origin of the sx and sy SCC signals, spin precession measurements should be

done by applying out-of-plane fields (Bz). However, at low temperatures, large

backgrounds coming from magnetoresistances of MoTe2 and/or graphene (see

Section 4.4) prevented us from measuring clean signals (see Section 6.5.1).

Such precession measurements were done at higher temperatures, confirming

the SCC from sx and sy (see Section 5.9). Since the temperature evolution of

sx and sy, extracted from their dependence with Bx at higher temperatures

(see Fig. 5.7), matches with the one extracted at low temperatures (Fig. 6.3),

we can infer the spin origin of Raverage
NL and Rsymm

SCC signals. Most importantly

in this Chapter, the SCC signal related to sz arises from spin precession and,

consequently, its spin origin is also confirmed.

6.3 Unveiling the origin of each spin-to-charge

conversion contribution

The evolution with temperature for each component of the total SCC signal

is represented in Fig. 6.3. The solid circles corresponds to the amplitude at lower

temperatures extracted from Fig. 6.1, and the open squares correspond to the

amplitudes at higher temperatures, extracted from Fig. 5.7. If we focus only

on the results at low temperature (inset in Fig. 6.3), the red circles represent

∆Raverage
NL and shows a sign change when lowering the temperature. Whereas

at 50 K and higher temperatures the amplitude is negative, at 25 K and 10 K

it is positive. The sign change can be attributed to a competition of different

effects with opposite sign in the efficiencies. While at higher temperatures it was

considered to come from the conventional SHE in the bulk of MoTe2, where the

charge current, spin current and spin polarizations are mutually orthogonal; the
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Figure 6.3: Temperature dependence of the amplitude of the signal The

low temperature amplitude data, represented by dots, are extracted from Fig. 6.1.

The high temperature data, represented by squares, are extracted from Fig. 5.7.

The signal Raverage
NL is the contribution of sx to the SCC, Ranti

SCC is the contribution

of sz , and Rsymm
SCC is the contribution of sy . The inset is a zoom at low temperature.

The dashed lined is a guide for the eyes at zero amplitude.

conventional EE at the proximitized graphene will also induce SCC from sx (see

Fig. 6.4). At low temperatures, the proximity-induced EE in graphene tends to

be large [225], therefore, the efficiency of the EE in proximitized graphene can

overcome the bulk SHE in MoTe2 and change the sign of the overall detected

signal (see Section 6.5.4 for reproducibility of this effect).

Likewise, ∆Rsymm
SCC (green solid circles in Fig. 6.3) decreases with decreasing

the temperature, although no sign change is observed. This tendency is also

seen when the magnetic field is swept along the y-direction, where the am-

plitude of the respective hysteresis loop decreases with the temperature and

becomes barely visible at 10 K [Fig. 6.2(c)]. In order to observe this signal, the

symmetries of the system have to be reduced. It can be attributed to an un-

conventional SHE in MoTe2, the crystal symmetries of MoTe2 must be broken

(represented by the zigzag lines in Fig. 6.4), or to an unconventional EE in the

proximitized graphene (see Section 2.2.2.2 for a thorough discussion). The latter
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origin has been recently taken into consideration since the shear strain needed

to break the MoTe2 crystal symmetries in MoTe2 is expected to be sample-

dependent [357], and this signal has been observed in several graphene/MoTe2

heterostructures we have measured. Moreover, the misalignment between the

mirror planes of graphene and MoTe2 creates a non-symmetric interface, which

enables the unconventional EE mechanism in proximitized graphene, in which

the spin polarization and charge current direction are parallel [346, 347]. This

scenario is represented in Fig. 6.4, where the zigzag lines in the proximitized

area represent a non-symmetric interface.

Interestingly, the new component observed at low temperatures, coming

from the SCC from sz spins, presents its largest value at 10 K and it slightly

decreases with increasing temperature. Two possible origins can generate out-

of-plane spin polarization: non-orthogonal SHE in MoTe2, where the spin po-

larization is parallel to the spin current direction and it is allowed by the crystal

symmetries (j s|| s ⊥ j c) corresponding to σz
zy, and the conventional SHE in

proximitized graphene (j s ⊥ s ⊥ j c) (see Fig. 6.4).

In order to check whether this effect comes from the proximity-induced

SHE in graphene or via non-orthogonal SHE in MoTe2, a control experiment

can be performed. By injecting the spins into the graphene channel using the

Co electrodes on both sides of MoTe2 (using electrodes 3 and 4 in Fig. 5.1),

the spin current direction in graphene is reversed. If the SCC origin is SHE in

proximitized graphene, since the direction of the spin current is reversed while

the polarization is kept, the direction of the charge current will reverse as well

in order to fulfill Eq. 1.18. The antisymmetric Hanle curve, Ranti
SCC , will then

reverse. If such sign change is not observed, Ranti
SCC must arise from the σz

zy

element in bulk MoTe2, because the spin current will not change the direction

along z when absorbed into the MoTe2 when changing the Co injector side.

Unfortunately, such experiment could not be performed in this device. The

non-orthogonal SHE in MoTe2 has been reported before, but, the efficiency is

∼ 8 times smaller than the conventional SCC where the spin polarization is

along x (the one related to ∆Raverage
NL ) [202].
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Figure 6.4: Summary of spin-to-charge conversion contributions that

can occur in graphene/MoTe2 van der Waals heterostructure. In

graphene/MoTe2 heterostructures, the SCC processes can take place at the bulk

of the MoTe2 flake or at the proximitized graphene region, which is represented by

the pink halo. For a fixed direction of the charge current, y-direction, three differ-

ent spin polarization can be induced. A spin polarization along the x -direction can

steam from conventional SHE in MoTe2, where j c ⊥ j s ⊥ s, or to a conventional

REE in the proximitzed graphene where j c ⊥ s. Additionally, a spin polarization

along the z -direction can be attributed to a non-orthogonal SHE in MoTe2, al-

lowed by the 1T’ crystal symmetry, where j c ⊥ j s|| s, or to a conventional SHE

in proximitized graphene where j c ⊥ j s ⊥ s. Finally, spin polarization along the

y-direction can be induced if the mirror symmetry of 1T’-MoTe2 or the ones of

graphene/MoTe2 interface are broken (represented by the zigzag line). In that case,

sy polarization can be induced via unconventional SHE in MoTe2, where j c|| j s ⊥
s, or via unconventional EE in proximitized graphene, where j c|| s.

6.4 Conclusion

In conclusion, we report omnidirectional SCC in graphene/MoTe2 van der

Waals heterostructure at low temperatures. Along with an in-plane SCC from

both spin polarizations (sx and sy), an out-of-plane SCC from sz spin po-

larization is also observed at low temperatures. As temperature decreases,

the strength of the proximity effect increases, thus, the SCC from sz spins

is likely due to proximity-induced SHE in graphene, as it is only observed at

very low temperatures. However, another effect can also lead to such SCC, a

non-orthogonal SHE in MoTe2, which is allowed due to the reduced crystal

symmetry of MoTe2. The in-plane SCC from sx is attributed to a combination

of orthogonal SHE in MoTe2 and EE in proximitized graphene. Both effects,
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allowed by crystal symmetries, might have opposite sign in the efficiencies. This

would explain the change in the sign of the SCC signal associated at sx at low

temperatures. The unconventional SCC from sy spins requires the symmetries

of MoTe2 to be broken, if the effect occurs at the bulk of MoTe2, or to have

absence of symmetries at the interface between graphene and MoTe2, if the

origin is unconventional EE in the proximitized graphene. All the possibilities

are summarized in Figure 6.4. Overall, the results presented in Chapter 5 and 6

make graphene/MoTe2 a fascinating heterostructure where a plethora of SCC

processes from different origins can be present. Although our results unveil a

rich variety of possibilities, further studies in order to disentangle the exact

origin of each SCC will be required.

6.5 Appendices

6.5.1 Spin-to-charge conversion by applying out-of-plane

magnetic field
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Figure 6.5: Spin-to-charge conversion in MoTe2 using graphene-based

LSV with out-of-plane magnetic field (Bz) at low temperatures. The non-

local resistance is measured for both initial positive (blue) and negative (red) mag-

netization directions of the Co electrode for (a) 50 K, (b) 25 K, and (c) 10 K. Strong

backgrounds prevent the observation of spin precession.

By applying Bx, a spin precession in the x−y-plane is induced. It discerns

the signals arising from sx and sy spins from the ones whose origin comes

from spurious effects. Nevertheless, the precession with Bz observed at higher

temperatures (Fig. 5.9) make us confident that the signals extracted from RNL

vs. Bx (Fig. 6.1) and vs. By (Fig. 6.2) arise from sx and sy spins.
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6.5.2 Spin transport in the reference graphene channel

Hanle spin precession transport in a reference LSV with pristine graphene

was also measured at lower temperatures. It is noticeable the oscillations in the

signals at large values of the out-of-plane magnetic field, being more evident at

10 K. Such oscillations are attributed to a magnetoresistance of graphene, which

is dominant at low temperatures, but whose origin has not been elucidated.
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Figure 6.6: Measurement of the Hanle precession at the reference LSV

by applying Bz at low temperatures. Initial magnetization of the Co electrode

saturated along positive (blue) and negative (red) y-direction at temperature (a)

50 K, (b) 25 K, and (c) 10 K.

6.5.3 Temperature dependence of the interface resistance,

MoTe2 resistivity, and graphene sheet resistance

In order to have a full picture, the resistivity of the MoTe2 flake, measured

in two-points (V74I 74), the sheet resistance of graphene (V23I 16) and the calcu-

lated interface resistance from the measured cross resistance, are shown in Fig.

5.13. At 10 K, MoTe2 has one third of the resistivity at room temperatures.

In contrast, the graphene sheet resistance and the interface resistance present

higher values at 10 K than at room temperature.

6.5.4 Reproducibility

In Chapter 5, another device (device 2) showed qualitatively the same re-

sults at temperatures above 75 K (Section 5.7.6). However, the behaviour at

low temperatures of device 2 does not display SCC from sz spins within the res-

olution of our measurements. Nevertheless, it shows a sign change in Raverage
NL

when lowering the temperature between 100 K and 75 K as reported in Fig.

5.16, supporting the possibility of coexistence of conventional EE in proxim-

itized graphene and conventional SHE in MoTe2 for the SCC from sx with
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opposite sign.

In Fig. 6.7(a-d), the non-local resistance as a function of the in-plane mag-

netic field along the hard axis of the Co electrode (Bx) is shown for 75 K, 50

K, 25 K, and 10 K, respectively. At 75 K and 50 K, the signal depends on the

initial state of the magnetization, i.e., R↑
NL and R↓

NL take different values at

low Bx. However, for 25 K and 10 K, there is no dependence on the initial state

of the magnetization.

Interestingly, the average signal [Fig. 6.7(e-f)] shows spin-to-charge conver-

sion from sx at all the low temperatures and it has opposite sign to the one

measured at higher temperatures (see Fig. 5.16). This supports the assumption

of opposite signs in the efficiencies of EE effect in proximitized graphene and

conventional SHE in MoTe2.

The absence of dependence on the initial state of the magnetization at 25

K and 10 K means that there is no SCC from sy nor sz, since both signals

come from such dependence and, thus, Rsymm
SCC and Ranti

SCC at 25 K and 10 K do

not show any signal [Fig. 6.7(h,i,k,l)]. In contrast, at 50 K, Rsymm
SCC [Fig. 6.7(g)]

displays signal coming from the SCC from sy spins and Ranti
SCC seems to show

an antisymmetric Hanle coming from SCC from sz spins [Fig. 6.7(j)]. Since the

background of Ranti
SCC at 50 K, is different from both saturating fields, and it

is the only temperature displaying such behavior, this signal cannot be surely

attributed to spin-to-charge conversion. Moreover, the respective signal is also

represented at 75 K, and any spin-related signal is observed in Ranti
SCC .
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Figure 6.7: Device 2 spin-to-charge conversion in MoTe2 using graphene-

based LSV with in-plane magnetic field along the in-plane hard axis

of the Co electrode (Bx) at low temperatures. (a-d) RNL vs. Bx for the

two different initial states of the Co magnetization, along the +y- (blue) and

−y-direction (red). (e-h) The average non-local resistance, defined as Raverage
NL =

(R↑
NL+ R↓

NL)/2 obtained from data in panels a-d. i-l) Antisymmetric component

of the RSCC obtained from data in panels a-d. (m-o) Symmetric component of the

RSCC obtained from data in panels a-d. All the data is shown at 75 K, 50 K, 25

K, and 10 K.

In literature, it has been reported the need of the annealing process to en-

hance the spin-orbit proximity (see Section S10 from the supplementary infor-

mation of Ref. [224]). However, in our samples, we do not perform any anneal-

ing since the crystal phase of MoTe2 is sensitive to the temperature and phase

transitions can be induced [358, 359]. Since the proximity is not enhanced via

annealing, it might add variability in our samples, preventing the observation

of the spin-orbit proximity in certain graphene/MoTe2 heterostructures.
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Chapter 7

Spin-to-charge conversion

in a high-quality interface

graphene/MoTe2 van der

Waals heterostructure

7.1 Introduction

In Chapters 5 and 6, 1T’-MoTe2 has been studied as a SCC material us-

ing graphene-based LSV. Besides, SOT experiments using MoTe2 can also be

found in literature [202, 282]. While in a non-local configuration using LSVs

any artefact induced by the local charge current is avoided, the charge cur-

rent is limited to one direction in the SOC material, thus, certain components

or the spin Hall conductivity tensor remain unexplored. In the basis of non-

local LSVs, a versatile device geometry is required to study unexplored SCC

components. Recently, a new measurement geometry, where the charge cur-

rent propagates in the three different directions, was implemented, leading to

the observation of different SCC components in graphene/BiTeBr [296] and

graphene/WTe2 [233] heterostructures. In these studies, the charge current

was applied between the high-SOC material and the graphene channel. These

experiments, however, only gave a measurable signal when the interface resis-

123
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tance was high enough and the spin absorption into the high-SOC material was

suppressed, implying that the simultaneous detection of SCC in the standard

and the new “3D-current” configuration could not be achieved.

In this Chapter, we combine the standard SCC measurement geometry [Fig.

7.1(a)], with the recently introduced 3D-current configuration [Fig. 7.1(b)], in

order to characterize SCC in a graphene/MoTe2 van der Waals heterostruc-

ture. The high-quality interface between graphene and MoTe2, indicated by a

low interface resistance, allows us to measure for the first time SCC both in

the standard and 3D-current configurations in the same device, at room tem-

perature. By combining these configurations, we discover that spin generation

occurs when a charge current flows through the MoTe2 flake in any of its two

in-plane directions, gaining deeper insights into the multiple SCC process in

graphene/MoTe2. Whereas the unconventional SCC component from sy spins

parallel to the charge current direction (y-direction) has been measured be-

fore, as shown in Chapter 5 and 6, a new orthogonal component, in which a

charge current along the mirror plane (x -direction) generates a spin current

with in-plane orthogonal polarization (sy), is measured here for the first time.

The origin of the latter contribution is compatible with SHE in MoTe2 or EE

in the proximitized graphene. The large SCC signals measured at room tem-

perature, together with the versatility in the 3D-current configurations, makes

high-quality interface MoTe2/graphene heterostructure an ideal candidate to

be integrated in functional 2D spintronic devices.
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Figure 7.1: Sketches of the two different SCC configurations in a

graphene-based LSV in combination with MoTe2. (a) Sketch of the stan-

dard SCC configuration. Due to Onsager reciprocity, this configuration is reciprocal

to the one sketched in Fig. 2.5, where the voltage and current probes are swapped

between the two configurations. The direction of the charge current is limited to

the y-direction. The non-local voltage (VNL) is detected using a FM electrode. (b)

Sketch of the 3D-current configuration. In this case, the charge current is applied

between one side of the MoTe2 flake and one end of the graphene flake, thus, the

charge current flows in the tree spacial directions within the MoTe2 flake. The non-

local voltage (VNL) is also detected using a FM electrode.

7.2 Device fabrication and characterization

For the fabrication of the LSV device used here [see Fig. 7.2(a)], MoTe2,

that tends to cleave along the Mo-chain (details in Chapter 4), was mechan-

ically exfoliated in an inert atmosphere and stamped on top of a few-layer

exfoliated graphene flake using the dry-viscoelastic technique [302]. In this

way, MoTe2 is not exposed to air preventing oxidation and keeping a clean

interface between MoTe2 and graphene. After the stamping, metallic Ti/Au

electrodes contacting MoTe2 and graphene were fabricated via e-beam lithog-

raphy, thermal evaporation, and lift-off [labeled with letters in Fig. 7.2(a)].

Subsequently, FM electrodes (TiOx/Co) were fabricated, using the same tech-

niques, on top of graphene [labeled with numbers in Fig. 7.2(a)]. To charac-

terize the MoTe2 flake, we have measured its resistance (R) by applying a

current between contacts A and B (IAB) and measuring the voltage between

the same electrodes (VAB), VABIAB . As shown in Fig. 7.2(b), the resistance of

the MoTe2 flake (RAB = VAB/IAB) has a temperature dependence compatible

with a semimetallic behavior [190], showing no fingerprint of a phase transi-

tion [190] otherwise reported for the bulk material [193] (further details can be
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found in Chapter 4). The quality of the interface can be inferred by measuring

the interface resistance between graphene and MoTe2. By applying a charge

current between one side of MoTe2 and graphene, and measuring the voltage

between the other two metallic electrodes (VACIBD), the interface resistance

(Rint = VAC/IBD) is probed. As displayed in Fig. 7.2(b), Rint shows even

negative resistance values at room temperature and increases up to ∼100 Ω

at 10 K, smaller than graphene square resistance. The low values of Rint are

required for the spin absorption, as proven in Chapter 5.
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Figure 7.2: Optical image of the MoTe2/graphene heterostructure and

electrical characterization. (a) Optical image of the device. The barely visible

narrow graphene flake along x, highlighted by the dashed rectangle, is under the

MoTe2 flake, in blue. The Ti/Au (yellow) electrodes are labeled with letters and the

FM TiO2/Co electrodes (orange) with numbers. The relation between the crystal

axes and the space coordinates is as follows: b = x and a = y. (b) 2-point resistance

as a function of the temperature of the MoTe2 flake when cooling down (orange

open circles) and warming up (blue solid circles). 4-point resistance of the few-

layer graphene flake as a function of temperature is also shown (grey circles). The

red circles correspond to the interface resistance between graphene and MoTe2,

measured in the VACIBD configuration.

7.3 Spin-to-charge conversion measurements

Most of the SCC experiments based on spin-orbit proximity place a semicon-

ducting high-SOC van der Waals material on top of graphene which then has to

be shaped to be used as an electrode for the proximitized region [225–228,232].

However, if graphene is combined with a conducting (metallic or semimetallic)

van der Waals material, SCC can be measured by directly probing the voltage

across both materials. In this case, disentangling the origin of each SCC process

remains challenging as SCC can either occur in the proximitized graphene via

EE or SHE, and in the high-SOC material itself via the bulk SHE or bulk EE (as

discussed in Section 2.2). The standard SCC configuration [Fig. 7.1(a)] in the
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reciprocal fashion, meaning that the charge and voltage probes are swapped,

is the one used in Chapter 5 and 6. Based on the Onsager reciprocity, both

standard configurations lead to the observation of the same SCC results. In

the standard configuration the charge current and the spin current are fixed

to one direction (y- and z -directions, respectively), while the spin polarization

direction is controlled by an external magnetic field. This configuration fails

to capture other SCC where the charge current lies along other directions. To

further study the SCC in the graphene/MoTe2 heterostructure, the 3D-current

configuration [Fig. 7.1(b)] is employed. In this case, the spin current and the

spin polarization will be fixed along the z - and y-directions, respectively, while

the charge current direction within the MoTe2 can be set along the three differ-

ent directions (x, y, z ). The versatility of the 3D-current configuration allows

us to directly relate the direction of the charge current with the spin current

direction and polarization.

7.3.1 SCC in the standard configuration

We first study SCC by applying the charge current along the MoTe2 flake

[i.e., I c (0, −y, 0)] while sweeping the magnetic field along the FM easy axis

(By), using the configurations shown Fig. 7.3(a). The non-local resistance de-

pendence with By shows a hysteresis loop with two clear jumps at the switching

field of the FM when using contact 2 (left) as a detector [Fig. 7.3(b)]. When By

is positive (negative), RNL takes its lower (higher) value. Hence, the injected

spins are polarized along the −y direction. Note that we have assumed that

the graphene/FM contact spin polarization is positive. We keep this convention

through all the Chapter. Therefore, we can conclude that sy spins are gener-

ated by applying Ic along the same direction in the MoTe2 flake. Three possible

mechanisms could be behind this spin generation: (i) EE in the proximitized

graphene, (ii) SHE in MoTe2 with spin current along the z -direction, or (iii)

SHE in MoTe2 with spin current along the x -direction. Due to the symmetries

of the EE mechanism in the proximitized graphene, a spin accumulation po-

larized along −y must be generated by a perpendicular charge current (x - or

z -direction). However, in this case, the charge current and the spin polariza-

tion are parallel, which is forbidden by the crystal symmetry of the proximitized

graphene. If we consider SHE in MoTe2, the only allowed component where the

spin polarization and the charge current are parallel is the one where the spin

current is also parallel, σy
yy (see Section 2.2 for the symmetries consideration).
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Considering the sample layout, the spin current could only be generated

along the x or z -directions, as both SHE components are forbidden by the

MoTe2 crystal symmetries (σy
xy or σy

zy, respectively), the considered possible

processes are not granted by the crystal symmetries.

To know the direction of the spin current, RNL is measured using contact

1 as a detector (right) while the magnetic field is swept along the FM easy axis

as represented in Fig. 7.3(c). The measurement shows the same sign as the one

detected on the left side. The absence of a sign reversal further proves that

the spin current along the x -direction can be disregarded. Accordingly, two

mechanisms remain as possible origins of the signal: (i) unconventional SHE in

MoTe2 with spin current along the z -direction (σy
zy), or (ii) unconventional EE

in the proximitized graphene where the spin polarization and charge current

are parallel. Both scenarios are incompatible with the symmetry of MoTe2 and

of graphene, therefore the crystal symmetry of the system must be broken to

permit the unconventional SCC. One possibility for creating such symmetry

breaking is shear strain developed during the fabrication process, as discussed

in Chapter 5. However, this signal has now been reproduced in several samples

and the shear strain is expected to be sample-dependent [357], making this

hypothesis unlikely. Another possible mechanism, also discussed in Chapter 5,

is that the misalignment between the mirror planes of graphene and MoTe2

creates a non-symmetric interface which enables an unconventional EE in the

proximitized graphene, for which the spin polarization is parallel to the charge

current direction [346,347].
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Figure 7.3: Non-local SCC measurement in the standard configuration.

(a) Sketch of the standard SCC measurement configuration that can be performed

in the heterostructure. The charge current (I c) is applied along MoTe2 and the

voltage is probed using the FM electrode on the left or on the right. (b) Non-local

resistance (RNL) measured using the left Co electrode 2 as detector (VL
NL) while

sweeping the magnetic field along the in-plane easy axis (y-direction). (c) Same

measurement using the right Co electrode 1 as detector (VR
NL). Baselines of 110

mΩ and 26 mΩ are removed, respectively. All measurements are performed at 300

K.

7.3.2 SCC in the 3D-current configuration

Once we have measured the SCC in the standard configuration, we can

move to explore the SCC using the 3D-current configuration. To further access

different SCC directions, the current path in MoTe2 must include components

along the three different space coordinates. We implement a protocol, known

as 3D-current configuration [233, 296], where Ic is injected from MoTe2 into

graphene through their interface using one Ti/Au electrode on graphene (C or

D) and one on MoTe2 (A or B). Because Ic propagates along x, y and z, we use

the different possible combinations of IαβVγδ to reverse each component inde-

pendently. When the relevant component of Ic is reversed, the spin polarization

must change sign, regardless of the SCC origin.



7

130 | CHAPTER 7

The four possible charge current paths within MoTe2 are sketched in Fig.

7.4(a) when contact 1 is used as the FM detector. The measured RNL as a

function of By for each configuration is plotted in Fig. 7.4(b), where hysteresis

loops are represented with the same color as the respective current path. In

order to distinguish the charge current direction creating the spin polarization

along y, each charge current path is decomposed in the three space coordinates:

dark red path corresponds to I c (−x, −y, −z ), light red to I c (+x, +y, +z ),

dark blue to I c (−x, +y, −z ) and light blue to I c (+x, −y, +z ). As shown in

Fig. 7.4(b), dark red and dark blue curves show the same hysteresis loop sign

and light red and light blue show also the same sign but opposite to the dark

curves. Taking a closer look to the correspondence between the sign of the loop

and the charge current coordinates, one can see that the reverse of the signal

arises from a reverse of the charge current along the x - or z -direction.

To shed further light on the SCC origin, another measurement using the

3D-current configuration is implemented using contact 2 as the FM detector,

which allows us to access four extra current paths [see Fig. 7.4(c)]. Figure 7.4(d)

shows RNL as a function of By for the four extra configurations. In this case,

the decomposition of the charge current is as follows: dark red path corresponds

to I c (+x, −y, −z ), light red to I c (−x, +y, +z ), dark blue to I c (+x, +y,

−z ) and light blue to I c (−x, −y, +z ). Table 7.1 contains a summary of the

different configurations, the respective components of Ic, and the amplitude

of the signal. It is important to notice that, only the Ic component along the

x -direction is reversed when comparing the two sets of data obtained from

detector 1 and 2 (configurations with the same color in Fig. 7.4(c) and Fig.

7.4(a) respectively). As a matter of fact, if the same-color signal is compared

between the two different configurations [Fig. 7.4(b) vs. Fig. 7.4(d)], a reverse

in the signal is observed for each of the four non-local resistance configurations.

This implies that it is the charge current along the x -direction that dominates

the generation of a spin polarization along the y-direction.

The possible mechanisms behind this SCC are SHE in MoTe2 or EE in the

proximitized graphene. For the former, a charge current along the x -direction

will generate a spin current along the z -direction with spin polarization along

y (corresponding to σy
zx). For the latter, a charge current along x generates a

spin accumulation with spin polarization along y. This case also corresponds

to the expected spin polarization induced by EE in the proximitized graphene.

In contrast to the signal measured using the standard SHE configuration [Fig.

7.3(a,b)], and regardless of the origin, this signal is allowed by symmetry and
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has not been detected before.
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Figure 7.4: Non-local SCC measurements in the 3D-current configura-

tion. (a) Sketch of all 3D-current SCC measurement configurations using contact

1 as a FM detector. The arrows across the MoTe2/graphene represent the four dif-

ferent current paths. (b) Non-local resistance measured using contact 1 as a FM

detector when sweeping the magnetic field along the FM easy axis (By) for the dif-

ferent current paths. The curves have been shifted for clarity. The arrow represents

an amplitude of 40 mΩ. (c) Sketch of all 3D-current SCC measurement configura-

tions using contact 2 as a FM detector. (d) Non-local resistance measured using

contact 2 as a FM detector when sweeping By . The curves have been shifted for

clarity. The arrow represents an amplitude of 20 mΩ. All measurements are per-

formed at 300 K.

7.4 Discussion of the results

Using both the standard [Fig. 7.1(a)] and the 3D-current [Fig. 7.1(b)] SCC

configurations in the graphene/MoTe2 heterostructure, we have observed how

both x - and y-directions of the charge current induce spins polarized along

the y-direction. To quantitatively compare them, the amplitude of the SCC

signal (∆RNL) is defined as the difference between the mean value of the non-

local resistance at the two saturating states. ∆RNL for each configuration is
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plotted in Fig. 7.5 using the two different FM contacts as detectors. For each

contact, two configurations show positive amplitude values while the other two

are negative. It is remarkable that the amplitude for the two positive (negative)

amplitudes is not the same. The difference in ∆RNL between the two positive

(negative) amplitudes, that is approximately 10 mΩ in both cases, must arise

from the SCC of the charge current along the y-direction as discussed next.

In the case of contact 1 working as a detector, the charge current in the

dark blue configuration is I c (−x, +y, −z ) while in the dark red case is I c

(−x, −y, −z ). The only difference between them is the direction of the charge

current along the y-direction. From the standard SCC configuration, we know

there is SCC signal with spin polarization along y when the charge current

is applied along the −y-direction. The amplitude of this SCC signal (solid

black circle) is negative, which will add up to the signal coming from the x -

direction. The signal along the −x -direction (filled dark blue and filled dark

red) is positive, meaning that a charge current along the −x -direction will

generate a spin polarization along the +y axis. In contrast, a charge current

along the −y-direction will generate a spin polarization along the −y-axis.

The combination of the signal coming from charge current flowing along ±x

and ±y is the responsible of the difference between the two positive (negative)

signals, as represented by arrows in Fig. 7.5. Such scenario applies to all the

configurations.

Now, if we consider the case of contact 2, the trend of the data is the same

as for electrode 1, showing the consistency of the measured signals with the

charge current paths. However, the absolute values of ∆RNL are smaller in

comparison with contact 1. This can be due to a lower polarization of the FM

detector.
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Table 7.1: Summary of the different measurement configurations and

their amplitude. For each configuration, the components of I c and the respective

amplitude of the signals are detailed.

Configuration Detector I c ∆RNL (mΩ)

Contact 1 (0, −y, 0) −13.6Standard

Configuration Contact 2 (0, −y, 0) −9.1

Dark red circle

(−x, −y, −z )
22.2

Light red circle

(+x, +y, +z )
−21.8

Dark blue circle

(−x, +y, −z )
32.4

Contact 1

Ligh blue circle

(+x, −y, +z )
−30.7

Dark red square

(+x, −y, −z )
−21.4

Light red square

(−x, +y, +z )
24.1

Dark blue square

(+x, +y, −z )
−13.1

3-D current

configuration

Contact 2

Light blue square

(-x, -y, +z)
10.6
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Figure 7.5: Amplitude of the 8 different SCC signals in the 3D-current

and standard configurations. ∆RNL for each of the eight different current paths

in the 3D-current configurations as well as the standard configuration. Each arrow is

labeled with the charge current involved in the SCC process for each measurement.

Contact 1 was used as a detector for the configuration on the left side (light yellow

background), while contact 2 was the detector for the five combinations on the right

side (light orange background). The error bars are smaller than the dots.

7.5 Conclusion

In conclusion, we have performed SCC experiments both in the standard

and the 3D-current configurations. The combination of the two measurements

in the same device, enabled by the high-quality interface of our graphene/MoTe2

heterostructure, allows us to access an unconventional SCC component where

the charge current along y generates a spin polarization parallel to it. Along

with it, a new SCC configuration where the x -component of a charge current

generates a spin polarization along y in the same device. Since the symme-

tries of the SHE in MoTe2 and EE in the proximitized graphene are the same,

the precise origin of the latter cannot be confirmed, therefore, the SCC effi-

ciency cannot be calculated. Nevertheless, the amplitude of this signal, which

is twice the unconventional signal, is promising for applications in future spin-
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tronic devices. Indeed, considering the conversion to occur in bulk MoTe2,

the expected efficiency θyzx, must be larger than the reported one in Chapter

5 for θxzy, that was already comparable with the best-known spin Hall met-

als [100,350] and metal alloys [351,352], as theoretically predicted (θyzx = 2.2%

and θxzy = 2%) [78].
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Chapter 8

Conclusions and future

perspectives

In the course of this Thesis, MoTe2 has been used as a SOC material in order

to study the SCC in graphene-based LSVs. MoTe2 is characterized by its low

crystal symmetry and high-SOC, crucial ingredients for its implementation

in the next generation of spintronic devices. Hereunder, the main findings of

the Thesis are summarized, as well as future perspectives using these devices

towards the implementation of functional spin-based devices.

Initially, the MoTe2 flakes are characterized in Chapter 4. MoTe2 presents

in-plane anisotropy, therefore, determining the crystallographic axes of the

MoTe2 flakes is key to comprehending the permitted SCC effects. By using po-

larized Raman spectroscopy, and STEM, the crystal axes of exfoliated MoTe2

flakes are characterized. MoTe2 tends to cleave along one preferential crys-

tal direction, i.e., along the molybdenum atomic chain (a-axis), leading to

elongated MoTe2 flakes. Moreover, it is reported that 1T’-MoTe2 undergoes

a first-order phase transition to the 1Td phase at ∼240 K. We observed this

transition in bulk crystal via polarized Raman spectroscopy, however, in ex-

foliated flakes such phase transition is absent. This result is supported by the

electrical resistance measured in the flakes as a function of temperature. Be-

sides, the anisotropic crystal structure influences the behaviour of the electrical

resistance when an external magnetic field is applied to the system. 1T’-MoTe2

flake shows large magnetoresistance when the magnetic field is applied along

137
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the out-of-plane direction, that is along the van der Waals stacking direction,

and it increases when decreasing the temperature. At 10 K, the magnetore-

sistance under the presence of an out-of-plane magnetic field reaches 5% at 9

T.

In terms of SCC, Chapter 5 presents the results at moderate-high tem-

peratures (300 K - 75 K), where two distinct contributions arising from the

conversion of two different spin orientations are detected using the standard

SCC configuration in the graphene/MoTe2 LSV. In addition to the conven-

tional conversion where the spin polarization is orthogonal to the charge cur-

rent and spin current, we also detect an unconventional conversion where the

spin polarization and the charge current are parallel. While the origin of the

conventional SCC configuration can be ascribed to bulk ISHE in MoTe2 or IEE

in the proximitized graphene, the origin of the latter can only be explained if

the symmetries of the system are reduced. Two possibilities are considered:

(i) the MoTe2 develops shear strain during the fabrication process so the only

crystal mirror in 1T’-MoTe2 is broken; or (ii) the mirrors between graphene

and MoTe2 are not aligned, therefore any spin polarization direction can in-

duce charge current via IEE in the proximitized graphene. Assuming the SCC

to occur in the bulk of MoTe2, the lower limit at room temperature of the SCC

efficiencies, given by the spin Hall angle θkij , for the conventional component is

|θxzy| ≥ 0.21 while for the unconventional is |θyzy| ≥ 0.10, with opposite sign to

each other. Both contributions show large efficiencies comparable to the best

spin Hall metals and topological insulators. Our finding enables the simultane-

ous conversion of spin currents with any in-plane spin polarization in one single

experimental configuration.

InChapter 6, the SCC is explored at low temperatures, where the proximity-

induced SCC starts to become relevant. Graphene is very sensitive to the envi-

ronment, therefore, when it is placed in contact with a SOC material, its prop-

erties are altered. This phenomenon is known as spin-orbit proximity , allowing

SCC to occur in graphene itself. Along with the charge current generation due

to any in-plane spin polarization observed at moderate-high temperatures, an

extra component is observed. In this case, the out-of-plane spin polarization

induces a charge current which is probed using the same standard SCC config-

uration used before. This contribution can be ascribed to ISHE in proximitized

graphene or to a non-orthogonal ISHE in MoTe2, allowed by the reduced crys-

tal symmetries of MoTe2. Since its presence is dominant at low temperatures,

this effect is more likely to happen in proximitized graphene and, consequently,
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a proper analysis of the efficiency cannot be performed.

Thanks to the high-quality interface of our graphene/MoTe2 heterostruc-

ture, the SCC is studied using a new “3D-current” configuration, as discussed

in Chapter 7. Since the standard SCC configuration cannot capture all the

permitted SCC processes in MoTe2, a new measurement configuration is em-

ployed in the same graphene/MoTe2 van der Waals heterostructures. As well as

the previously observed unconventional SCC, where a spin generation polarized

parallel to the direction of the charge current occurs, our experiment also re-

veals a spin generation polarized in-plane perpendicular to the direction of the

current. The origin of this SCC component can be attributed to SHE in MoTe2

or to EE in the proximitized graphene. The symmetries of both origins are

the same, therefore, the precise origin cannot be confirmed. The combination

of the 3D-current configuration together with the standard configuration gives

new insights into the SCI processes in low symmetry materials. The large SCC

signals obtained at room temperature, along with the versatility of the 3D-

current configuration, are promising for future magnetic-field-free spintronic

devices applications.

Considering all the above, the graphene/MoTe2 van der Waals heterostruc-

ture is a hopeful one to be integrated into functional 2D devices. Although it is

difficult to know the precise origin of the SCC signal, if we assume to happen in

the MoTe2 via bulk SHE, the efficiency is comparable to the best-known spin

Hall metals. Other than the reported large efficiency, the 2D nature of these

devices paves the way towards to successful downscaling of spintronic devices.

In order to better understand the SCC origin, a detailed study of the align-

ment of the mirrors between graphene and MoTe2 should be done. By treating

the heterostructure to an annealing process, the mirrors of both materials tend

to align [348,349]. The alignment of the mirrors would increase the symmetries

of the interface so that fewer non-orthogonal SCC effects would be allowed.

By comparing the SCC signal obtained in the annealed device with the ones

in the non-annealed devices shown in this Thesis, the effects coming from the

non-symmetric interface can be determined. In the case of graphene/MoTe2 we

did not perform any annealing process due to the induce phase transition from

the 1T’ phase to a high-symmetry phase (2H), when the temperature of the

system is increased.

Regardless of the origin, low symmetry materials displaying multidirectional

SCC open the door to the realization of new architectures in spin-based devices
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such as MESO logic device prposed by Intel. Large-scale manufacturing of the

devices is a must, therefore, a step forward in graphene-based LSV in combina-

tion with 2D materials is the implementation of CVD-grown graphene instead

of the exfoliated one. The downside of this technique is the requirement of

extra fabrication steps which can give rise to a lower signal-to-noise ratio. In

addition, MoTe2 is air-sensitive, the air exposure should be avoided. The use

of other low-symmetry materials which present air-stability would be conve-

nient. The investigation of air-insensitive low-symmetry 2D is required towards

application of the exciting properties of these materials in real devices.
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2D Materials 9, 015024 (2021).

• Gate tunability of highly efficient spin-to-charge conversion by

spin Hall effect in graphene proximitized with WSe2.

Franz Herling, C.K. Safeer, Josep Ingla-Aynés, Nerea Ontoso, Luis E.
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Nano Letters 6, 4573 (2020).

• Tailoring the interaction between spin waves and domain walls

in nanostripes with perpendicular magnetic anisotropy.

Rocio Yanes, Nerea Ontoso, Luis Torres, Luis Lopez-Diaz.

Journal of Physics D: Applied Physics 52, 175002 (2019).

• Room-temperature spin Hall effect in graphene/MoS2 van der

Waals heterostructure.

C.K. Safeer, Josep Ingla-Aynés, Franz Herling, José H Garcia, Marc Vila,
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A Mónica, Lea y Greta. Como diŕıa Simone de Beauvoir, “Que nada os limite. Que nada os

defina. Que nada os sujete. Que la libertad sea vuestra propia sustancia.”

A mis padres, porque sin su confianza en mı́, esto no hubiese sido posible.

To all of you who have shared this time with me, eskerrik asko!

143



:)



B

Bibliography

[1] Nikonov, D. E. & Young, I. A. Overview of beyond-CMOS devices and a uniform

methodology for their benchmarking. Proceedings of the IEEE 101, 2498 (2013).

[2] Nikonov, D. E. & Young, I. A. Benchmarking of beyond-CMOS exploratory devices

for logic integrated circuits. IEEE Journal on Exploratory Solid-State Computational

Devices and Circuits 1, 3 (2015).

[3] Bohr, M. T. & Young, I. A. CMOS scaling trends and beyond. IEEE Micro 37, 20

(2017).

[4] Manipatruni, S. et al. Scalable energy-efficient magnetoelectric spin–orbit logic. Nature

565, 35 (2019).

[5] Mott, N. F. The resistance and thermoelectric properties of the transition metals. Pro-

ceedings of the Royal Society of London. Series A-Mathematical and Physical Sciences

156, 368 (1936).

[6] Campbell, I., Fert, A. & Pomeroy, R. Evidence for two current conduction iron. Philo-

sophical Magazine 15, 977 (1967).

[7] Fert, A. & Campbell, I. A. Two-current conduction in nickel. Physical Review Letters

21, 1190 (1968).

[8] Binasch, G., Grünberg, P., Saurenbach, F. & Zinn, W. Enhanced magnetoresistance

in layered magnetic structures with antiferromagnetic interlayer exchange. Physical

Review B 39, 4828 (1989).

[9] Baibich, M. N. et al. Giant magnetoresistance of (001)Fe/(001)cr magnetic superlat-

tices. Physical Review Letters 61, 2472 (1988).

[10] The Royal Swedish Academy of Sciences. The discovery of giant magnetoresistance

(2007).

[11] Parkin, S. S. P., Bhadra, R. & Roche, K. P. Oscillatory magnetic exchange coupling

through thin copper layers. Physical Review Letters 66, 2152 (1991).

[12] Parkin, S., Li, Z. & Smith, D. J. Giant magnetoresistance in antiferromagnetic Co/Cu

multilayers. Applied Physics Letters 58, 2710 (1991).

[13] Allred, J., Lyman, R., Kornack, T. & Romalis, M. V. High-sensitivity atomic magne-

tometer unaffected by spin-exchange relaxation. Physical Review Letters 89, 130801

(2002).

[14] Freitas, P. et al. Spintronic platforms for biomedical applications. Lab on a Chip 12,

546 (2012).

145



B

146 | Bibliography

[15] Shen, H.-M., Hu, L. & Fu, X. Integrated giant magnetoresistance technology for ap-

proachable weak biomagnetic signal detections. Sensors 18, 148 (2018).

[16] Jullière, M. Tunneling between ferromagnetic films. Physics Letters A 54, 225 (1975).

[17] Moodera, J. S., Kinder, L. R., Wong, T. M. & Meservey, R. Large magnetoresistance at

room temperature in ferromagnetic thin film tunnel junctions. Physical Review Letters

74, 3273 (1995).

[18] Parkin, S. S. et al. Giant tunnelling magnetoresistance at room temperature with MgO

(100) tunnel barriers. Nature materials 3, 862 (2004).

[19] Yuasa, S., Nagahama, T., Fukushima, A., Suzuki, Y. & Ando, K. Giant room-

temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel junc-

tions. Nature materials 3, 868 (2004).

[20] Parkin, S. Giant magnetoresistance in magnetic nanostructures. Annual Review of

Materials Science 25, 357 (1995).

[21] Uwe, H. Magnetic multilayers and giant magnetoresistance (1999).

[22] Ennen, I., Kappe, D., Rempel, T., Glenske, C. & Hütten, A. Giant magnetoresistance:
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