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Abstract

Nowadays, a life without mobile phones, laptops, cars, televisions and other sim-
ilar devices is for many people unimaginable. On a larger scale, these product are
made possible and a [addable by automated manufacturing in big factories. The
electronic devices as well as the automated manufacturing machinery all depen-
dent on nanoelectronics. The developments in nanoelectronics in the last decades
gave us smaller, faster and more energy e Lcieht technological solutions leading to
modern day life. However, the environmental impact of this industrialization be-
came apparentand more energy e Lcieht technological solutions have to be found.

A more energy e [cieht change starts from the smallest building blocks of our tech-
nology, that is, integrated circuits such as a central processing unit. Such circuits
use nanoelectronics to store and compute information. Traditionally, these inte-
grated circuits are constructed out of complementary metal-oxide-semiconductors
(CMOS). Apromising field for improved technological solutions is spintronics. Sev-
eral spin-based devices are already complementing CMOS technology permitting
improved reading via spin valves exploiting tunneling magnetoresistance, and writ-
ing via spin-transfer torque or spin-orbit torque, of magnetic states in magnetic
random access memory (MRAM). In spite of the development and implementa-
tion of spin-based devices for reading and writing memory states in MRAM, these
devices are not able to generate a voltage or current that allows driving of sub-
sequent elements, and enabling logic operations for beyond-CMOS applications.
Logic operations are used for computing information in integrated circuits. Spin-
based logic could provide advances in this area by integrating memory elements
and logic operations within the same circuit.

The magneto-electric spin-orbit (MESO) logic device is a spin-based device re-
cently proposed by Intel and the main motivation behind this thesis. The MESO
device consists out of two nodes connected by a ferromagnetic material (FM). The
FM is the memory and two possible in-plane ferromagnetic states along the easy



axis can be associated to the logic bits "1" and "0". The magneto-electric node is
for writing of the magnetic state via collective switching of ferromagnetism and
ferroelectricity or ferroelasticity. The spin-orbit node is designed to readout the
magnetic state exploiting [spin-charge interconversion (SCI)| in strong spin-orbit
coupling materials (SOM).

Various MESO devices can be connected to form cascaded gates. In these cascaded
gates, a MESO device is connected to the next MESO device, such that the output
of the spin-orbit node is the input for the next magneto-electric node. Hence, to
achieve stable, energy e Lcieht, and fast switching of the next FM element, the re-
quired spin-orbit node output voltage and current are 100 mV and 1 YA, respec-
tively.

In this thesis, we use spin Hall devices, that are the spin-orbit node in the MESO
device, for reading the magnetic states of the FM. E [Cieht detection of magnetic
states at nanoscale dimensions is important for the development of MESO de-
vices. In chapter [5, we show a favourable scaling law for the detection of an in-
plane magnetic state of a FM electrode by using the inverse spin Hall e [edt in
cobalt-iron/platinum (CosgFeso/Pt) nanostructured devices. We obtain alarge spin
Hall signal of 0:3  at room temperature by reducing the dimensions of the local
spin Hall device. Even more, an e [edtive spin-charge interconversion rate for the
CoFe/Pt system is quantified and we predict that this spin-orbit detection of mag-
netic states could also be used to drive MESO logic.

The local configuration of the FM/SOM nanostructured device is prone to spuri-
ous signals. In chapter[6 we address spurious Hall e [edts that can contaminate the
spin Hall signal in these local FM/SOM devices. The most pronounced Hall e [edts
in the CosgFese/Pt nanostructures are the planar Hall e [edt and the anomalous
Hall e [edt generated in the FM electrode. We find that the planar Hall e [edt, in-
duced by misalignment between magnetization and current direction in the FM
electrode, is manifested as a shift in the measured baseline resistance, but does
not alter the spin Hall signal at saturated field. The anomalous Hall e [edt, arising
from the charge-current distribution within the FM, adds to the spin Hall signal
at saturated magnetic field. However, the e [edt can be removed by minimizing
the shunting e [edt via proper design of the device. We conclude that local spin
injection in FM/HM nanostructures is a suitable tool for measuring spin Hall sig-
nals and, therefore, a valid method for magnetic state readout in prospective spin-
based logic.



We achieved enhanced output signals (0.03 mV with a bias current of 100 A) by
downscaling the local FM/SOM devices but larger spin Hall signals of around 1 k
(100 mV with a bias current of 100 A) are required to read the magnetic state of a
FM element in potential applications such as MESO logic. We shows in chapter 5]
that introducing Ta as the SOM, results in an enhancement of the output signal by
one order of magnitude 3.4

In chapter 7] we explore spin properties of sputtered -phase W to predict the ex-
pected SCI output signalsin alocal CoFe/W device. A lateral spin valve is employed
to acquire the spin di [udion length and the SCI e Lciehcy of this -W as the local
FM/SOM devices do not permit individual extraction of these two spin properties.
A large[SCl)is measured, however, an unexpected oxide layer with a significant re-
sistance is observed at the interface between Cu and W electrodes, denying the ac-
cess to the spin properties of W. The interfacial spin absorption and[SCl|are quanti-
fied using an universal theoretical framework and present values larger than those
of Cu/BiOy and Cu/Au interfaces and corresponding bulk spin properties in Pt.
This type of interfaces with large[SCl|e [ciehcy might be beneficial for the readout
in the MESO device. Additionally, although the aim of this study was not to obtain
a highly resistive interface layer with large[SCI|but to investigate bulk properties of
W, the take-home message of this chapter became that interface properties have
to be carefully considered when studying spin transport in metallic devices.

To conclude, this thesis presents the first steps of the optimization of the magnetic-
state readout component for the envisioned MESO-logic device. We established
that (i) reducing the device dimension of FM/SOM nanostructured devices leads to
an enhancement of the output signals; (ii) spurious e [edts in the device due to the
local configuration can be avoided by proper design of the FM and SOM electrodes;
(iii) interface properties and interfacial SCI have to be carefully considered when
studying spin transport in metallic devices and such interface might be applicable
for the MESO-logic devices.

Even tough we did not achieve the required values for the realization of cascaded
gates with MESO devices, we did find a guideline for further improvement of the
output signals. Besides providing independent scaling laws for the voltage and
charge output signals, we also suggest that replacing the FM/HM system by an
other materials system with larger SCl e [ciehcy and higher resistivities can lead to
increased output signals. Further experiments are required to demonstrate the use
of our device as a current source for driving spin logic circuits, but we anticipate
that a MESO-logic device is feasible.






Resumen

La nanoelectronicadominanuestro mundo. Los dispositivos moviles, los portatiles
y lasenormes fabricas automatizadas que los producen existen debido a los avances
en nanotecnologia de las Gltimas décadas. Aunque que se han logrado grandes éx-
itos, aun continua la busqueda de soluciones tecnoldgicas mas pequenas, rapi-
das y energéticamente eficientes que permitan una maquinaria mas sofisticada y
personalizada. Actualmente, los circuitos integrados, como las unidades centrales
de procesamiento (CPU), se basan en la tecnologia del semiconductor comple-
mentario de 6xido metélico (CMOS). Los avances en el proceso de fabricacion de
los dispositivos CMOS permitieron una reduccion importante del tamafio de los
transistores, lo que resultd en transistores mas rapidos, de menor consumo y mas
baratos.

Aungue la tecnologia CMOS ha tenido éxito en las ultimas 4 décadas, hoy esta lle-
gando a su limite. Los dieléctricos méas delgados y los canales mas cortos en dis-
positivos CMOS de pequefia escala los hacen méas propensos a sufrir fugas y ca-
lentamiento, lo que limita la densidad y la velocidad del dispositivo. Por tanto, es
necesario encontrar una tecnologia mas alla de CMOS que permita reducir estos
efectos para poder continuar con las mejoras tecnolégicas en la eficiencia infor-
matica. Este nuevo horizonte tecnoldgico, llamado beyond-CMOS, debe permi-
tir una alta eficiencia energética y densidad l6gica computacional, memoria no
volatil en Iégica (y viceversa) y debe ser compatible con arquitecturas tradicionales
y emergentes. Hasta ahora, la investigacion se ha centrado en la implementacion
de nuevos materiales en combinacion con nuevos dispositivos/arquitecturas, asi
como en aprovechar la nueva fisica.

Una alternativa a CMOS en la que se esta avanzando considerablemente es la es-
pintrénica, donde ademas de la carga electronica también se aprovecha el espin
del electrén. En la espintronica se estudian la inyeccion, el transporte, la manip-
ulacion y la deteccion del grado de libertad de espin de los electrones. Nuestros



ordenadores procesan y almacenan informacion en cédigo binario, es decir, "1"
y "0". Los metales ferromagnéticos pueden tener uno de dos estados magnéticos,
dependiendo de la alineacion de los espines electronicos. Por tanto, estos materi-
ales pueden utilizarse para almacenar informacion si asociamos cada uno de los
dos estados magnéticos a "1" y "0". La espintronica proporciona los medios para
escribir y leer estos estados magnéticos.

El primer paso para la lectura de estados magnéticos, por el cual A. Ferty P. Griin-
berg recibieron el premio Nobel de fisica (2007), fue el descubrimiento de la mag-
netorresistencia gigante (GMR) a finales de la década de 1980. La GMR permite la
deteccidn de pequefios campos magnéticos y gracias a esto sirvié para desarrollar
la llamada valvula de espin, la cual encontré rapidamente aplicacion en cabezales
de lectura magnéticos en discos duros. Una version mejorada de la valvula de es-
pin es la unién de tunel magnética (MTJ), basada en la magnetorresistencia tunel
(TMR). Este tipo de valvula puede utilizarse como elemento de memoria en la
memoria de acceso aleatorio magnetorresistiva (MRAM) y permite obtener una
densidad superficial mucho mayor que las valvulas de espin clasicas.

La escritura de estados magnéticos en uniones MTJ integradas en MRAM se logré
por primera vez mediante campos de Oersted inducidos por corrientes de carga.
Un nuevo tipo de MRAM, el MRAM de par por transferencia de espin (spin-transfer
torque, STT), permite optimizar el proceso de escritura. La produccion en masa
de la MRAM basada en STT por parte de las principales compafiias de electronica
(Sony, Intel y TSMC) comenzé en 2020. Uno de los ultimos avances en el proceso
de escritura de estados magnéticos es el desarrollo del MRAM de par espin-orbita
(spin-orbit torque, SOT), el cual se basa en conceptos de spin-orbitronics, que
aprovecha el acoplamiento entre el momento magnético de espin y el momento
orbital de electrones.

A pesar del desarrolloy laimplementacidn de dispositivos basados en el espin para
la lectura (a través de TMR) y la escritura (a través de STT o SOT) de estados mag-
néticos en MRAM, dichos dispositivos no son capaces de generar un voltaje o cor-
riente que permita operar los siguientes elementos conectados del circuito para
realizar operaciones légicas con ellos. Las operaciones ldgicas se utilizan para la
computacion de la informacion en circuitos integrados. La l6gica basada en espin
podria proporcionar avances en este campo, ya que haria posible integrar tanto el-
ementos de memoria como operaciones logicas en un mismo circuito. Un dispos-
itivo 16gico basado en espin propuesto recientemente por Intel es el dispositivo
I6gico magnetoeléctrico espin-orbita (MESO). Dicho dispositivo es basicamente
un inversor. Su puerta en cascada (cascaded gate) permite realizar operaciones
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I6gicas mediante la conexidn de un dispositivo MESO a otro. En una puerta en
cascada de este tipo, la salida del primer dispositivo MESO es la entrada para el
siguiente. La simulacién de una unidad l6gica aritmética de 32 bits basado en tec-
nologia MESO ha dado resultados muy prometedores: comparado con tecnologias
CMOS avanzadasy otras propuestas beyond-CMOS, la simulacién MESO tiene un
menor consumo de energia, un mayor rendimiento y una menor densidad 16g-
ica superficial. Para lograr una conmutacién (switching) estable, energéticamente
eficiente y rapida del elemento ferromagnético en el proximo dispositivo MESO, el
voltaje de funcionamiento y la corriente de lectura requeridos son 100 mVy 1 pA,
respectivamente. El objetivo principal de esta tesis es la realizacion y optimizacion
del proceso de lectura en el dispositivo I6gico MESO.

El dispositivo MESO tiene dos nodos: uno magnetoeléctrico (ME) para escribir, y
otro espin-orbita (spin-orbit, SO) para leer el estado magnético de un material fer-
romagnético. El proceso de escritura en el nodo ME se basa en la conmutacion
colectiva ferromagnéticay ferroeléctrica o ferroelastica debido a su potencial para
conseguir una energia de conmutacion ultrabaja. El nodo SO consiste en un mate-
rial ferromagnético que actia como memoriay como el material de acoplamiento
espin-orbita fuerte (SOM) utilizado para la lectura. La lectura de los estados mag-
néticos se logra aplicando una corriente de polarizacion a través del dispositivo de
tal manera que se inyecta una corriente polarizada en espin en el SOM. La inter-
conversion espin-carga (SCI) en el SOM transforma la corriente de espin en una
corriente de carga transversal y crea una diferencia de potencial entre los dos ex-
tremos de la capa SOM. La corriente de salida y el voltaje seran opuestos dependi-
endo de si el estado magnético es "1" 0 "0".

Tal y como se describe en el parrafo anterior, el SCI convierte la corriente de es-
pin en corriente de carga o viceversa. El origen de este efecto es el fendbmeno de
acoplamiento espin-6rbita (spin-orbit coupling, SOC), es decir, la interaccion en-
tre elmomento angular de espiny el momento angular orbital. Dicho acoplamiento
puede aparecer en sistemas bidimensionalesy tridimensionales como metales pe-
sados, interfaces de heteroestructuras, aislantes topoldgicos y dicalcogenuros de
metales de transicidon. En los dispositivos estudiados para esta tesis se han uti-
lizado metales pesados (HM) como SOM.

La SCIl en HM ha sido ampliamente estudiada, en particular en el caso del Pt, que,
ademas de tener una alta eficiencia SCl y también es un material estable, es decir,
no se oxida, lo que lo convierte en un candidato perfecto para estudiar dispositivos
de lectura. Los metales pesados muestran un efecto SCI en volumen, es decir, el
efecto Hall de espin (spin-Hall e [edt, SHE, carga a espin) y el efecto Hall de espin
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inverso (inverse spin-Hall e [ci] ISHE, espin a carga). La relacion entre la densidad
de corriente de carga y la densidad de corriente de espin es el angulo Hall de es-
pin para el SHE (y viceversa para el ISHE) y define la eficiencia de la SCI. Tanto el
ISHE como el SHE se pueden usar para detectar el estado de magnetizacién de un
elemento ferromagnético (FM) en una nanoestructura: el ISHE se puede usar para
convertir una corriente de espin inyectada eléctricamente desde el elemento FM
en un voltaje, y el SHE se puede usar para convertir una corriente de carga en una
corriente de espin, que luego es detectada por el potencial electroquimico depen-
diente del espin del elemento FM.

Un ejemplo tipico de nanoestructuras metalicas que utilizan el SHE (ISHE) para la
inyeccion (deteccion) de espin son las valvulas de espin laterales (LSV) desarrol-
ladas para cuantificar el SHE a través de técnicas no locales. Estos dispositivos con-
sisten en un electrodo FM y un electrodo SOM, que estan separados por un canal
no magnético (NM) con SOC débil para transportar las corrientes de espin entre
ellos. La LSV de configuracion no local funciona con la inyeccion de corrientes
de espin puro. El uso de corrientes de espin puro es conveniente para la cuantifi-
cacidon del SHE, ya que elimina las sefiales espurias asociadas a efectos locales. Por
el contrario, para una aplicacion potencial como la I6gica MESO, las LSV presen-
tan la desventaja de una fuerte reduccién de la sefial de espin causada por la caida
exponencial de la corriente de espin y la derivacion de la corriente de carga gener-
adaen el canal de transporte, asi como el flujo de retorno (backflow) del espinenel
electrodo FM. Debido a esto, las sefiales Hall de espin son relativamente pequefas,
alrededor de 0.1-1.0 m . Una forma de superar estos problemas es eliminando el
canal de transporte e inyectando y detectando la corriente de espin directamente
en la interfaz FM/SOM, como en el nodo SO. La inyeccion/deteccion de espin lo-
cal en nanoestructuras FM/SOM mas simples puede mejorar la sefial Hall de espin,
llegando ésta a alrededor de 1-10 m . Sin embargo, para leer el estado magnético
de unelemento FM en aplicaciones potenciales como la l6gica MESO, se requieren
sefales Hall de espin incluso mas grandes, de alrededor de 1-10k .

Las nanoestructuras FM/SOM estan formadas por un electrodo nanoestructurado
SOM en forma de T y un electrodo FM cuya punta se encuentra sobre la intersec-
cion de la nanoestructura en forma de T. El dispositivo funciona como el nodo SO.
La magnetizacion del electrodo FM se alinea y se conmuta a lo largo del eje facil
con un campo magnético externo. EI ISHE se mide aplicando una corriente de po-
larizacién lyias desde el electrodo FM al electrodo SOM. Se inyecta una corriente
polarizada en espin en el SOM. EI SOC fuerte del SOM produce una corriente de
carga ISHE transversal, que se detecta como un voltaje V,sye en condiciones de
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circuito abierto a lo largo del electrodo SOM transversal. La inversion de la mag-
netizacion induce un cambio de signo de V|sne. La resistencia Hall de espin Rjsye
se define como Vspe=lpias Y la diferencia entre los dos estados de resistencia, aso-
ciados a los dos estados de magnetizacion, es la sefial Hall de espin. Esta se utiliza
para cuantificar los dispositivos. En el capitulo 5, informamos sobre una ley de es-
cala favorable para la lectura de un estado magnético por SHE en dispositivos na-
noestructurados FM / SOM locales y mostramos que se pueden obtener grandes
sefales Hall de espinde 0.3 atemperaturaambiente. En particular, utilizamos el
ISHE para la conversién de espin a carga en nanoestructuras CosgFeso/Pty encon-
tramos que el voltaje de salida (necesario para leer la magnetizacion en el plano)
y la corriente de salida (necesaria para los elementos del circuito en cascada) se
pueden mejorar de forma independiente al disminuir las dimensiones del dispos-
itivo. Las grandes sefiales Hall de espin resultan de las pequefias dimensiones y
altas resistividades de Pt y CoFe, mientras que la tasa de conversién efectiva de
espin a carga permanece constante para el sistema CoFe/Pt.

Ademas, extrapolando nuestros datos, sugerimos que la sefial Hall de espin podria
acercarse aln mas a los valores requeridos para implementar la I6gica MESO me-
diante el uso de materiales alternativos. Sin embargo, se requieren mas experimen-
tos para demostrar el uso del dispositivo FM/SOM local como fuente de corriente
para operar circuitos l6gicos de espin. Prevemos que el acoplamiento (locking) en-
tre momento y espin en aislantes topoldgicos y el efecto Rashba en interfaces po-
drian usarse para lograr una mayor eficiencia del SCI con alta resistividad. Esto
podria llevar a una mejora en la lectura de voltaje en dispositivos miniaturizados
y en su salida de corriente, dos ingredientes que son esenciales para la realizacion
de operaciones logicas en aplicaciones computacionales.

El capitulo 6 trata los voltajes transversales espurios que pueden surgir en la con-
figuracion de medicion electrénicalocal de los dispositivos nanoestructurados FM
/SOM debido a la utilizacion de corrientes polarizadas por espin en lugar de cor-
rientes de espin puro. Los efectos Hall que emulan fuertemente el (I)SHE son el
efecto Hall anomalo (AHE) y el efecto Hall plano (PHE). Para poder hallar el SHE
real y hacer una lectura fiable del estado magnético en el dispositivo I6gico MESO,
es necesario entender los diferentes efectos espurios de Hall en las nanoestruc-
turas FM/HM en forma de T: el PHE en el FM se debe a la desalineacion de la
magnetizacion y la corriente de carga en la direccion plana, y el AHE aparece de-
bido a las lineas verticales en la distribucion de densidad de carga-corriente no
homogénea en el lado FM de la regidn de inyeccion (el efecto Hall ordinario en el



HM causado por campos magnéticos generados por el electrodo FM es desprecia-
ble).

Debido a que el PHE aparece con una simetria diferente a la del ISHE, una de-
salineacién del angulo entre el campo magnético externoy el electrodo FM puede
inducir un cambio en la resistencia transversal y distorsionar su forma. Este de-
splazamiento del PHE se puede obtener y corregir realizando una medicion de la
resistenciatransversal en funcion del &ngulo. Sin embargo, la contribucién del PHE
no afecta la lectura de la sefial Hall de espin en campos magnéticos saturados. Por
otro lado, el AHE aparece con la misma simetria que el ISHE, y por lo tanto, de-
senredar la sefial de Spin Hall no es sencillo. Sin embargo, combinando mediciones
eléctricas con simulaciones con el método elementos finitos en tres dimensiones,
se puede estimar la contribucién de AHE a la sefial medida. Otras simulaciones
muestran que la contribucion del AHE se puede minimizar ajustando los espe-
sores de los electrodos FM y HM. Hallamos que el AHE representa menos del 10%
de la sefal medida para la muestra cosgFeso(15 nm)/Pt(8 nm) utilizada en el estu-
dio.

Nuestros resultados muestran que los efectos espurios de Hall en nanoestructuras
FM/HM en forma de T se pueden distinguir y minimizar. Por lo tanto, confirman
que estos dispositivos se pueden utilizar como una herramienta sencilla para medir
la sefial Hall de espin y extraer la eficiencia de conversion de espin a carga del
sistema, asi como como un método fiable para la lectura de estados magnéticos
en el plano. La importancia de la evaluacion comparativa de materiales se enfa-
tiza en el capitulo 5, donde buscamos reemplazar el material SOM en el disposi-
tivo FM/SOM local por otro material con una eficiencia[SCI|mayor, como Pt, para
cumplir con los requisitos del dispositivo MESO. Dos candidatos metalicos obvios
son el Wy el Ta, que se han estudiado ampliamente y tienen una eficiencia SCI
intrinseca mayor que la de Pt. W y Ta tienen un angulo Hall de espin negativo, lo
gue significa que el SHE desvia electrones en direccidén opuesta en comparacion
con el SHE en Pt. Sin embargo, esto no importa para la lectura con nuestro dis-
positivo Hall de espin local porque investigamos la diferencia entre los dos esta-
dos magnéticos saturados. La mejora de la eficiencia Hall de spin deberia llevar
a un aumento en la tasa efectiva del SCI del sistema FM/SOM. Ademas, las resis-
tividades de W y Ta son en general mayores que la resistividad de Pt. Esto seria
ventajoso para el factor geométrico que cubre la derivacion eléctrica (shunting).
Sin embargo, el aumento de la resistividad también generaria mas backflow, re-
duciendo la cantidad de corriente de espin inyectada. Para evitar una reduccion
del backflow para SOM de alta resistencia, la implementacion de una interfaz re-



sistiva seria beneficiosa. Presentamos una mejora significativa de la sefial Hall de
espin en un dispositivo SH local de CoFe/Ta con una interfaz resistiva de AIOx.

En el capitulo 7 queriamos explorar los materiales y las propiedades de espin de W
pulverizado para predecir las sefiales Hall de espin esperadas de un dispositivo SH
local CoFe/W. Se emplea unavélvula de espin lateral no local paraadquirir la longi-
tud de difusion del espin y la eficiencia SCI del W, ya que los dispositivos FM/SOM
locales no permiten la extraccion individual de las propiedades del espin. Se mide
un[SCljgrande, sin embargo, se observa una capa de interfaz de 6xido inesperada
con una resistencia de interfaz significativa entre los electrodos Cu y W, impidi-
endo el acceso a las propiedades de espin de W. La absorcion de espin interfacial y
el SCI se cuantifican utilizando el marco tedrico universal y son mas altas en com-
paracion con los sistemas Cu/BiOx y Cu/Au, pero comparables con Pt. Aunque el
objetivo de este estudio no era obtener una capa de interfaz resistiva alta con
alto, sino estudiar las propiedades de volumen de W, el mensaje de este capitulo
es que las propiedades de la interfaz deben considerarse cuidadosamente al es-
tudiar el transporte de espin en dispositivos metéalicos. Sin embargo, este tipo de
interfaces podria servir para el proceso de lectura en un dispositivo MESO.

En conclusion, esta tesis presenta los primeros pasos en la optimizacion del com-
ponente de lectura de estado magnético para un posible dispositivo 16gico MESO.
Podemos concluir que (i) la reduccion de la dimensién de los dispositivos nano-
estructurados FM/SOM conduce a una mejora de las sefales de salida; (ii) los efec-
tos espurios en el dispositivo debidos a la configuracion local pueden evitarse me-
diante el disefio adecuado de los electrodos FM y SOM; (iii) las propiedades de in-
terfaz y el SCl interfacial deben considerarse cuidadosamente a la hora de estudiar
el transporte de espin en dispositivos metalicos. Aunque no logramos los valores
requeridos para la realizacion de las puertas en cascada en los dispositivos MESO,
si encontramos una guia para una mayor mejora de las sefiales de salida. Ademas
de presentar leyes de escalado independientes para las sefales de salida de voltaje
y carga que muestran que la reduccién de las dimensiones del dispositivo aumenta
las sefiales de salida, sugerimos que el uso de otros materiales con mayor SCl y al-
tas resistividades podria llevar a un aumento adicional en la sefial de salida. Se
requieren mas experimentos para demostrar el uso de nuestro dispositivo como
fuente de corriente para operar circuitos l6gicos de espin, pero prevemos que un
dispositivo l6gico MESO es posible.

Xi
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Chapter 1

The rise of spin-orbitronics
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1.1 Thesilicon era

tomated factories all exists due to the developments in nanotechnology
over the last decades. Whereas great successes have been achieved, the
search for smaller, faster and more energy e cient technological solutions allow-
ing more sophisticated and customized machinery is on going.

N anoelectronics dominate our world. Mobile devices, laptops and huge au-

Currently, integrated circuits (such as a central processing unit (CPU)) are con-
structed out of complementary metal-oxide-semiconductors (CMOS) technology.
The most famous building block of modern circuits is the CMOS eld-e ect tran-
sistor, fabricated by controlled oxidation of a semiconductor, typically silicon [1].
Thistransistor consists of a source and drain connected by a semiconducting chan-
nel in which the conductivity is controlled with a voltage gate. The control of the
conductivity by the gate gives the transistor the ability to amplify or switch elec-
tronic signals.

The advancements in the fabrication process of CMOS devices allowed for a signif-
icant size reduction of the transistors resulting in faster, lower power, and cheaper
transistors [2]. In 1965, Gordon E. Moore realized that, due to these improvements,
the number of transistors on a micro-chip doubled every two years. This became
to be known as Moore's law [3]. Some years later (1974) Dennard's law was in-
troduced, which states that as the dimension of the devices go down, the power
consumption stays constant [4]. These two laws have been the driving force of
technological progress which led to improved integrated circuits and subsequently
smaller and faster computers.

Though CMOS has been successful over the last 4 decades, the technology has
reached a limit. Thinner dielectrics and shorter channels make scaled CMOS de-
vices more prone to leakage and heating e ects, constraining the downscaling of
CMOS devices and, hence, device density and speed [5]. A beyond-CMOS technol-
ogy, that permits reduction of leakage and heating e ect, and continuation of the
technological improvements in computer e ciency, has to be found. Even more,
beyond-CMOS technology should allow high energy e ciency and computational
logical density, non-volatile memory-in-logic (and vice versa) and has to be com-
patible with traditional and emerging architectures [6, 7]. Research has been fo-
cused onimplementing new materials in combination with new devices/architectures
as well as taking advantage of new physics such as spintronics and spin-orbitronics

[8].
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Figure 1.1: Reading of magnetic states in spin valves. A basic vertical spin valve con-
structed of FM1 with a xed magnetization and FM2 with a switchable magnetization
separated by a NM or oxide. The spin current with opposite spin orientations are in-
dicated by yellow and red arrows. The spin-dependent scattering in the FMs when
applying a bias current (grey arrow) gives rise to two di erent resistance states, tha)
low resistance state (parallel con guration) andb) high resistance state (anti-parallel
con guration), allowing for readout of the magnetic states.

1.2 Spin-basedwriting and reading of magnetic states

ne of the thriving alternatives for CMOS is spintronics [9], where in ad-

dition to electron charge also electron spin is exploited. Spintronics in-

volves the study on injection, transport, manipulation and detection of
the spin degree of freedom of electrons and emerged from the observation of giant
magnetoresistance (GMR) in the late 1980s. GMR was rapidly transferred to appli-
cations as magnetic eld sensors and led to the Nobel prize in physics for A. Fert
and P. Grinbergin 2007. The eld of spintronics started with GMR but also pushed
the search for other spin-based device solutions.

GMR occurs in metallic heterostuctures and describes the considerable change
in electrical resistance of the structure when subjected to a magnetic eld [10,
11]. The most basic GMR structures are vertical spin valves constructed of a non-
magnetic metal (NM) layer sandwiched between two ferromagnetic metal (FM)
layers as shown in gure 1.1a. FM1 of the spin valve has a xed magnetization,
while FM2 has a magnetization that can easily be switched, also known as the free
layer. The electrical resistance of the structure depends on the relative magneti-
zation in the FM layers, i.e., the spin-dependent scattering, when electric current
is driven through the heterostructure ( gure 1.1). Typically, the parallel and anti-
parallel orientation of the FM layers in the spin valve lead to a low resistance state
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and a high resistance state, respectively. The normalized di erence between the

low and high resistance, the magnetoresistance (MR) ratio, can reach about 15 %.
This allows detecting small magnetic elds, therefore GMR spin valves were rapidly

adopted as magnetic read-heads in hard drives.

Animproved version of the spin valve is a magnetic tunnel junction (MTJ) [12, 13].
Inthese junctions, the NM is replaced by an oxide resulting in a FM/oxide/FM het-
erostructure. This device shows tunneling magnetoresistance (TMR), in which the
current applied to FM1 has to obtain a certain energy in order to tunnel through
the oxide and reach FM2. The MTJ relies on the relative orientation of the magne-
tization, like the spin valves based on GMR, but usually have a much higher MR
ratio, easily reaching 500% [14 16].

Our computers process and store information in binary code meaning "1" and "0".
Ferromagnetic metals can have two opposite magnetized states depending on the
alignment of their electron spins. Therefore, they may be used to store informa-
tion by associating their magnetic states to either "1" or "0". The two distinct resis-
tance states in MTJs are linked to the magnetization of the free FM layer, accord-
ingly, MTJs can be used as a memory element in magnetoresistive random access
memory (MRAM). This generation of spintronic devices with MTJs granted for a
signi cant enhancement of the areal density [17, 18].

The writing of magnetic states in MTJs integrated in MRAM was rstaccomplished
by Oested elds induced with charge currents, as displayed in gure 1.2a. This ap-
proach was used inthe rstcommercial MRAMs in 2004 [19]. A second generation
of spintronic devices was envisioned for further improvement of the writing pro-
cess, relying on spin-transfer torque (STT) to switch the FM free layer, STT-MRAM
[20, 21]. STT is an e ect that can modify the orientation of the magnetization in
FM2 due to a spin torque between two FM layers generated by a spin-polarized
high-density current ( gure 1.2b). The direction of the high-density current de-
nes the magnetic state. Mass production of STT-based MRAM by the major elec-
tronics companies (Sony, Intel and TSMC) started in 2020 [22]. The drawback of
this technology is the high-density current that has to be applied through the MTJ,
making the device susceptible to break down and consequently limits its durabil-

ity.

One of the latest advancement for writing magnetic states include spin-orbitronics
where the coupling between spin magnetic momentum and electron orbital mo-
mentum is utilized for spin-orbit torque (SOT)-MRAM [23, 24]. In this approach,
the MTJ s in direct contact with a material possessing spin-orbit coupling (SOC), a
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Figure 1.2: Writing of magnetic states for di erent MRAM generations.  The writ-
ing of the magnetic states in MTJs can be achieved by the following three methods)
Field-driven writing of magnetic states is done by inducing Oested elds Hy and Hy)
with two bias currents (grey arrows). Note that NM electrodes are presented in orange;
b) STT relies on a torque between FM2 and the spin-polarized high-density current
created by a bias current and FM1g) In the SOT device, a SOM electrode (turquoise)
is connected to FM2 in the MTJ. A bias current through the SOM causes charge-to-
spin conversion producing a transverse pure spin current that exerts a torque on
FM2 switching its magnetization. In all methods, the magnetic state in FM2 can be
switched by reversing the current direction.

spin-orbit coupling material (SOM). A high-density current through the SOM pro-
duces a pure spin current perpendicular to the interface with the FM. A SOT in-
duced by the spin current can transfer angular momentum from the spin current
to the FM, switch the magnetization in the FM ( gure 1.2c) and write the mag-
netic state in this way [25, 26]. The rstcommercially available MRAM incorporat-
ing SOT is about to hit the market. The advantage of the SOT-MRAM is that high-
density current through the MTJ is evaded. However, the writing of the magnetic
state with SOT also relies on a high-density current. This density current is still
one order magnitude larger than in STT and, therefore, further optimization of this
technology is needed, which is actually one of the main objectives in spintronics
today.

1.3 Magneto-electric spin-orbit logic

n spite of the development and implementation of spin-based devices for read-
ing via TMR and writing via STT or SOT of magnetic states in MRAM, these de-
vices are not able to generate a voltage or current that allows driving the sub-
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sequent elements and enable logic operations. Logic operations are used for com-
puting information in integrated circuits. Spin-based logic could provide advances
in this eld by integrating memory elements and the logic operations within the
same circuit. Intel recently proposed the magneto-electric spin-orbit (MESO) de-
vice for spin-orbit logic [27]. This MESO device is the main motivation of this the-
sis and, during the time of this PhD project, we worked in close collaboration with
Intel on the optimization of magnetic-state readout in the MESO device for spin-
orbit logic.

The MESO device is constructed of two nodes. A magneto-electric (ME) node for
writing of the magnetic state in the FM (gure 1.3a, right) and a spin-orbit (SO)
node for reading of the magnetic state ( gure 1.3a, left). The two possible in-plane
ferromagnetic states along the easy axis of the FM can be associated to logic bits
"1" and "0". Various MESO devices can be connected by a NM electrode to create
cascaded gates. In the MESO proposal, the operation is spin-based but the trans-
port of information is charge-based.

The writing process in the ME node ( gure 1.3a, right) is established by collective
switching, a switch that changes the order parameter de ned by Landau's theory
[27]. The collective switching is one of the leading solutions for computational ad-

vances owing the potential for ultralow switching energy and switching voltage.

The MESO device includes ferroic order parameters with the collective switching
of ferromagnetism and ferroelectricity or ferroelasticity.

Magnetization in FMs is an order parameter controlled by spin current or voltage.
The ME material, actuator for magnetization of the FM, can be ferroelectric with
polarization as a voltage-de ned order parameter [28] or ferroelastic with strain as
the order parameter controlled by strain or voltage [29]. A promising candidate for
writing is the multiferroic BiFeO combined with ferromagnetic CoFe [27, 30]. Inthe
MESO device, opposite input voltages generate a change of polarization or strain
in the ME layer, that will induce exchange bias and coupling, and subsequently, a
reversal of the magnetization in the FM. The polarization/magnetization reversal
in ME/FM heterostructures is very energy e cient and should therefore enable
aJ switching [7]. The energy barrier that provides switching stability relates to the
switching speeds, retention times, and thermal uctuations where the switching
speed is characterized by the input current of the ME node.

Figure 1.3a (left) is the SO node for reading of the magnetic state. The readout of
these magnetic statesis done by applying a bias current through the stack such that
a spin-polarized currentis injected in the SOM. SCI in the SOC layer will transform
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the spin current into a transverse charge current and create a potential di erence
between the two ends of the SOM layer. The output current and voltage will be
opposite depending if the magnetic state is "1" or "0".

The MESO device, as shown in gure 1.3a, can be connected to another MESO de-
vice to form a cascaded gate doing an inverter operation. In such a cascaded gate,
the SO node is connected to the next ME node, such that the output of the SO node
is the input for the ME node. Hence, to achieve stable, energy e cient, and fast
switching of the next FM element, the required SO node output signals for oper-
ating spin-orbit logic with the MESO device are100mV and 1 pA, respectively [7,
27].

Integration of the MESO device in a 32-bit arithmetic logic unit (ALU) has been
simulated to compare the performance of this proposal to advanced CMOS and
other proposals for beyond-CMOS technology. Figure 1.3b shows that the opti-
mized MESO technology is predicted to have the lowest energy consumption. Fig-
ure 1.3c presents that MESO has a higher throughput in comparison to existing
CMOS technology as well as the other beyond-CMOS proposals. Figure 1.3d dis-
plays that the areal logic density is lower than high performance CMOS and low
voltage CMOS [27]. All this is due to the combination of the elds of magneto-
electrics and spin-orbitronics.
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Figure 1.3: The MESO device and its performance in an ALU. a) A low-voltage-
charge-based MESO device acting as an inverter. The ME node (right) includes a NM
(orange), ME layer (dark blue) and FM layer (red). A current and voltage applied to the
node will activate a switch of the FM magnetization (white arrow) exploiting coupling
between the ME and the FM layers. The SO node (left) consists of FM layer (red), spin
injection layer (yellow) and SOM (light blue). The magnetization can be read out by
applying a bias current ( pias), that will inject a spin-polarized current (|5, where the
opposite spin polarizations are presented by black and white arrows) into the SOM
layer. A charge currentl oyipyt @and a voltage potential di erence V is generated via the
SCI. The black arrows show the directions of the input and output currents of the de-
vice. b) The energy consumption versus the delay timeqourtesy of lan A. Younj c)
the power density versus operation per second andg) the delay time versus power-
limited area (that is, the areal density) of a 32-bit ALU with MESO in comparison to
advanced CMOS and other beyond-CMOS proposals. Adapted from [6, 27]
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1.4 Thisthesis

hapter 1 (The rise of spin-orbitronic$ gives a brief overview of the evolu-

tion of nanoelectronics in integrated circuits. While the modern circuits

are still mainly constructed of CMOS technology, new technology based
on spintronics and spin-orbitronics has been making their entry into the market.
From the progress in the eld of spin-orbitronics sprouted a proposal for spin-
orbit logic with the MESO device. In the remainder of this thesis, we will focus on
the optimization of the output current and voltage of the readout component in
the MESO device.

Chapter 2 (What about spins? provides the theoretical background that is needed
to understand the spin physics that is used for designing and optimizing our nan-
odevices. The main topics are spin, spin transport, spin-orbit coupling, and spin-
charge interconversion.

Chapter 3 (Spin-orbitronic devices for the spin Hall e ec) presents the nanode-
vices that are used in this work: the lateral spin valve and the local spin Hall device.
It discusses the considerations for designing the nanodevices based on the spin
properties of di erent materials. Additionally, the spin transport and spin-charge
interconversion are derived in both devices using the 1D spin-di usion model.

Chapter 4 (Experimental technique$ gives details about the techniques used for
fabrication and analyzing the lateral spin valve and the local spin Hall device. This
includes nanofabrication, electrical measurements, electron microscopy, x-ray char-
acterization, and 3D nite element method simulations.

The following two chapter are both studies on the local spin Hall device which is
the readout element of the MESO deviceChapter 5 (Spin orbit magnetic-state
readout in scaled ferromagnetic/heavy metal nanostructurgshows that enhanced
output signals are achieved by downscaling the dimensions of the device. Even
more, a separate scalability of the voltage and current output signals is found and
aguideline for furtherimprovement of these output signals is establishedChapter

6 (Disentangling spin, anomalous, and planar Hall e ects in ferromagnetic/heavy
metal nanostructureg is about identi cation of spurious Hall e ects that possibly
lead to output signal reduction. Also, we specify adjustments that can be made to
minimize such e ects.
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Chapter 7 (Interfacial spin-charge interconversion in metallic Py/Cu/W lateral spin
valve) is a story on the importance of interfaces in metallic lateral spin valves.
We discovered a highly resistive oxide layer between the Cu and W electrode and
analysed the interfacial spin absorption and spin-charge interconversion at the
Cu/oxide interface. The acquired spin-charge interconversion e ciency is quite
large, making this interfacial system promising for magnetic-state readoutin MESO
devices.

Chapter 8 (The future of the MESO logic devigewill be used to summarize the
main results of this thesis and present future research steps that should lead to the
realization of spin-orbit logic with the MESO device.
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What about spins?
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2.1 Spintransport

intronic and spin-orbitronic devices aim at utilizing the spin degree of free-

dom of electrons for writing and reading of magnetic memory and logical

information processing. The understanding of spin and spin transport is
key for the development of these devices. Additionally, the relation between spin
current and more conventional charge current is essential for comprehending the
generation, injection, manipulation and detection of spin currents.

2.1.1 Spin

An electron is an elementary particle that carries negative electrical charge. The
physics of an electron in an atom can be fully described by its four quantum num-
bers; the principal quantum number (n), the orbital quantum number (1), the mag-
netic quantum number (m,) and the spin quantum number (ms). The theory of
Niels Bohr considers the hydrogen atom as a planetary model, hence a charged
electron orbiting around a nucleus.n is de ned as the quantized radius in which
an electron is allowed to orbit and determines the energy level of the orbitl re-
lates to the orbital angular momentum L that describes the shape of motion of the
electron around the nucleus.m; describes the orientation in space of an orbital
with a given energyn and shapel. mg speci es the intrinsic angular momentum
Sthat was postulated by G. Uhlenbeck and S. Goudsmit (1925) as the rotation of
an electron aboutits own axis [31]. Therefore, the intrinsic angular momentis also
known as spin. The Stern-Gerlach experiment (1922), in which silver atoms are de-
ected in opposite directions when moving though an inhomogenous magnetic
eld, provided experimental proof that atomic particles have an Swith quantized
spatial orientation [32].

The physics of spin was impossible to explain with the spinning electron model
and spinwas notwell understood until the relativistic quantum mechanical deriva-
tion of Paul Dirac. Spin, a purely quantum mechanical parameter, posses discrete
guantized values presented as the projection along an axis, usually the z-axis, that
isS, = ~mg. The distribution of electrons is described by the Fermi-Dirac statis-
tics, therefore mg can take two discrete valuest % and % generally named spin
up and spin down. Furthermore, electrons, being fermions, have to obey the Pauli
exclusion principle which states: 'no two electrons can occupy the same quantum
state’, resulting in the following de nition [33]:
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(2.1)

NI

where are the Pauli spin matrices [34]. Even though spin cannot be explained by
classical physics, it ultimately corresponds to a spin magnetic moment, that can
be written as:

e
2Me

s= 0595 (2.2)

where e and m,, are the electron charge and mass, respectively. The Landé factor
g = 2:0023for electrons. For the understanding of the spin-related physics in
this thesis, it is important to remember that spin S can take two values, spin up
and spin down, with an associated spin magnetic moment s.

2.1.2 Charge and spin current

Solid materials consist of a periodic array of atoms held together by electromag-
netic force. Within the solid, the atomic orbital can overlap creating electronic en-
ergy bands that describe the range of energy levels that electrons are allowed to
occupy within the solid. The energy levels in conductors are continuous and the
electrons are considered to behave as a so-called free electron gas. Here, the con-
duction of electron charge and spin in metals will be discussed.

An electron carries both charge and spin. The existence of a charge current, the
ow of electron's charge in the presence of an electric eld E, is well established
and is integrated in our modern day technology. The spin current, ow of spin an-
gular momentum, is lesser known and the control of it is developed more recently.

The relation between the charge current densityj . and E is:

je= E; (2.3)

where the conductivity is described by the Drude model and derived more than
acentury ago as:

_ N(Ep)& ..

3m, (2.4)
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where N (Ef) is the electron density of states at the Fermi level. The electron mo-
mentum scattering time . is proportional to the electron mean free path, the av-
erage distance an electron travels between two scattering events,= Vg with vg
being the Fermi velocity. The inverse of conductivity (= ) is resistivity .

The spin current and its relation to the charge current will be elucidated by review-
ing the electron transport in NMs and FMs. Equation 2.4 shows that conductivity
is de ned by electrons at the Fermi level. Charge currentin a NM is usually carried
by s-band electrons. Figure 2.2c shows the density of states of spin-uplf (E)] and
spin-down [Nx(E)] electrons in the s-band of a NM. NMs do not posses intrinsic
magnetization and the properties of the two spin types at the Fermi level are equal
[N-(EF) = Nx(Ef) and -(Ef) = «(Ef), where - and 4 are the spin-dependent
momentum scattering time for spin up (") and spin down (#)]. Thus, there is no
di erence in conductivity for electrons with spinup or spindown (- = ).

In FMs, the charge current is conveyed by the s-band electrons and additional 3d-
band electrons at the Fermi level. As 3d-band electrons are more localized than s
band electrons, 3d-band electrons de ne the degree of scattering of the more mo-
bile s-band electrons and, consequently, the conductivity. Figure 2.2a shows the
density of states for s-band and 3d-band electrons in a FM. FMs have a net mag-
netization due to an intrinsic exchange interaction E that energetically favours
parallel alignment of one type of spin carrier and induces a shift in the 3d-sub-
band energy. The 3d-sub band in FMs are not completely lled therefore the shift
Eex generates an unbalance in the density of states of the spin-up and spin-down
3d-electrons atthe Fermilevel N-(Eg) 6 Ny(Eg)] creating majority and minority
spin carriers. This unbalance means that the spin-down s-electrons have a di er-
ent scattering rate (with the associated 3d-electrons) and mobility than the spin-
up s-electrons, resulting in a conductivity that is di erent for the two types of spin
carriers.

Electrical conduction in a FM was explained by Mott in the two-channel model,
where the spin-up and spin-down electrons are considered to be owing in two
independent transport channels without interaction between the di erent spin
carriers [35]. Fert and Campbell experimentally veri ed the validity of this model
when studying the change of conductivity in ferromagnetic materials such as Fe,
Ni, Co and their alloys [36]. The electrical conductivities for spin up and spin down
as given by the two-channel model are
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2
N#(EF)eZ #: -

(2.5)

N- (Er)€ -
= — 7 d = - ‘7" 7
3m, and « 3m,

The two independent spin channels can be considered as two parallel resistors
with a total electrical conductivity = - 4=( « + 4). The di erence in spin
transport of spin-up and spin-down electrons in FMs is characterized by the spin
polarization:

_ " #,
P=— . (2.6)
suchthat, - = (1+ P)=2and = (1 P)=2 Inthe particular case of a NM,

P=0and =2= ;=2=

The spin carrier ow per unit time and unit area through the two associated spin
transport channels, in the presence of a constanE , is given by the current density:

j « = +E and ] = zE: (27)

The total charge current density { .) and spin current density (j ) are, respectively,
given by

Je=i"+ Ju (2.8)

js=0 Jw (2.9)

Figure 2.1a shows that the electron transport of an equal spin-up and spin-down
population (j- = j), results in a charge current { 6 0) and no spin current
(s = 0). This is typically the case in a NM. Note that, even though a NM does not
have an intrinsic spin polarization, a spin current can be injected as explained in
the upcoming section 2.1.3. Figure 2.1b displays a di erence between spin-up and
spin-down currents (j- 6 j ), that consequently leads to both a net charge cur-
rent (j . 6 0) and spin current (j s 6 0). Such spin-polarized current is commonly
observed in FMs. Finally, itis possible to have a pure spin current, that is, opposite
ow of spin-up and spin-down currents with no overall charge current (j- = j ),
as shown in gure 2.1c. The pure spin current is one of the most appreciated in-
gredients of spintronics, as it permits reduced the heat dissipation.
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Figure 2.1: Types of electron current. The electron charge is displayed by grey circles
and spin-up and spin-down electrons are represented by red and yellow arrows, re-
spectively. Black arrows indicate the direction of ow of the spin carriers.a) Charge
current, ow of electron charge (big grey arrow) with no net ow of spin. b) Spin-
polarized current, a ow of both electron charge and spin (big grey/green arrow) due
to an unbalance of the spin-up and spin-down carriers.c) Pure spin current, ow of
only spin (big green arrow). The charge current is canceled by the electron charges
moving in opposite direction.

2.1.3 Spin accumulation and di usion

Aelectron ow through a simple transparent FM/NM interface is used as an exam-
ple to explain the concepts of spin accumulation and spin di usion. When apply-
ing an electric eld to the FM/NM system, an out-of-equilibrium spin population
atthe FM/NM interface is created due to the mismatch in the spin density of states
of the FM and NM. This results in a shift in the spin population of the s-sub band
in the NM close to the interface as illustrated in gure 2.2b.

The shift can be explained in terms of electrochemical potential. The electrochem-
ical potential isgivenby = , eV with ¢, beingthe chemical potential, the
energy associated to the addition of one particle to a system, andV being the po-
tential energy. The driving force of electron transport comes from either a spatial
variation inthe electron densityr noranelectric eld E = r V.Here,thedi u-
sive model ¢ n 6 0, E = 0)is used to describe electron transport at the FM/NM
interface region. Di usive transport can be fully de ned by the di erence in the
electrochemical potential o between FM and NM.

Figure 2.2d shows the landscape of the total electrochemical potentialg [= ( - +

+)=2] close to the FM/NM interface. The electrochemical potential of the spin-up
( -)and spin-down ( 4) population are related to the spin population in the spin-
sub bands ( gure 2.2a, 2.2b and 2.2c). Away from the interface,- and 4 are in
equilibriumandequalto o.However, - and splitclosetothe FM/NM interface
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Figure 2.2: Electrochemical landscape of the FM/NM interface. The band structure
of the s-band electrons have a parabolic shape and one of the 3d-band electrons have
a closed ellipsoidal shape. The spin-up and spin-down electrons are displayed in pur-
ple and yellow, respectivelya) The FM band structure with s-band and 3d-band elec-
trons. The intrinsic exchange energy Eex) between spin-up and spin-down electrons
in FMs induces a shift in the 3d-sub bands altering the density of states- and N) at
the Fermilevel (Eg). b) The spin accumulation( ) in the s-band of the NM close to
the FM/NM interface due to a change in chemical potential of the spin-up and spin-
down electrons, i.e., » and , induced by spininjection fromthe FMwith |ss.C) The
s-band in a NM where the density of states are equal for spin-up and spin-down elec-
trons. d) Schematic representation of the electrochemical potential landscape close
to the FM/NM interface, for 155 owing along the x-direction. The lines represent
the electrochemical potential ¢ (black) and the chemical potential for the majority

« (purple) and minority  # (yellow) spin population. The transition from FM to the
NM produces a potential drop ( o) in ¢ at the interface due to the spin accumu-
lation ( ). sdiusesaway from the interface into the FM and NM with the spin
di usion lengths gy and v Which de nes the spin di usion via €< .
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causing spin accumulation:
s= “ (2.10)
see gure 2.2d and 2.2b. Note that ¢ is discontinuous as the spin accumulation

introduces a potential drop . This discontinuity is related to the spin accumu-
lation as:

0= : (2.11)

Inthe case of atransparentinterfaceP = Pgy (equation 2.6). Inthe case of aresis-
tive interface in the tunneling regime, P = Py, the interface polarization, de ned
as:

_ N-(EfF) Nu(Ee).
' No(Ep) + Ny(Eg)

(2.12)

sIs maximum at the interface. The polarization of the di usive spin current de-
cays away from the interface over a characteristic time, the spin relaxation times
that is described by the spin- iptimes ( -+ and x)asl=s=1=. +1=4.Inthe
di usive regime, the spin di usion length  isgivenby D ¢ whereD is the dif-
fusion constant. Figure 2.2d displays the decay of the spin accumulation in both
the FM (' x direction) and the NM (+ x direction).

The statistical behaviour of such an out-of-equilibrium system at the FM/NM in-
terface can be described by the Boltzmann equation model. Valet and Fert [37]
showed that the Boltzmann equation model reduces to a macroscopic model when
the mean free path is much smaller than the spin di usion length (I ) such
that the di usion equations will become [37]:

. @ . 4@y
and
e @ _ s e @4 _ S.
— a2 and Jax. 2 (2.14)

given that the current density ow is in the x direction, perpendicular to the FM/
NM interface and j;, i, i and ; are the current densities, chemical potentials,
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conductivities and spin di usion lengths for the spin-up (i =") and spin-down 2
(i =#) population. Equation 2.13 simply reduces to Ohm's law in the limitl,

Equation 2.14 expresses particle conservation in steady-state conditions.

By considering charge conservation (equation 2.8), the spinaccumulation s(equa-
tion 2.10), and combining equation 2.14 with equation 2.13, the spin di usion
equations can be rewritten as:

@ 2= (2.15)
and
%{ I S #)=O; (216)

where isgivenby:1= 2 = 1= 2+1= 2. The general solution of these spin di usion
equations for the spin accumulation is:

<= Ae © + Be“ ; (2.17)

where the integration constantsA and B have to be determined in each material by
taking into account the proper boundary condition (BC) at the FM/NM interface
(x = 0). The spin di usion equations and its associated solution will be further
developed in chapter 3 to determine the spin transport in the lateral spin valve
(LSV) and the local spin Hall device.

2.1.4 Spinrelaxation mechanisms

The spin transport is governed by , and many e orts to nd suitable materials
with long are underway in this eld. In order to work with spin currents and
design spintronic and spin-orbitronic devices, it is important to understand the
relaxation mechanisms of spin. is material dependent and can be as short as
sub-nanometers up to hundreds of micrometers depending on the spin relaxation
mechanisms within the material. Di erent relaxation mechanisms are character-
ized by the relation between the spin relaxation time () and the momentum re-
laxation time ( ¢). sis the period of time within the electron preserves the spin. .
is the time in which the electron conserves the electron momentum k).
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The Elliot-Yafet relaxation mechanism [38, 39] is observed in conductors with
spatial inversion symmetry and no magnetic impurities indicating degenerate spin
states Ex- = Exy). The spin relaxation in these type of materials is dominated by
scatter centers like phonons, non-periodic impurities and grain boundaries. The
mechanism is explained as spin- ip scattering due to the interaction of the spin
with the local electric eld (SOC) generated by the scatter centers. The spin- ip has
a probability to occur during the scattering event, hence s / . This relaxation
mechanism dominates in semiconductors such as Si [40] and Ge [41], light metals
with weak SOC, namely Cu [42, 43], Ag [44 46], and Al [43] and heavy metals with
strong SOC including Pt [47] and Ta [48].

The D'yakonov-Perel relaxation mechanism [49] occurs in conductors with bro-
ken spatialinversion symmetry such that the spin states are non-degeneraté&(,- 6
Exx) but the Kramer degeneracy (the conservation of time-reversal symmetry) is
maintained (Ex- = E g#). The non-degeneracy of the spin states generates a
momentum-dependent e ective magnetic eld, which leads to spin precession
and subsequently spin relaxation. The electron momentum is modi ed during a
scattering event, changing the e ective magnetic eld working on the electronand
modifying the axis along which the spin presses in between scatter centers. The
relation between the spin momentum relaxation and the momentum relaxation is

s/ 1= ¢. Thisis understood by considering that the more frequently the electron
scatters (short ), the less time it spends between one scatter center and another
and therefore, there is less time for spin precession (longs). The spin relaxation
in 11I-V semiconductors (GaAs [50, 51]) as well as two-dimensional electron gas
(2DEG) [52] and very thin metal Ims [47, 48] in which the inversion symmetry
breaking is originates from an interface or surface, are covered by the D'yakanov-
Perel relaxation mechanism.

2.2 Bulk spin-charge interconversion

current to charge current or vice versa, has lead to the birth of the eld

of spin-orbitronics. Devices based on spin-orbitronics are being realized
and implemented in MRAM and are seen as a promising approach for more en-
ergy e cient logic circuits such as MESO logic. The exploration of SOC, SCI and
the mechanisms behind SCI in this section are essential for understanding the ad-
vancements made in this thesis.

T he discovery of the spin Hall e ect (SHE), that exploits SOC to convert spin



Bulk spin-charge interconversion |21

Figure 2.3: Spin-orbit coupling. The electron charge is displayed by the grey circle
while the positive nucleus of the atom is presented by the orange circle. The spin-up
and spin-down are indicated by red and yellow arrows, respectivelya) Representation
of the electron with spin Sorbiting around the nucleus of an atom where the motion
of the electron is de ned by L. b) In the reference frame of the electron, the positively
charged nucleus orbits around the electron, creating a closed current loopl() which
subsequently generates a magnetic eldB proportional to L.

2.2.1 Spin-orbit coupling

Spin-orbit coupling (SOC) is the interaction between spin angular momentumsS
and orbitalangular momentum L (see section 2.1.1). Figure 2.3a shows a simpli ed
model of an atom with a negatively charged electron and an associate8 orbiting
around a positively charged nucleus where the orbital shape is given bi. From
the rest frame of the atom, the electron seems to not feel any magnetic moment
besides s (section 2.1.1).

The relativistic e ect of SOC isSinteracting with the e ective magnetic eld that
electrons feels in absence of an external magnetic eld. The coupling between g
and this e ective magnetic eld B results in a splitting of atomic energy levels,
similar to the Zeeman splitting, with a spin-orbit Hamiltonian:

Hso= s Bj; (2.18)

The atom will now be considered from the rest frame of the electron in order to

understand the e ective magnetic eldinducedby L. In classical electrodynamics,
amagnetic momentis de ned in terms of an electric current and the area enclosed
by the current loop. Figure 2.3b shows the atom con guration as seen from the
rest frame of the electron. The positively charged nucleus, that orbits around the
electronisthe currentloopl , generatingB . L de nesthe shape of the currentloop.

The magnetic eld will exertatorque so on s ofthe electron. Figure 2.3c shows
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a simpli ed picture of the coupling between B and s. While B is constant, g
reverses for spin-up and spin-down ( ;o 6 g‘o), making SOC spin-dependent.

In a crystallographic phase, a quasi free electron in the conduction band does not
experience the strong nuclear attraction as when considering a single atom but it
feels the overall potential gradient created by internal e ects. The SOC arising from
these di erent e ects correspond to the potential within the solid. The potential
actingonthe electronis composed of a periodic component connected to the band
structure and a non-periodic component associated to impurities, boundaries and
external applied eld. Even more, SOC can also appear in systems with broken in-
version symmetry, such as metallic surfaces and interfaces. All these components
can give rise to a variety of spin-dependent transport phenomena among which
SCI.

2.2.2 Ordinary and anomalous Hall e ect

Edwin Herbert Hall (1879) discovered what is nowadays known as the ordinary Hall
e ect (OHE), which explains the de ection (in the y direction) of charge carriers
(electrons and holes) in NM conductors under the in uence of an in-plane electric
eld ( Ex) and an out-of plane magnetic eld (H;) considering the Lorentz force
[53]. The de ected electrons and holes create a charge accumulation at the edges,
as shownin gure 2.4a, which can be measured as a transverse resistangg, . The
transverse resistance displays a linear dependence with the magnetic eld and the
slope gives the Hall coe cient ( Rone ) that can be used to determine the carrier
density of a NM [n = 1=(eRone ) Where the electrical charge of an electroniis €.

Just two years later (1881), Hall observed that the same e ect in FM was much
larger in comparison to NMs. Even more, FMs possess R,, when applying an
electric eldinthe absence of an external magnetic eld (H, = 0) [54]. Thisanoma-
lous Hall e ect (AHE), adding to the OHE, could not be understood for more than
70 years, until Karplus and Luttinger (1954) recognized that the AHE was due to
intrinsic out-of-plane magnetization (m,) that introduces spin-dependent scat-
tering, i.e., SOC [55]. Therefore, when the electric eld is applied to a FM, a spin-
polarized currentis generated (see section 2.1.3) which interacts with this SOC, de-
ecting the spin-up and spin-down carriers in opposite directions. Subsequently,
due to the di erence in the spin-up and spin-down population, the charge accu-
mulation at the two edges is not the same and a measurable voltage is induced at
H, = 0. Figure 2.4b displays the electron ow due to the AHE. The AHE was the
rst observation of a charge current to spin-polarized current conversion.
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Figure 2.4: The Hall e ects. lllustration of the charge (grey circle) and spin (red and
yellow arrow) ow of di erent Hall e ects with the charge, spin and spin-polarized
current presented by arrows in grey, green and grey/green, respectively. The ow of
opposite spin carriers (red and yellow dashed line) are de ned by the type of e ect
being; a) the ordinary Hall e ectin NM induced by an external magnetic eld H;, b)
the anomalous Hall e ectin FM produced by the internal magnetization m, and SOC,
¢) the spin Hall e ect and d) the inverse spin Hall e ectin NM generated by SOC.

2.2.3 SpinHalle ect

The existence of spin-dependent scattering in FMs, that provided the explanation
for AHE, implies that this type of scattering should also occur in NMs, hinting at a
spin Hall e ect (SHE) [56]. The SHE was predicted by D'yakanov and Perel in 1971
based on asymmetric Mott scattering, which is a type of spin-dependent scattering
[57, 58]. However, contrary to FMs, NMs have a balanced spin population, there-
fore the de ection of spin-up and spin-down carriers results in a pure spin current
(meaning no net charge current, section 2.1.2) which, at that time, was challeng-
ing to observe. Around 1999, the interest in the SHE revived by predictions of the
extrinsic SHE [59, 60] as well as the intrinsic SHE [61, 62]. Soon after, the SHE was
con rmed by optical experiments [63, 64]. The SHE can thus be de ned as the con-
version of charge current into a transverse pure spin current induced by SOC. The
reciprocal e ect of the SHE, named the inverse spin Hall e ect (ISHE), accounts
for the conversion of a spin current into a transverse charge current due to SOC
and was measured by electrical means one year after the SHE [65, 66]. Nowadays,
there are many di erent optical and electrical approaches to measure the SHE and
ISHE [56]. Section 3.2 displays an overview of SHE measurement devices.

The SHE arises when an electric eld, leading to a charge current, is applied to a
NM with SOC. The SOC de ects the opposite spin carriers to opposite edges of the
NM creating a spin accumulation. NMs do not have a intrinsic spin polarization,

that is why the spin accumulation at the edges does not involve a charge accumu-
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lation as in the case of the AHE in FMs, meaning that SHE produces a pure spin
current. An illustration of the SHE is presented in gure 2.4c. In the case of the
ISHE, a spin current (can be both a spin polarized or pure spin current) is injected
into an NM and the opposite spin carriers are de ected in the same direction cre-
ating atransverse charge currentas shownin gure 2.4d. The relationship between
the charge current density { ) and the spin current density (j s) for the SHE and
ISHE, respectively, are:

~

is= = sulic 9 (2.19)

and _
hel
Jc= - suls 8); (2.20)

where$ is the spin orientation and the charge-to-spin conversion e ciency as well
as the spin-to-charge conversion e ciency is given by the spin Hall angle sy, as
the SHE and the ISHE obey the Onsager reciprocity [67].

The spin Hall angle is de ned as the ratio of the transverse resistivity , (conduc-
tivity ,y) and the longitudinal resistivity ,x (conductivity ),

X Xy .
SH — = —y, (221)
XX XX
since = = § t &)and  =1= .. sucanbe obtained via several dif-

ferent methods like ferromagnetic resonance (FMR) spin pumping, spin-torque
FMR and non-local spin valves (section 3.2). Since each technique has a slightly
di erent way of measuring and analysing, a large variation in sy is reported for
the same materials [56, 68, 69]. There are three obvious reasons for this discrep-
ancy; i) In this work, syisdenedas ,,= y with ,y in units of ~=ein order to
have consistency with other AHE and SHE measurements and theoretical expres-
sions [70, 71]. Some other works de ne sy = 2 sy= yxx OF sy in units of ~=(2¢)
giving a sy thatis a factor of 2 larger compared to our formalism.; i) the estima-
tion of sy involves an FM/NM heterostructure in most techniques. The interface
has to be taken into account properly, meaning the interface resistance and spin
memory loss has to be determined experimentally for each device, as the interface
can a ect the spin transport signi cantly [72 75]. A wrong evaluation of the inter-
face leads to a wrong estimation of sy; iii) sy IS dependent on the resistivity of
the material, i.e., sy iS not a intrinsic materials property [76, 77]. The variation of

sn With the resistivity can be understood when looking at the origin of SOC as will
be elucidated in section 2.2.4.
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2.2.4 Mechanisms behind the spin Hall e ect

The origin of the SOC leading to the bulk SCI was rst studied and resolved for
the AHE [78] and is commonly accepted to apply as well to the SHE [56, 79]. The
resistivity can be de ned by an intrinsic component related to the band structure
and an extrinsic component that includes structural defects. The total transverse
resistivity of a material is given by;

xy — int + ext. (222)

where [ and £ are the transverse resistivities induced by intrinsic and extrinsic

e ect, respectively.

The intrinsic contribution is de ned by the electronic band structure of the per-
fect crystal (without any non-periodic structural defects) as a consequence of spin-
dependent band splitting in the presence of SOC. Karplus and Luttinger were the
rst to recognize that the AHE is the transverse de ection of electrons as a result
of SOC in between scattering events [55]. Later, it became clear that this SOC is a
consequence of an e ective magnetic eld that originates from a non-zero Berry
phase curvature [80 83]. Figure 2.5a illustrates the intrinsic scattering mechanism
in the presence of an electric eld (E). The intrinsic transverse resistivity is given
by: W = & % with 1 being the intrinsic transverse conductivity also know
are the intrinsic anomalous Hall conductivity & in FMs or the intrinsic spin Hall
conductivity ™, inNMs. The [, isdependenton the Berry curvature atthe Fermi
level and is a constant value linked to the band structure of each material. Figure
2.6a presents sy for 4d and 5d transition metals which shows the close relation
with the band structure as the transition metals with the d-bands more than half
lled have a positive I, and a negative I, is observed for transition metals with
the d-bands less than half lled [83].

The extrinsic contributions are produced by spin-dependent structural defect

scattering. The asymmetry of the defects can form a variation in the potential land-

scape creating an e ective SOC that leads to the de ection of the electrons during

scattering events. The trajectory of the de ected electrons is given by the type of
scattering. Two distinct mechanisms induced by SOC in impurities can be distin-
guished, namely skew scattering and side-jump mechanism.

~ Skew scattering is related to spin-dependent chiral features which appear
for scattering events that produce a disordered potential in the presence of
SOC, largerthentheintrinsic band splitting. This scattering mechanism nds
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Figure 2.5: Mechanisms of the spin Halle ect  Sketches of the intrinsic and extrinsic
mechanisms that drive the spin Hall e ect. The spin-up and spin-down electrons and
their trajectory are presented by red and yellow, respectivelya) The intrinsic mecha-
nism determined by an external electric eld E in combination with the band struc-
ture a ecting the spin-up and spin-down electrons di erently. The extrinsic e ects
depend on scatter centers with a chargey that are presented as black concentric cir-
cles.b) Skew-scattering mechanism with de ectionangle S5.c¢) The side-jump mech-
anism induces a lateral de ection . Adapted from [84].

its origin in Mott scattering [58, 85], was rst identi ed in FMs by Smit [86,
87] and later shown to be present in NMs [59, 60]. Figure 2.5b displays skew
scattering where the asymmetrical electron de ection of the di erent spin
carriers yield a transverse angle °5. The contribution of the skew scattering
mechanism to the extrinsic transverse resistivity iS55 = %% x.o Where o

is the residual resistivity.

Side-jump mechanism describes the remaining contributions to the total
transverse resistivity ( 4y) not covered by the intrinsic mechanism or the
skew-scattering mechanism. This contributionwas rstnoticed butdiscarded
by Smit [86] and reintroduced by Berger [88]. This mechanism is explained
by the fact that the two electron spin carriers experience opposite electrics
eld when approaching or passing a scatter center, causing a lateral displace-
ment of the electron that is opposite for spin-up and spin-down as presented
in gure 2.5c. The contribution of the side-jump mechanism to the extrinsic
transverse resistivity is §, = 3 %.0; with §, being the transverse conduc-
tivity term associated to side-jump.

The extrinsic mechanisms can give rise to the observed variation insy for the
same materials grown by various deposition techniques and in di erent groups
creating di erent impurities. The extrinsic contribution can be utilized to engi-
neer a material to augment sy. Figure 2.6b shows the theoretically calculated en-
hancementof °5 i.e., the skew-scattering spin Hall angle, by doping ve di erent
materials with a variety of impurities. The materials identi ed to posses large *°
are dilute alloys such as Ag(Bi), Cu(Bi), and Cu(Pb) [89]. This indicated that that
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alloying light materials (Cu, Ag and Au) with heavy impurities (Bi, Ir and Pb) gives
the higher =5 Itis also experimentally con rmed that alloying can positively en-
hance sy [90 92]. Even more, studies have shown that sy can be tuned by the
controlling the amount of doping, that is the percentage on impurities in the host

material. [93 96].

Figure 2.6: Observation of intrinsic and extrinsic scattering mechanisms. a) The
intrinsic spin Hall conductivity (SHC) dependence on the the number of electronsn
in the outer shell of 4d and 5d transition metals based on microscopic tight binding
calculations [83].b) A theoretical study on the skew-scattering mechanism shows the
skew-scattering angle (sy considering only the skew-scattering contribution) versus
the spin di usion length of di erent alloys with di erent host materials [89]. The in-
trinsic and the extrinsic regime are experimentally unveiled to be associated to the
moderately dirty and superclean limit, respectively, forc) the AHE in Fe(100) [97] and
d) the SHE in Pt[76].



28| What about spins?

All the contributions together makes the total spin Hall resistivity (equation 2.22)
become [78]:

— int 2 ss sji 2 .
Xy = xy w T xx;0 F Xy xx;01 (2-23)

Resistivity dependent studies can be used to reveal the contribution of each mech-
anism. Note that the residual resistivity can be tuned by impurities as mentioned
above but also by other material structural defects, e.g. the size of grain bound-
aries. Figure 2.6¢ shows three distinct regimes for the AHE in Fe(100) where the
dominating mechanism for the moderately dirty regime is identi ed as the intrin-

sic mechanism and the superclean limit agrees with extrinsic mechanism[97]. The
dirty regime has not been connected to a scattering mechanism. Figure 2.6d shows
the same trend for the SHE in the prototypical SHE material Pt [76].

2.3 Interfacial spin-charge interconversion

ems with SOC, the most famous one being the Edelstein e ect. The Edel-

stein e ect can be utilized for SCI in devices in a similar way as the SHE.
Moreover, the Edelstein e ect can also appear unexpectedly at interfaces estab-
lished at device connections of di erent electrodes. For the development and op-
timization of spin-orbitronic devices, itis key to know the origin of the SCI, that is,
the e ect from which the SCI arises.

Spin-charge interconversion is also observed in two-dimensional (2D) sys-
t

2.3.1 RasbhaE ect

Materials that posses SOC and asymmetry in the crystal potential (broken space
inversion symmetry) obtain a k-dependent spin-band splitting, i.e., the degener-
acy of the energy bands of opposite spin carriers is lifted. This type of spin-band
splittingwas rstdiscovered by Dresselhaus [98] in uniaxial non-centrosymmetric
crystals, such as GaAs or InSh. The band splitting in these materials derives from
bulkinversion symmetry breaking. Later, Vas'ko [99] and Bychkov and Rashba[100,
101] noted that this spin-band splitting also occurs in quantum wells and 2DEGs
owing to a con ned potential that breaks structural inversion symmetry. Further-
more, such spin-band splitting is seen in Au(111) interfaces as well [102]. The spin-
momentum locking at interfaces in Rasbha systems brings about 2D spin-polarized
states under the in uence of an electric eld which will be explained for Rashba
systems in section 2.3.2.
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The splitting of the energy bands with opposite spin carriers ink-space induced by 2
the Rasbhae ectisshownin gure 2.7a. The structural inversion asymmetry atthe

surface or interface make the Rashba SOC hold an electric potential normal to the
surface or interface. The Rashba Hamiltonian describing the interaction between
the momentum (~k) and spin is given by:

Hr = r(2 k) ; (2.24)

where 2 is the direction normal to the 2D plane and R is the Rashba coe cient,
proportional to the strength of the SOC and electric potential k is the wavevector
and for eachk the energy of the band splitting for the two spin carriers is given by:

~2k2
E-@(K) =

o, RK (2.25)

Figure 2.7a displays the spin texture at the Fermi level produced by the Rashba ef-
fect. The two contours have di erent size and opposite helicity. In the next section,
the role of the Fermi contours in the SCI will be unfolded.

2.3.2 Rasbha-Edelstein E ect

Edelstein realized that an electric current in asymmetric 2DEGs results in spin ac-
cumulation, at present known as the Edelstein e ect[103]. About 20 years later, the
Edelstein e ect in Rasbha systems, that is the Rashba-Edelstein e ect (REE), was
experimentally demonstrated at the interface between two NMs [104]. Now, the
REE is known to be present in other all-metallic interface [105 112], metal/oxide
interfaces [113 116] and 2DEGs in all-oxide structures [117 121].

The REE relies on the spin-band split surface or interface states with, consequently,
a spin polarization that is locked to its momentum. In equilibrium, the spin-band
splitting along the k-axis with the two concentric Fermi contours ( gure 2.7a) has
a balanced spin population and momentum. The system can be brought out-of-
equilibrium by an electric eld E = E,X that displaces the Fermi contours result-
ing in a spin accumulation . Figure 2.7b depicts the displacement of the Fermi
contours when subjected to an electric eld inthe form of a charge current density
jex- The accelerated electrons induce a change in all energy states opposite to the
electric eld direction. In k-space this translates to a shift in the Fermi contours
ky such that the spin population of di erent spin carriers are not compensated
( -6 4). Hence, the system obtains an average spin accumulatioh i propor-
tionalto k. The spin accumulation can di use in a third dimension resulting in
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Figure 2.7: Rashba systems and the Edelstein e ect. a) The spin-dependent band
splitting in Rashba systems irky (lower panel) with the grey curve presenting the ref-
erence band and the shifted curves for spin-up and spin-down are the red and and
yellow curve, respectively. The cut at the Fermi level (upper panel) shows two circu-
lar contours with the inner contour having a spin texture rotating clockwise and the
outer contour rotating anti-clockwise with radii ki"e" and k2"®". b) REE: the charge
current density jcx creates a shift of the Fermi contours ky which produces spin
accumulation in the inner contours with spin-down 4 and the outer contour with
spin-up «. There will be a net spin accumulationh i, as » 6 -+, thatcan ow
out of the Rashba system as a spin current) inverse Rashba-Edelstein e ect (IREE):
injection of spin current js, makes the Fermi contours move in opposite directions

kinner and  kU®", Both contours are assumed to host the same amount of spins

iner = outer = h j=2suchthat ki™Me" & koUe and an electric eld, i.e., a 2D
charge current, is formed.
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a three-dimensional (3D) spin current density. The charge-to-spin conversion via 2
the REE is given by [122]:

i 3D

ORee = j% m *: (2.26)
C

Reciprocally, the conversion of a spin accumulation to a charge currentis called the
inverse Rashba-Edelstein e ect (IREE) and is illustrated in gure 2.7c. When sub-
jecting a Rashba system to a spin accumulation, containing a spin polarization in
y, the two Fermi contours will shift in opposite directions yielding a displacement
in momentum in opposite directions. Even more, the radii of the contours k2
andki™e" for the respective outer and inner contour at the Fermilevel are di erent.
Therefore, the momentum displacement of the two contours k2'®" and ~ kinner
gives koter §  kiner supposing that the spin accumulation is divided evenly
in the two contours. The total momentum displacements of the Fermi contours,
de ned by g (see equation 2.24), produces a 2D charge current densify?® . The
e ciency of IREE, given by the ratio of the injected spin current density and the
resulting charge current density, is the IREE length:

j 2D
IREE = j% [m]: (2.27)

S

As a consequence of the 2D character of the charge current and the 3D character
of the spin current, the dimension of |rge is in unit of length and oree in units

of the inverse length. The di erence in dimension of |gge and cgee thwarts the
Onsager reciprocity in the form as was established for the SHE. However, exper-
imental observations of Onsager reciprocity in Rasbha systems have been made
[112]. A discussion on the comparison between the 3D and 2D SCI e ciencies is
given in section 2.3.4.

2.3.3 Other interfacial spin-orbit coupling e ects

As mentioned before, a thorough understanding of charge and spin transport in
systems with SOC is crucial for the electric control of spin currents and the im-
portance of interfacial SOC in FM/NM systems becomes increasingly more clear
[72 75, 123]. The Rashba SOC, that appears at the interface of a Rashba system, de-
pends onthe intrinsic mechanism of the 2DEG. But, while the 2DEG in oxide/oxide
interfacesiswell de ned, the interpretation of a2DEG in all-metallic or metal/oxide
interfaces is more complex which leaves room for other e ects, that for conve-
nience will be called extrinsic interfacial SOC here.
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In an ideal world, the growth of heterostructures will produce sharp interfaces.
However, in reality, sharp interfaces are hard to grow and structural defects, strain,
roughness and atomic interdi usionis di cultto prevent. The extrinsic interfacial
SOC easiest to imagine is interdi usion. Section 2.2.4 shows that alloying of mate-
rials can enhance sy due to the implementation of spin scatter centers with SOC.
Interdi usion is basically local alloying of the interface meaning that the ad-atoms
can create SOC via skew-scattering and/or side-jump mechanisms spawning the
extrinsic interfacial SOC permitting local SCI.

This local SCI produced by extrinsic mechanisms is similar to the extrinsic SHE so
it could be thought of as an "interfacial* SHE. Interfacial SHE will have the same
symmetry as the bulk SHE and be di erent from the REE. It can contribute pos-
itively or negatively to the total SCI depending on the sign of sy of the local SCI
in comparison to the one of bulk SHE. For example, a work on the Py/Bi interface
shows a sy akin to the interface opposite to sy of bulk Bi [124].

The interfacial SHE can be distinguished from the REE as the symmetries of the
spin current density, charge current density and polarization are di erent, but only

In speci ¢ measurement con gurations. Such con gurations should for example
permit the injection of spin current from opposite directions of the interface re-
gion, thatin the REE would lead to a sign change while the interfacial SHE remains
unchanged. However, in theoretical works, the enhancement of the SCI by an in-
terfacial contribution is mostly ascribed to Rashba SOC but named interfacial SHE
[125 127]. For example, the study based on rst-principles calculations on Fe/Au
bilayers shows the existence of a strong interfacial SHE, in addition to the bulk
SHE, due to strong Rashba SOC [126]. Interestingly, they comment that the inter-
facial spin Hall currents are found not to be con ned at the interface but extend
tens of nanometers. This would mean that the energy bands can be a ected up to
tens of nanometers into the materials by the structural inversion asymmetry at the
interface.

Interfacial SOC can also be observed at the surface of topological insulators. In
topological insulators the spin-band of the Dirac cones can split due to surface
topology [128]. Similar to the Rashba system, the spin-momentum locking at the
surface of the topological insulators can generate 2D spin-polarized states when
subjectedto anelectric eld. However, this work deals predominantly with metallic
devices, therefore topological insulators will not be further discussed.

Another possibility is spin-dependent scattering of Bloch bulk states from the in-
terface, sometimes called spin-orbit Itering [129 133]. Spin-orbit Itering occurs



Interfacial spin-charge interconversion | 33

because carriers with spins parallel and anti-parallel to the interfacial spin-orbit 2
eld experience di erent spin-dependent scattering amplitudes. This type of scat-

tering can convert unpolarized electrons via re ection and transmission into spin-
polarized electrons. Furthermore, itis known to happen at NM interfaces with SOC
even if the bulk currents are unpolarized.

In order to overcome the discussion on the origin of the interfacial SOC an uni-
versal theoretical framework was developed [134]. This framework describes SCI
in NM/oxide interfaces with interfacial SOC independent of microscopic detalils.
The model was rst applied to Cu/BiOy interface [116]. Later, it was expanded
to explain the SCI in NM/NM interface [111]. The formulation is based on drift-
di usion equations supplemented with two interfacial BC covering i) interfacial
SCl and ii) spin losses at the interface. No assumptions are made about the origin
of the interfacial SOC. In the end, the model is able to describe the SCI with two
parameters, the spin-charge conductivity ¢cand the interfacial spin-loss conduc-
tance Gy. Even more, itis found that =Gy is equivalentto ree . However, there
is not a straightforward way to describetree in terms of G, and ¢, becausetree

is not a intrinsic parameter and depends on geometrical parameters beyond the
interface. This indicates thatGy, and . are more suitable parameters to describe
interfacial SCI. Finally, this model gives that .= s (Where is the interfacial
charge-spin conductivity) which resolves the problem of reciprocity for interfacial
SCI.

2.3.4 Universal spin-charge interconversion e ciency

The focus in the development of devices lies often in the e ciency, so also in spin-
orbitronic devices. While the existence of both bulk and interfacial SCI has been
well established, there is no general de nition for the SCI e ciency. Lately, topo-
logical insulators and 2D systems made of graphene and transition metal dichalco-
genides attract a lot of attention [135 137]. In order to compare these new upcom-
ing systems with the 3D systems and to make proper choices for design and mate-
rials systems in spin-orbitronic devices, an universal SCI e ciency would be con-
venient.

The SCI e ciency is generally de ned by the ratio of the charge and spin current
densities. For the SHE and ISHE this issy, which is dimensionless, whereas the
e ciency ofthe IREEis |ree and REE igree With the respective dimensionalities
[m] and [m] 1. The di erence arrives from the fact that the SHE and ISHE involve
3D charge current and 3D spin current. In contrast, the REE and IREE pertain 2D
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charge current and 3D spin current. For this reason, a comparison between the
e ciencies is far from obvious.

Several suggestions have been made to resolve this conundrum. One of them being
ane ective ¢, forthe 2D systemgivenby ree Gree - [112] Others mention the
multiplication of |grge and the division of gree by the thickness of the 2DEG or the
spin di usion length [138]. Even though theoretically a 2D system does not have
a thickness and the spin di usion length in such system depends on the material
connected to the 2D system to probe the SCI.

Amore interesting proposal for adirect comparison of e ciencies ofthe 3D and 2D
systems, provided by Rojas-Sanchez and Fert, is to rede nesy [138]. This seems
logical asitisknownthat sy isnotan intrinsic parameter but contains both the in-
trinsic and extrinsic contribution (equation 2.21 and 2.23). They introduce g =

s andggye = 0:38 sy= asthe e ciencies for the direct and inverse e ects, re-
spectively. In the 3D system, itis valid to included as the SCI happens in the ma-
terials and can be observed independently of the measurement probes. Finally,
in this paper, the comparison between 3D systems and one speci ¢ 2D system is
taken from the gain, that is, the ratios |ree = |se @aNd Oree =Ckpe-

A di erent approach for the description of SCI would be to consider the univer-
sal theoretical framework that has been described at the end of section 2.3.3 [111,
116, 134]. This model describes the SCI with the interfacial spin loss conductance
Gk and the interfacial spin-charge conductivity . Ininterfaces, ¢ plays the role
of sy in 3D systems andGy can be considered as the 2D equivalent of in 3D
systems (see section 3.1). As mentioned, the universal SCI e ciency at interfaces
is given by o/ Gy, the equivalent of |ree .



Chapter 3

Spin-orbitronic devices for the spin
Hall e ect
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3.1 Materials benchmarking

ing of materials. The decision on which materials to use for the di erent

components of the devices de nes the spin injection and detection, SCI
e ciency and the voltage and current output. The choice of materials depends on
the spin properties of the materials themselves as well as on the combination of
the materials and their interfaces.

Q n important element for designing spin-orbitronic devices is benchmark-

Spin-related devices deal with injection, transport and detection of spin currents
by connecting materials with di erent spin properties. First of all, the connection
will have an interface which can promote or demote the spin transport between
the two materials. The interface transparency is de ned by the growth and fab-
rication techniques, but also by the growth a nity of the two materials and the
growth order [139]. Secondly, the opposition of a material to spin ow, the spin re-
sistance, has to be considered. The spinresistanceisgiven R, = = [(1 P?)A]
where A is the cross-sectional area through which the spin currentis owing, is
the electrical resistance, is the spin di usion length and P is the polarization.
The polarization will be nite for FMs and zero for NMs. A is determined by be-
ing relatively long or short compared to the dimensions of the electrodes, as will
be shown below for the di erent types of materials. The important dimensions are
the width wy and thicknessty for an electrode of material X.

Groups of materials with similar spin properties can be identi ed with the knowl-
edge from chapter 2. Here, the spin transport materials, ferromagnetic materials
(FMs) and non-magnetic materials with strong SOC will be highlighted as these
are the type of materials used in the devices described in this thesis. Each of these
types has a di erent but speci ¢ function within the device design. Also, the spin
resistance of the interface will be considered.

Spin transport materials are NMs that grant spin current ow over "long" dis-
tances meaning that there is little spin- ip scatteringand (section 2.1.3) is rela-
tively long (about hundreds of nanometers at room temperature). These materials
are characterized by weak SOC. Examples of good metallic spin transporters are
Cu, Ag and Al [140] and, more recently, it is shown that graphene (a single layer
of carbon atoms) is also a good spin transporter [141]. NMs electrodes in spin-
orbitronic nanodevices posses a relatively long , thatis, nm WM, tam, Such
that the spin resistance is de ned as:
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RNM - _NM_NM. (3.1)

~ Wamtw

Ferromagnetic materials are used for electrical spin injection via spin accumu-
lation (section 2.1.3) in spintronic and spin-orbitronic devices. The FMs exhibit
spontaneous magnetization in the absence of an external magnetic eld because
of an exchange interaction that promotes parallel alignment of the electron spins.
Ferromagnetism is found in transition metals with partially lled electron shells,

in line with Hund's rule indicating that the rst electrons in a electrons shell tend

to align. Co, Ni and Fe and most of their alloys such as NiFe and CoFe are examples
of FM. These FMs have a relatively high spin polarizatio®gy (equation 2.6) which

is preferred for spin injection. FMs have generally a short ,i.e., gy~ Wgm, tem
therefore the spin resistance of a FM electrode connected to a second electrode of
speci ed material M becomes:

REM = R T 3.2
S WemWin (1 P3y,) (3:2)

Strong spin-orbit coupling materials (SOMs) own the ability for SCI due to SOC
and can be used to generate spin currents or to read out spin signals (section 2.2.1).
The spin-dependent scattering in such a SOM de ects electrons causing SCI via
the SHE (section 2.2.3), REE (section 2.3.2) or other interfacial SCI (section 2.3.3).
The heavy metals (HMs) Pt, Ta and W are the most studied and the most frequently
used SOMs in spin-orbitronic devices. Other materials or materials systems that
can host SOC are Rashba systems (section 2.3.1), topological insulators and tran-
sition metal dichalcogenides [142]. The spin resistance of SOMs connected to a
second electrode of speci ¢ material M, is:

RSOM — SOM SOM : 33
s WsomWnm tanh (tsom= som) (33)

Usually som is very short, meaningthat soy  Wsowm, tsom, and leading to

M M
RSOM - _SOM SOM. (3.4)
WsomWm

Interfaces at the connection of di erent electrodes can play a important role in
the working principle of spintronic devices as it can in uence the spin ow in the
device signi cantly. There are two types of interfaces. The rsttype are transparent
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interfaces that result in ohmic contacts and avoid Schottky barriers. In this case,
the spin transport only dependents on the spin resistance of the two materials.
The second type of interfaces are resistive interfaces, typically tunnel barriers. A
tunnel barrier is sometimes preferred as it can overcome the spin resistance mis-
match of the two electrode and assist to inject more spin current and reduce the
spin back ow [143]. However, unwanted interfaces with resistance can appear due
to oxidation of the materials or residuals from the fabrication process. This kind of
interfaces often demote the spin injection and/or detection because of a high spin
resistance, thatis given by:

(3.5)

where R, is the interface resistance andP, is the interface polarization as given by
equation 2.12 in a system with no interfacial spin-memory loss.

3.2 Spin Hall e ect devices: an overview

the SHE, various methods have been developed over the years and each

method with its own complexity [56]. The most commonly used measure-
ment techniques will be brie y introduced to understand the ravel of extracting
the spin Hall properties (section 2.2.3).

Q [though itis not simple to measure the spin accumulation originating from

Magneto-optical Kerre ect (MOKE) describesthe changesto lightre ected from

a magnetized surface or, in the case of the SHE, the spin accumulation. MOKE
senses the spin accumulation at opposite edges of a Iminduced by the SHE when
applying a charge current ( gure 3.1a). The rst experimental observation of the
SHE was in semiconducting GaAs by MOKE [63]. The advantage of MOKE is that
the measurement can be done directly on a thin Im of the SOM. However, the
spin accumulation is con ned close to edges and the magnetization associated to
the spin accumulation is tiny, therefore, MOKE is especially hard for metals [144].
Even so, recently, the sy and of a Ptthin Im was established with MOKE [71].

Ferromagnetic resonance spin pumping is the precession of magnetization in
a FM layer induced by microwave radiation that injects (pumps) a direct current
(DC) spin current into an adjacent SOM layer. The injected spin current will cre-
ate a transverse charge current due to the ISHE in the SOM ( gure 3.1b). The rst
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measurement of the voltage drop caused by ISHE in Pt using spin pumping was
realized in 2006 [65].

Spin-torque ferromagnetic resonance (ST-FMR) is a technique that relies on the
damping-like torque between the FM and the SOM. The SHE in the SOM is used

to create a transverse spin current by applying an alternating current (AC) charge

current. The spin current is injected into the FM thereby exerting an oscillating

spin torque on a FM that leads to an oscillatory anisotropic magnetoresistance re-

sulting in a detectable DC voltage ( gure 3.1c). The demonstration of the SHE with

ST-FMR was rst accomplished in NiFe/Pt [145].

Lateral spin valve (LSV) with the non-local spin Hall technique is a nanostruc-
tured device in which the spin injection and detection are spatially separated by a
spin channel. The separation permits injection of a pure spin current and avoids
detection of spurious e ect arising from the bias currents. One type of LSV is a
device consisting of a FM electrode and a SOM cross-shaped electrode. The FM

Figure 3.1: Popular techniques for SHE detection a) Optical detection using MOKE
[146];b) Spin pumping [65]; ¢) ST-FMR [145] and(d) Lateral spin valve with the non-
local spin Hall technique with a FM and a cross-shaped SOM electrode [147&) Lateral
spin valve with the non-local spin Hall technique with a FM electrode parallel to SOM
electrode transversely connected by a NM spin channel [148F) Local spin Hall device
[149].
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is employed to electrically inject the spin current into the SOM and the ISHE can
be measured in the transverse arms of the SOM electrode ( gure 3.1d) [66]. This
measurement, however, requires the SOM to have a long and large sy which
usually does not appear together. In a variation of this LSV, a NM spin channel is
introduced to connect two parallel electrodes of FM and SOM ( gure 3.1¢e). The
NM has a long nw, such that the NM spin channel permits the spin current to
ow over a longer distance in comparison to the SOM spin channel. The SOM de-
tection electrode will absorb part of the spin current from the NM (when placed
at a distance< \y) inducing a spin current in the SOM and the charge current
generated via the ISHE can be probed transversely. The reciprocity of the SHE and
ISHE was con rmed using such a non-local spin Hall technique [67]. This method
is used in this thesis in an attempt to extract the spin properties of W, therefore
this technique is elaborated on in section 3.3 and utilized in the study presented
in chapter 7.

Local spin Hall devices are the local variation of the non-local spin Hall technique
in LSVs where the FM electrode is in direct contact with a T-shaped SOM electrode
with an optional tunnel barrier at the intersection of the FM and SOM electrodes
(gure 3.1f). The local spin Hall device has been proven to adequately detect the
SHE in SOMs such as Pt, Ta, W [149]. This local con guration permits spin injec-
tion with higher spin current density compared to the non-local con guration but

IS more prone to spurious e ects coming from the charge current. Section 3.4 will
further discuss the local spin Hall device as this technique is employed in the chap-
ters 5and 6.

The SHE properties of a variety of materials that have been measured with these
di erenttechniques are listed in arecent article about the prospect of spin-orbitronic
devices [150]. There is no general consensus on the spin Hall angle for a specic
material extracted by the di erent measurement techniques. Each technique has
its own complexity and simpli cation in the used models. Consequently and un-
avoidably, systematic estimations and/or spurious e ects arise, resulting in di er-
ent sy. Thisis evident for the heavily studied Pt. A further discussion on the origin
of the spread in the experimentally observed sy for a particular material can be
found in section 2.2.3.
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3.3 Lateral spin valves

tection of pure spin current in a way that spurious e ects arising from

charge currentare eliminated from the detected signal. Three di erentmea-
surement con gurations will be explained that permit extraction of the following
spin properties: i) the (long) spin di usion length of NM and the polarization of
FM, ii) the spin di usion length of SOMs, and iii) the SCI of SOMs

T he LSV is a nanostructured device that permits electrical injection and de-

3.3.1 The basic working principle

In the LSV, a non-local technique can be used where injection and detection of
pure spin current are separated by a spin transport channel as shownin gure 3.2a.
A charge currentis applied fromthe NM into a FM, creating a spin accumulation at
the FM/NM interface (section 2.1.3). The spin accumulation will di use away from
the FM within the NM ( + x-direction) as a pure spin current with a characteristic
decay length nv . The detector, a second electrode, is placed at a distande (with

L nv ) from the injector. The materials choice for the detector depends on the
desired spin properties to be measured. Additionally, an electrode in between the
injector and detector can be included to absorb a part of the spin current, allowing
the spin properties of the middle electrode to be obtained. Figure 3.2b displays
a LSV pointing out the dimensions and the coordinates of the system which are
used in the derivation for the di erent measurement con gurations discussed in
the following sections.

3.3.2 Conventional lateral spin valve

Figure 3.3a illustrates a FM/NM/FM LSV consisting of two FM electrodes (FM1
and FM2) that are connected via a NM channel with a long spin di usion length.
The spin ow in the device can be described by the one-dimensional (1D) spin
di usion model. A charge current is applied from the NM into the FM in order to
inject a spin accumulation thus implicitly a spin current into the NM. Within this
model, the spin currents in the FM and NM are assumed to only have & and x
component, respectively. Therefore, the spin di usion equation (equation 2.15) in
the NM and FMs electrodes are:
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Figure 3.2: The non-local lateral spin valve.a) A pure spin current (I s, green arrows)
isinjected into a spin transportchannel (orange electrode) towards the detector (black
electrode) by applying a charge current (ias, grey arrow) into the FM injector (blue
electrode). The spin current that reaches the detector, which can be another FM, cre-
ates a potential (V) that can be measured in open-circuit conditions. The spin cur-
rent can also be manipulated in the channel by for example placing an extra electrode
(M) as depicted in b. b) The important device dimensions for the derivations in the
section 3.3.2, 3.3.3 and 3.3.4. The width and thickness are given by and t; fori =
NM, FM1, FM2, M and the interface areaA{nt with j = FM1, FM2 and M. The inter
electrode distance isL where FM1, M and FM2 are positioned atx = L=2,x =0,

X = L=2, respectively. The NM/M interface is atz = 0.

IS\IM IS\IM
= ; (3.6)
@% AiM
@ ™ FM
S = > (3.7)
@z 3y

The spin accumulation within the electrodes decays exponentially (equation 2.17)
as:

NM(x) = Ael X*31= w1 Bel X 1= w (3.8)

M(z)= Ce 7 (3.9)
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Figure 3.3: The standard spin signal with a conventional LSV a) A conventional
LSV has a FM injector and detector bridged by a NM channel. A charge curremtjas
is applied between the injector and the NM to inject a spin current. The detector will
measure a di erent potential V. depending on the magnetization of the FM with re-
spectto the spin current. The FM electrodes are designed such that the magnetization
switches at di erent magnetic eld. This permits observation of the parallel and anti-
parallel con guration when sweeping an external magnetic eld (Hy). b) The mag-
netic eld dependence of the non-local spin resistance Ry = VnL =lpias. At large
negative magnetic elds, FM1 and FM2 are parallel aligned witrRﬁL .AsHy becomes
positive (solid blue line), one FM electrode will switch such thatRy, changes toRf\‘,‘i
until the other FM electrode switches and the FMs are again parallel aligned witiR, .
Similar behaviour is observed when sweeping the magnetic eld from positive to neg-
ative (dashed blue line). The non-local spin sighal Ry isthe di erence inresistance
between the parallel and anti-parallel stateR}, RS .

whereA; B and C are integration constants. FM1islocated ak = L=2and FM2
is located atx = + L=2( gure 3.2Db).

This results in a pure spin current in the NM towards the side where no charge
currentis owing ( L=2+ x). The amount of spin injected and detected depends
on the boundary conditions at the NM/FM interfaces given by the continuity of j s:

Anm (& L [ %+) = AR GEM™  ePevi Jbias)z=0; (3.10)

Awe (0= ARRIER (311)

where APM is area of the NM/FM interfaces andAyy is the cross-sectional area of

int
the NM electrode (Wnm tam ). The Peyy is the polarization of FM1 and Jyigs is the
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charge current density injected atx = L=2( gure 3.2b). The NM/FM interfaces
are considered to be transparent, such that continuity of the chemical potentials
at the interface give:

NM FMl)
S S X=

:z=0 = Oa (312)

NM FMZ)
S S

=0: (3.13)

L.y
X=%;z=0

The detected non-local voltage at FM2X = L=2) is given by the expression:

eV = Pemz &7 (3.14)

and the corresponding non-local resistance is

VN L

= FM1 :
JbiasAim

= (3.15)

Figure 3.3b showSRy, while sweeping an external magnetic eldH,.FM1and FM2
are designed in such a way that the switching eld (the magnetic eld at which the
magnetization m reverses) are di erent for each FM electrode. Saturatingn such
thatthe FMs are parallel (" ) gives a positiveRy, . While sweepingH, through zero,
m of one of the FM reverses, due to the di erence in switching elds, resulting in
an anti-parallel magnetic con guration ( "#). WhenH, continues to increase, the
second FM will switch and the magnetic con guration is parallel again (##). Even
though this parallel con guration is opposite to the starting con guration, Ry is
the same because the chemical potential di erence between the two electrodes
is probed. The di erence in Ry, between the parallel and anti-parallel magnetic
con guration is the non-local spin signal ( Ry, = R},  RY}) is given by

e= W

Rn. = 4R P P :
NL s FM1 FFM2 r1r2e2|_= oy 1

(3.16)

wherer; = 1+ 2 Qgy; introducing Qewi = REMI=RM fori = 1;2. Ry, being
de ned asthe di erence between two resistance state allows removing of any base-
line in the signal. In the case that bothFM are equivalent Pry1 = Pevz2 = Pewm,
Wem1 = Weve @andry = ), equation 3.16 reduces to:

e= w

— NM p 2 .
Ry = 4Rs™ Pey 2= w1

(3.17)
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This relationship can be used to determine yv and Pgy by measuring the LSV for
various lengthsL of the spin channel and tting the decay of the measured spin
signal to equation 3.17. This method works wherlk isinthe order of . Realistically,
due to the limiting dimensions of device fabrication, it means that can only be
extracted for materials with a on the order of a few hundred nanometers, e.g.,
light NM metals as Al, Cu or Ag. For materials with shorter , the spin current is
lost within L and will not reach the detector as a consequence this method is not
adequate for SOM and FM.

3.3.3 Spin absorption technique

The of metallic materials suchas SOM and FM, that typically are afew nm, can be
obtained by the spin absorption technique. For this technique, an additional elec-
trode in the middle of the FMs is added to the LSV as presented in gure 3.4a. The
measurement of the non-local spin signal is the same as in the conventional LSV,
meaning that the spin current is injected via FM1 and detected by FM2. However,
the electrode in the middle of the transport channel will absorb part of the spin
current, reducing the measured spin signal. The absorbed spin current depends
on the spin resistance of the middle electrode and the interface between the NM
and the middle electrode. In this thesis, the spin absorption technique is used to
study the properties of a SOM, therefore, the middle electrode is considered to be
a SOM electrode in the remainder of this derivation.

Recently, it has been emphasized that the interface of the NM/SOM has to be con-
sidered for proper quanti cation of the bulk SCI [72 74, 151 154]. Interfacial spin
absorption and SCI in NM/oxide (O) as well as in NM/NM interfaces have been
observed with LSVs (section 2.3). Therefore, the measurement con guration for
extracting the bulk sop is also susceptible to observations of spin absorption by
the NM/SOM interface. In following analyses, it is considered that the interface
between the NM and SOM might play a signi cant role.

The spin di usion problem, equation 3.6 and 3.7, needs to be expanded by in-
cluding the middle absorbing electrode. The spin di usion length in SOM is pretty
short, such that only the variation of $°M in the z-direction is considered. The
spin di usion equation in the SOM is

@ gOM _ EOM .

53 -~ (3.18)
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Figure 3.4: Spin absorption is deployed to extract the spin di usion length of a SOM
middle electrode.a) The LSV for the absorption technique has a FM injector and de-
tector and a SOM middle electrode. The SOM will absorb part of the spin current that
is owing in the NM channel (see green arrows) reducing the spin current that arrives
to the detector. b) The non-local spin resistanceRy. versus the external magnetic
eld Hy inthe LSV for spin absorption. The orange line gives the non-local spin signal

Rﬁ,ﬁ’_s ofthis LSV. The blue line gives the non-local spin signal of a reference LSV with-
outamiddle electrode ( RS, gure 3.3a,b). Thefactthat R3S < R indicates
that the SOM electrode absorbs some of the spin current. The amount of spin current
absorbed can be related to the SOM spin resistance.

This additional electrode, creating an additional spin sink, changes the solution in
the NM electrode (equation 3.8) into

NM X ix+ 5 ix_5i
< (X)= Ae w +Be w + Ce (3.19)
and the spin current density is
- NM NM : xi . L, ixthi _ L x5
jex = —— Asign(x) e w + B sign(x + E) e w + C sign(x 5) e
NM
(3.20)

The solution of the spin di usion equations within the FM electrodes become:

§"(2) = De = m; (3.21)

jfM = M p2,)De ¥ (3.22)

Js;z
FM



Lateral spin valves | 47

and in the SOM electrode they are:

sM(2) = Ee == som; (3.23)
jSoM = %Ee 2= som ; (3.24)

In the 1D approximation, the spin properties of the NM electrode in the volume
below the intersection with the SOM electrode correspond to a single poink =0,
that being the case, the boundary conditions atx = 0 are

NM - NM (325)

Anm (& 0 o o) = Aintj 2 0 (3.26)

where Aym = tnvWam 1S the cross-sectional area of the NM electrode and\iy =
WsomWnnm 1S the NM/SOM interface area. At the NM/SOM interface(z = 0), the
boundary conditions read

NM SOM
5 + S

e e : (3.27)
x=0;z=0
1 + SOM + NM — 1 NM SOM .
é(] sz + Js;z )Z=0 - ﬁ( s s )X:0;2=0’ (328)
s

where GE:Aim gives the interfacial spin-loss conductanceGy and R, is the spin
resistance of theNM=SOM interface. We assume thatvsoym nv suchthat M
just below the interface can be considered constant.

Finally, considering identical FM electrodes separated by a distanck and a SOM
electrode in the middle, the non-local spin absorption signal is:

8PZ Qe REM e W [2Qu(rs 1)+ QriQsou] ,
rfeﬁ [4Qkrs + 2(Qri *+2) Qsom + Qril 2fleﬁ (4Qk + Qri +4Qsom) +4Qk(2  r3)+2(2  Qri)Qsom *+ Qri
(3.29)

Rabs =

whererz = rsoy = 1+ 2 Qsom and Qsom = RSM=RYM of the middle electrode.
The NM/SOM interface is represented byQgr, = R'=RM and Q, = 1=(RW G¥).
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Figure 3.4b shows the magnetic eld dependence oRy,. and the reduction of the
non-local spin absorption signal R in comparison to the non-local spin refer-
ence signal R (gure 3.3b). Theratioof R (the spin signal with the middle
electrode, equation 3.29) and R (the spin signal without the middle electrode,
equation 3.16) is given by:

REbs _ 2(rew +1)2Qu(r; 1)+ QriQsou]

R ) rleﬁ[@kris"' 2(Qri +2)Qsom + Qri) +4Qk(rs 2] 2(2 2Qri)Qsom Qri
(3.30)

The non-local spin absorption signal permits to acquire soym When knowing the
spin properties of the NM and FM. This derivation is valid as long as the spin pro le
in the NM over wsoy IS subservient, hencewsoy < nw -

3.3.4 Non-local spin Hall technique

Non-local spin Hall technique is a frequently used tool to acquire the SCl e ciency

of bulk SOM (section 2.2.3). This technique uses the same LSV structure as de-
scribed in the spin absorption technique but with a di erent measurement con-
guration. The injection of the spin current is identical to the spin injection in the
LSV's explained in section 3.3.2 and 3.3.3. In order to measure the ISHE, the de-
tector is the SOM middle electrode ( gure 3.6a). The SHE can be measured by in-
verting the injector and detector ( gure 3.6b). Figure 3.5 illustrates the spin owin
ISHE and SHE at the NM/SOM interface area.

Figure 3.6adisplays the ISHE measurementin SOM. The spins are aligned by an ex-
ternal magnetic eld ( Hy) along the hard axis of the FM1 electrode X-direction), a
requirement for observing the SCI with this technique. The pure spin currentis in-
jected from the FM1 electrode into the NM channel byl ias. Subsequently, the spin
current decays towards the SOM electrode, where it is partially absorbed. The spin
current | ¢, originating from this spin absorption is converted into a charge current

I sne Viathe ISHE ( gure 3.5a).1 sye is measured by detecting the transverse volt-
ageVsye along the SOM electrode. The produced sye , and therefore Visye , will
revert when changing the FM1 magnetization with the external magnetic eld as
shown in gure 3.7. The di erence in the ISHE resistanceR sye = Vishe =lpias fOr
the two saturated magnetizations is twice the ISHE sigha R sye.

The SHE is discerned by interchanging the injector and detector with respect to
the ISHE measurement, as presented in gure 3.6b. A charge current is applied
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Figure 3.5: Bulk spin-charge interconversion in a NM/SOM heterostructure. a)
SHE: a spin current (green arrow) injected into a SOM de ects the spin carriers in
the same direction creating a charge currentb) ISHE: a charge current (grey arrow)
injected into a SOM de ects the spin carriers in opposite direction generating a spin
current.

to SOM, in which the SHE takes place and a spin currents. , is brought about
(‘gure 3.5b). This spin current will di use into the NM channel and travel towards
the FM, that acts as the detector. The spin accumulation is probed by an open-
circuit voltage Vsye across the FM/NM interface. The SHE resistance is de ned as
Rshe = Vsue=lpias- Figure 3.7 shows that theRspe as a function of Hy changes
sign compared toRsne (Hy) due to the swapping of the injector and the detector.
Onsager reciprocity [67, 155] dictates that the spin Hall signal is the same as the
inverse spin Hall signal,j) Rshe] = ] Risuej asillustrated in 3.7.

In this analyses, bulk and interfacial SCI will be considered for the same reason as
explainedin section 3.3.3. This means that the measured signal tagged Bg)sye in
gure 3.7 will be Rsc containing the contribution of both the bulk and interfacial
SCI. Here, we derive the expression fdRsc. The charge current density induced by
the SHE, hence SCI in the bulk SOM, is given by

_ @ SOoM @ SoM
Jey = SOM éy SH ézi

(3.31)

and the charge current density produced at the NM/SOM interface through inter-
facial SClis

] SOM + NM
Jeint = sc% (2): (3.32)

sn Isthe spin Hall conductivity and s is the interfacial spin-charge conductivity
(the equivalent of the s for the interface).
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Figure 3.6: Spin-charge interconversion measurement using the non-local spin
Hall technique a) The measurement of the ISHE in the SOM electrode. A pure spin
currentisinjected from the FM into the NM, that decays towards SOM, where itis par-
tially absorbed. The spin currentl s, along z with a polarization along x is converted
to a charge currentlsye alongy and detected via a potential di erence Visye. An
external magnetic eld can switch the magnetization of FM, consequently inverting
the polarization of the spin current and reversing the direction of I \sye . b) The SHE
measurement has the injector and detector interchanged in comparison to the ISHE
case explained ina. A spin accumulation is created at the NM/SOM interface by ap-
plying a charge currentl y5s through SOM. Spin accumulation, produced by the SHE
due to SOC in SOM, will di use into the NM |s. . The spin current is probed by the
FM electrode givingVsne. A switching of the magnetization of FM reverses Vsye.

The average current owing in the SOM electrode is obtained by averaging over
the cross sectionAsom = tsomWsowm. This current should vanish because the ex-
periment probes a voltage in open-circuit conditions and, therefore,

@ SOoM 1 1 SOM 4 NM
0= c + SOM 0) + S S : 3.33
sow gyt i SO e - S (339
and integrating overy gives
+by W W SOM 4 NM
eVac = ?OM L{ - SH Wnm ?OM (0) sc Wnm s s :
3 som tsom som tsom 2 220 :x=0
(3.34)
The spin-charge resistance is de ned as
V.
Rsc ¢ (3.35)

= FM
JbiasAim
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Figure 3.7: Spin Hall signal by the non-local spin Hall technique. The ISHE resis-
tance (Risye ) and SHE resistanceRsue) as a function of the external magnetic eld
(Hx). The Risye transitions smoothly from a saturated negativeH y, to at saturated
positive Hy. The gradual change is coming from the FM magnetization which under-
goes a coherent rotation. The SHE shows the same behaviour but reversed due to the
swapping of the current and voltage probes. The di erence inRsye (or Rsye) be-
tween the saturated values is the spin-charge signd RysnE -

so combining equation 3.34 and equation 3.35 results in

Wiy REM 4Pey eﬁ[sz sc(Qri +2Qsom) + Qsom sH(4Qk  Qri))]

tsom som rleﬁ[“Qk% +2(Qri +2)Qsom + Qri]+4Qx(rs  2) 2(2 2Qri)Qsom + Qr .
(3.36)

Rsc =

Note that equation 3.36 is derived considering the presence of the second FM elec-
trode, as presented in the spin absorption technique ( gure 3.4a).

The change of polarization of the spin current, when reversing the magnetization
of the FM injector, induces a detectable change irRsc. The di erence in Rsc be-
tween the saturated positive and negative magnetization of the FM is twice the
spin-charge conversion signal2 Rsc = Rgc  Rgc.

The 1D spin di usion model arrives to equation 3.36 that explains the theoretical
value of the SCI signal in this non-local spin Hall devices. However, what is not
included in the model is the electrical shunting xsom Of the | spe produced in the
SOM electrode by the NM channel. When this electrical shunting is not considered,
the spin-charge conductivity will be underestimated. Therefore xsow is obtained
by 3D nite element method (FEM) simulations (see section 4.3.2) such that, -
nally,
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wyw REM 4Pey eﬁ(sz sc(Qri +2Qsom) + Qsom sH(4Qk  Qri))

tsom soM ryew (4Qirs +2(Qri +2) Qsom + Qr) +4Qu(rs 2) 2(2 2Qr))Qsom + Qri
(3.37)

Rsc = Xsom

3.3.5 Limiting cases (bulk or interfacial)

The equations derived in the sections 3.3.3 and 3.3.4 describe a system with both
bulk and interfacial contributions to spin absorption and to SCI. However, when
the bulk properties (1=Rsom and sy) are on the same order of magnitude as the
interface properties (G§ and sc), there are two unknown parameters for the same
contribution ( 1=Rsoy and G'é, snand sc) and no weight can be given to the bulk
and interface properties such that bulk and interface contributions can not be dis-
tinguished. But, if one of the two dominate over the other, the spin properties can
be extracted considering the following two limiting cases:

Bulk contribution only: no interfacial spin absorption nor interfacial spin-
charge interconversion (GE =0;Qk=1; sc=0).

L
4P&, Qe RM (rs 1)e
R = —AM s ; (3.38)
r2rae’nw 2rgew rg+2

n !#
Rabs 2 1 !
’r\lel; = 1+ L :
RNL rs 1 1+r.e

(3.39)

NI =

L
wnm REM 4P2 ez w
Rsc = RpsHe = Xsom NM s FM QSLOM s : (3.40)

lsom som rjrgome ™ + rsou 2

Interfacial contribution only: merely interfacial spin absorption and interfa-
cial spin-charge interconversion (Gsom =0;Qsom =1 ; sy =0).

L
4P, Qe REM (rr 1)ew
Rabs = e s T : (3.41)
r2rpi@nw 2rgew Iy +2
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" !# 1
Rabs 2 1

= 1+ _
1+ 1€ nm

; 3.42
RF\?E =] 1 ( )

NI =

L
FM 2 >
Rsc = XsoM ¢ > C ; (3.43)
SOM SOM i rgiew + rg 2

giventhatrg =1+ 2 Qy.

3.4 Local spin Hall device

cally injecting a spin-polarized current at the FM/SOM interface. The di-

rect contact between SOM and FM makes these devices the local variation
of the previously described non-local spin Hall device with potentially larger out-
put signals. Even more, the FM/SOM nanostructures can be used for validation of
the proposed MESO logic device (section 1.3) as the device is the equivalent of the
magnetic state readout (SO node).

T he local spin Hall device can be used to measure the SCIl in a SOM by lo-

3.4.1 One-dimensional spin di usion model

The FM/SOM nanostructures consist of a T-shaped SOM electrode and a FM elec-
trode where the tip of the FM is overlapping with the intersection of the T-shaped
nanostructure. Figure 3.8a and b show the device con guration of the ISHE and
SHE measurement setup, respectively, where the magnetizatian of the FM elec-
trode is aligned along the easy axis and can be switched with an external magnetic
eld Hy,. The ISHE is measured by applying a bias currenty;,s from the FM elec-
trode into the SOM electrode. A spin-polarized current is injected into SOM ( z),
polarized in the x-direction. The ISHE in SOM produces a transverse charge cur-
rent (I ,sye ), that is detected as a voltageVsye ) in open circuit conditions along
the transverse arms of the SOM T-shaped electrode. The reversal wf induces a
sign change ofVspe . It is convenient to de ne the ISHE resistance asR|spe =

VisHe =lpias-

Figure 3.9a presenR s as a function of H for the ISHE measurement con gu-
rations in the local spin Hall device. It shows that, as long as the magnetization is
aligned along the #x-direction, the ISHE induces a constantR sye . The reversal of
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Figure 3.8: Spin-charge interconversion in a FM/SOM local spin Hall device. The
local spin Hall device consists of a FM electrode and a T-shaped SOM electrode. The
applied bias current I jas and the spin current are presented by grey and green ar-
rows, respectively. The opposite spin polarization is given by red and yellow arrows
and the associated magnetic eldH, has the same colora) The ISHE is measured by
applying | yias from the SOM to FM and probing the voltage on the transverse SOM
electrode. | hias generates a spin-polarized current with a polarization de ned by the
magnetization of FM. The spin current will be converted into a charge current (1sye )
observable as open-circuit ISHE voltage\isqe ). Visne changes sign when reversing
the magnetization of the FM with the external magnetic eld. b) For the SHE con g-
uration, the | yi5s is applied to the vertical SOM electrode generating a spin currentin

z that results in a spin accumulation at the FM/SOM interface. The spin accumu-
lation is probed by the magnetization of the FM while the electrochemical potentials
changes when the FM is aligned parallel or anti-parallel with respect to the polarized
spin accumulation. Therefore, the SHE voltage\{(sye) is obtained by probing the in-
terface.

the magnetizationto x-direction by sweepingH, switchesR|spe t0  Rispe. The
transition between the positive and negative resistance state is sharp. The same
behavior is observed when sweepingH, in opposite direction, with a hysteresis
associated to the magnetization of the FM electrode. The two resistance states can
be associated with the magnetic state of the FM (i.e., we are reading out the mag-
netic state) and the di erence between these two resistance states is the ISHE sig-
nal2 Rishe.

Reciprocally, in the SHE con guration, | yis is applied through the transverse SOM
electrode such thata spin current polarized in thex-direction is generated via SHE,
resulting in spin accumulation at the surfaces of the SOM. The top surface can be
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Figure 3.9: Spin Hall signal in a local spin Hall device.a) A sketch of the ISHE resis-
tance Risye as a function of the external magnetic eld Hy. A sharp transitions from
Risye atsaturated magnetization with negativeH ,,to R;sye atreversed saturated
magnetization with positive Hy. b) The Rsyg versusHy shows opposite behaviour
compared to Risye due to the swapping of the current and voltage probes. The trace
is a solid line and retrace is a dashed line. In both cases, the di erence iR sy and
RsHe at saturated magnetic eldsis2 Rsye -

probed with the FM electrode as the Fermi level of the FM electrode aligns with
the electrochemical potential of the majority (minority) spins of the spin accumu-
lation and a positive (negative) interface voltagé/sye is created whenm is oriented
along+x ( x).Figure 3.9b displays the spin Hall resistanc&s thatis de ned as
Vshe=lpias- The ISHE and SHE signals will have the same magnitude and opposite
sign, as expected from the Onsager reciprocity [67].

The output of the ISHE R;sne ) in the local spin Hall device is developed by an ana-
lytic 1D spin di usion model based on the two-channel model (section 2.1.2) [156,
157]. The injected vertical current density owing through the NM/SOM interface
gives rise to a local spin accumulation. The spin accumulation pro le in the FM
and SOM, is given by solution of the spin di usion equations, that is

cosh (tSOM—+Z

som(2) = Cosh—(i“h:) (0); (3.44)

mt2Z
cosh (222)

e (2) = W 0); (3.45)
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taking z = O at the interface. ;t and are the spin accumulation, the thickness
and the spindi usion length, respectively. Subscripts SOM and FM denote the ma-
terials.

The interface is considered transparent, subsequently the electrochemical poten-
tial for spin-up and spin-down electrons are assumed to be continuous through
the FM/SOM interface and the spin current is conserved. At the FM/SOM inter-
face, in open-circuit conditions, the BC reads:
1 @¢m + Prwjos = 1 @som

FM @Z SOM @ z

(3.46)

Jc:z IS the charge current density in thez-direction and sou is the resistivity of
SOMand ¢, = mw=(1 P3,) isthe e ective resistivity of FM.

The local spin accumulation at the interface is

PFMjC'Z
0)= ’ ; 3.47
O (s ey O

SOM SOM

and the transverse current density generated by the ISHE is given by:

1 @

som @z

jc;y = sHj sz — SH (3.48)

I sHe IS obtained by integrating the charge current density over the area where the
spin-charge conversion takes place:
zz , z

lishe = Jey dz dx= gy
tsom SOM

[ 0 ( tsom)] dx; (3.49)

and by implementing equation 3.44 and 3.47, equation 3.49 can be rewritten as

1
1 cosh tsom z .
lisve = sH somPrm o jez dx;  (3.50)
tanh Isom_ 4 _som som tgnh e
SOM M FM FM

ﬁlf_g currentdistributign in yisconsidered t&be homogeneous meaning thakpi,s =
Jez dXdy = Wey ez dX. Accordingly, j.. dxisreplaced byl pias=Wey , lead-
ing to the nal expression for the charge current induced by the ISHE
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1
tsom .
cosh vy | bias .

1
lishe = sH somPem ; (3.51)
tanh lsov. 4+ _som som tgnh lem Wem 3
SOM M FM FM

The value ofl spe is small and challenging to measure [158], therefore the signal is
detected via the transverse voltage in open-circuit conditionsV,spe ( gure 3.8a).
The voltage output is de ned by Ryl sye with

WeEm
Rr = , (3.52)
Iem 4 Isom
FM SOM Wsom

the resistance of the transverse SOM electrode including electrical shunting with
the FM. Hence, the voltage output normalized to the applied current, the ISHE
resistance is

1

tsom
R _ VisHe _ sH somPrm cosh —=-0 i
ISHE — - y
Ibias tem_ 4 lIsom Wsom tanh fsom 4 _som som tanh tem
FM SoM SoM M FM FM

(3.53)

and Risue = (Rispe  Risne) =2

For systems constructed out of materials with spin di usion length much shorter
thanthe thickness, asis generally the case for both the SOM and FNidom = som
Ltem = fm 1), the normalized current and voltage output simplify to

lisHE 1 sH somPrm
= (3.54)
I bias WEM 1 + _som som
FM FM
VisHE 1 sH som Pem
Riske = | = = . : (3.55)
bias EM_ 4 ISOM + SOM__SOM
FM SOM Wsom 1 M FM

The ISHE measurement in the local spin Hall device ( gure 3.8) can be compared
to the one in the non-local spin Hall device ( gure 3.6). Both techniques, extract
2 Rpshe (gure3.7and gure 3.9) andthusthe SCl properties. However2 Rsue
in the local spin Hall device is in general easier to observe because the local spin
injection results in higher injected spin current densities in comparison to the non-
local device and, hence, produces large?2 R)she -






Chapter4

Experimental techniques



60 | Experimental techniques

4.1 Nano-fabrication processes

cally several electrodes of di erent materials that overlap in certain areas

to make a connection. Each electrode structure of a speci ed material is
fabricated by temporary mask that de nes the electrodes areas before the deposi-
tion of the desired material. The process is repeated for each structure.

D evices in this thesis, as presented in section 3.3 and section 3.4, are basi-

All the devices in this work are fabricated on Si substrate with 150 nm of thermally
oxidized SiQ. Figure 4.1 displays the nano-fabrication process of the SOM elec-
trode for the local spin Hall devices consisting of the following consecutive steps:

1. Spin-coating resist

2. Electron beam lithography

3. Developing of the resist

4. Ar-ion milling for surface cleaning
5. Deposition of the material

6. Lift-o

Spin-coating is the application of a thin layer of electron-sensitive polymer resist
by spinning the substrate very fast in a controlled fashion, step 1 in gure 4.1. All
the devices presented in this thesis are fabricated by using a positive tone electron-
sensitive resist. When using positive tone resist, the chemical bonds are broken
in electron-beam (e-beam) exposed areas. The solubility of this exposed areas is
changed with respect to the unexposed area such that the exposed areas can be
more easily dissolved in aspeci ¢ solvent. In this way, we can make amold, i.e., our
temporary mask. The type of resist depends on the thickness of the to-be deposited
materials as well as the deposition method.

A commonly used resist combination is a double layer of positive tone resist called
PolyMethylMethAcrylaat (PMMA). In our recipe, both layers, PMMA A4 495 and
PMMA A2 950, are spin-coated at 4000 rpm and baked for 90 seconds at 180The

samples are baked in order to evaporate residual solvents. The quali cation of
A4 and A2 give the percentage of molecules dissolved in anisol de ning the layer
thickness to be 50 nm for PMMA A4 495 and 150 nm for PMMA A2 950. The
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Figure 4.1: Fabrication process for nanostructures The illustration shows atop view
and side view (indicated by the black dashed line in the top view) of the sample in
the di erent steps of the fabrication process. The shades of grey represent the Si/SiD
substrate. The electron sensitive resistis pink and the e-beam s blue. The Aratoms are
shown as green circles. The metal structures are displayed in turquoise and the metal

atoms are turquoise circles.

numbers 495 and 950 stand for the molecular weight in kDa for the respective
PPMASs. The lower molecular weight (495 kDa) of the rst (lower) layer, makes it
that more bonds are broken during e-beam exposure in comparison to the second
(upper) layer with the higher molecular weight (950 kDa). The ordering of the lay-
ers creates an undercut such thatlift-o , removal of residual resist of the mask, can

be performed successfully.
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The con guration of the sputter system available for this study makes the sputter-
ing not completely unidirectional, such that for very narrow electrodes the resist
creates a shadow e ect resulting in a thinner electrode thickness compared to the
thickness calibrated for a thin Im, as shown in gure 4.2. The shadow e ect can
be suppressed by minimizing the resist thickness but keeping in mind that the re-
sist thickness should be higher than the electrode thickness and still allow proper
lift-o . In this work, also single layer PMMA A4 495 is used for materials that are
deposited via sputtering (see deposition techniques below), taking advantage of
the reduced layer thickness of the resist. Another way to deal with the shadow ef-
fectis by calibrating the electrode thickness itself instead of the thin Im thickness
meaning one can use double layer PMMA and e ectively sputtering more mate-
rial than the calibrated thin Im thickness in order to reach the desired electrode
thickness.

Figure 4.2: The reduced electrode thickness with the electrode width due to a
shadowing e ect while sputtering. a) A top-view SEM image of nine sputtered Pt
electrodes with varying width wp; between 100 and 1000 nm fabricated with double
layer PMMA.b) The electrode thicknesdp; is signi cantly reduced by decreasing the
width of the Pt electrodes. This data has been obtained front) a TEM images dis-
playing a side view of all the electrodes. The bottom layer in black is the SiQof the
substrate. The Pt electrodes show up white. The wider electrodes on the right have a
similar thickness as the thin Im. The narrow electrodes on the left are much thinner
as the wider electrodes on the right demonstrating the reduction in electrode thick-
ness with decreasing electrode width.

An other positive tone resistis ZEP, aX: 1) copolymer of -chloromethacrylate and
-methylstyrene. The spin-coating is preformed at 4000 rpm and the samples are
baked for 5 minutes at 180C. The thickness comes out to be about 2 micrometers.
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Thisresistis utilized for materials that heat up the sample signi cantly and harden
the resist during deposition. The hardening makes it di cult to remove the resist
after deposition. This problem can be avoided by using a thicker resist layer, such
as ZEP, as the chances of hardening the full layer of resistis less likely and the lift-o
process can be carried out properly.

Electron-beam lithography is the technique of scanning a highly focused e-beam
to draw a pattern in e-beam sensitive resist, step 2 in gure 4.1. The resist exposed

to the e-beam weaken or harden the polymeric bonds for positive and negative

toneresist, respectively. The e-beamis generated by a W-based eld emission source

and focused by a series of electrostatic and magnetic lenses. The electron-beam
lithography (EBL) pattern generators available inCIC nanoGUNE BRTAure the

Raith 150"° and the e-line* .

Developing of the resist is the immersion of the sample in a solventto dissolve the
areas that are exposed to the e-beam. This will uncover the electrode structures
and nalize the temporary mask formed by the remaining resist, step 3 in gure
4.1. The developer for PMMA is a mixture of Methylisobutylketon and Isopropyl
alcohol [MIBK:IPA (1:3)] and, for ZEP, the developer is ZED-N50 (n-Amyl acetate).
Developing times between 30 and 60 seconds are used.

Ar-ion milling for surface cleaning is a technique whereby the ions of an inert
gas, typically Ar, are accelerated from an ion beam source towards a sample in
vacuum, step 4 in gure 4.1. The highly energetic ions will etch material from the
sample surface. In our devices, ion milling is performed to remove any remaining
residuals at the surface and provide homogeneous growth of the to-be deposited
material. Additionally, for the subsequent processes in which electrodes are con-
nected to underlying electrodes, the milling ensure a clean interface. Even more,
this technique can be used to remove oxide layers from materials that oxidize. We
use adwaveion-beam miller. The Ar-ion milling for surface cleaning is performed
witha 10 angle of incidence and the sample is rotating at 15 rpm. The Ar-ion ow
is 15 s.c.c.m., the acceleration voltage is 50 V, the beam current is 50 mA and the
beam voltage is 300 V.

Deposition of the material is done by physical vapour deposition (PVD). PVD cov-
ers a variety of vacuum deposition methods to grow thin Ims characterized by a
condensed phase material that is sublimated into a gaseous phase and then de-
posited to athin Im returning to a condensed phase. The three PVD methods uti-
lized for the devices used in this thesis are:
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" E-beam evaporation: is used for metals like Ti and also for FM like permalloy
(NiFe) and CoFe. A target anode, that is, a crucible with the pellets of the pre-
ferred material, is bombarded with an e-beam originating from a charged
W- lament and steered inside the crucible by electric and magnetic elds
under high vacuum. The e-beam triggers the metal atoms to transform into
the gaseous phase once they gained enough energy. These atoms precipi-
tate into solid phase, coating the sample with a thin layer of the metal. The e-
beam evaporation have been executed in a high vacuum evaporation system
(base pressure of 10 7 mbar) by Kurt J. Lesker Companynd a ultra-high
vacuum evaporation system (base pressure of 10 ° mbar) by CreaTec

Thermal evaporation: is used for metals like Au and Cu. In the case of Au, the
metal is heated by a high density current that is applied to a thermal boat
containing the to-be deposited metal in the form of wire or pellets. Through
heat transmission, the metal will be heated until the surface atoms will gain
Su cient energy to leave the surface. Subsequently, the atoms will travel the
vacuum chamber and deposit on the sample surface. The thermal evapora-
tion of Au has also been performed in the high-vacuum evaporation system
of Kurt J. Lesker Companynentioned above. Alternatively, for Cu, the metal
is accommodated by a crucible with a electric lament wound around that
evaporates the metal by radiative heating. The Cu is deposited in an UHV
evaporation system byCreaTec

Magnetron Sputtering: is used for deposition of heavy metals, FM and oxides
for capping layers. For sputtering of materials, an Ar plasma is created in a
vacuum chamber. The ionized Af atoms are accelerated towards the target
material by a con guration of magnets below the target. The target mate-
rial is eroded by the accelerated ions as neutral particles either as individual
atoms or clusters of atoms. The neutral particles are ejected and will travel
towards the sample coating the surface. An UHV Magnetron Sputtering sys-
tem by AJA INTERNATIONAthat contains seven di erent targets has been
used for this thesis.

Lift-o  is the removal of the temporary mask, that is the resist and the metal de-
posited on top of the resist, step 6 in gure 4.1. Aharmless method is by dipping the

sample in aremover, which for PMMA is acetone and for ZEP is ZD MAC (dimethy-
lacetamide).

Ar-ion milling for removal of sharp edges is a process in which Ar-milling (ex-
plained in "Ar-ion milling for surface cleaning”) is utilized to remove sharp vertical
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edges from electrodes. Such edges can form when during the fabrication process
of hard materials, some material, deposited on the walls of the pattern in the re-
sists, does not detach from the electrode during the lift-o process. Ar-ion milling
for removal of these edges is done to avoid interpenetration of one material into
another, when in subsequent fabrication processes electrodes are connected. In-
terpenetration of materials could block the function for which the interface was
designed. The Ar-ion milling is performed in adwaveion-beam miller with an in-
cidence angle of 80 to irradiate the sample from the side. The sample is rotating
at 15 rpm. The beam conditions are the same as for the interface milling, that is,
the Ar-ion owis 15s.c.c.m., the acceleration voltage 50V, the beam current 50 mA
and the beam voltage of 300 V.

4.2 Characterization methods

The electronic con guration is of utmostimportance for doing precise mea-

surements and extracting meaningful spin properties. Additionally, elec-
tron microscopy and x-ray characterization are used for determining deposition
rates and quanti cation of crystallographic phases.

T he rst characterization method presented are electronic measurements.

4.2.1 Electronic measurements

All electrical measurements are carried out in the physical property measurement
system (PPMS) developed bQuantum Design A PPMS is a low-temperature sys-
tem with a superconducting magnet for measuring material properties such as
electrical and thermal transport properties and magnetic properties. The system
consist of a controller and a cryostat. The cryostat is an all-metal construction with
vacuum insulation and intermediate temperature radiation shielding in the form
of cryogenic liquids as nitrogen and helium (He). The systemin our lab is equipped
with a He relique er such that the He gas originating form the boiling He liquid can
be relique ed and reused. The PPMS allows low temperature measurements down
to 1.8 K. A superconducting magnetic coil, immersed in liquid He is located at the
bottom of the system providing the possibility to perform magneto-transport mea-
surements within a magnetic eldrangeof 9T.

The sample is placed inside of the cryostat in a vacuum space (i.e., sample space)
in between the magnetic system with the use of a stick. In this work, a rotating stick
has been used such that also angle dependencies with respect to the magnetic eld
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can be explored. The sample is attached to a chip carrier or puck that ts into the
stick. The puck has eight electrical contacts available for the measurement. The
electrical connection between a device on the sample and the puck is established
by Al wires using aWest bondwirebonder. The wirebonder can make bond on pads
assmallas 100 m 100 m such that multiple devices can be fabricated on the
same substrate.

In addition to the standard electrical setup, aKeithley 2182/anovoltmeter and a
Keithley 622 Xurrent source as well as a switchboard are implemented. The switch-
board lets us select the current and voltage probes that will be connected to the
electrical measurement setup. For the measurement, the current is applied by the
Keithley 6221current source and voltage is probed by theKeithley 2182 Aanovolt-
meter, using the four terminal method. A "DC reversal” technique, also known as
"delta mode", is employed for the measurements in this thesis. In delta mode, an
alternating positive and negative current is injected and the voltage is measured
every time the polarity of the current changes.

V:V(+|) V( I); 4.1)
2

whereV (+1)andV( 1) are the voltages for the positive and negative charge cur-
rent, respectively. This technique keeps the voltage that has a linear response with
the applied current, while removing thermoelectric e ectand baseline drifts, which
reduces the noise [159]. Therefore, itis adequate for low-resistance measurements.
The delta mode is equivalent to the 1st harmonic signal of an AC lock-in measure-
ment.

4.2.2 Electron Microscopy

Electron microscopy is a technique to make high-resolution images and visualize
details of organic and inorganic samples such as microorganisms, cells, molecules,
metals, and crystal structures. This high-resolution imaging is realized by illumi-
nating the samples with a focused beam of accelerated electrons. The highly ener-
getic electrons will interact with the sample. Re ected, de ected and transmitted
electrons containing information of the sample can be detected. Two types of elec-
tron microscopy techniques used for this thesis will be brie y introduced.

Scanning electron microscopy (SEM) can sense the emission of low-energy sec-
ondary electrons and high-energy backscattered electrons probing the topography
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and composition of the sample surface. SEM is employed to image our devices with
few nanometer resolution in order to inspect the alignment of the nanostructured
devices and measure the dimensions (width and length) of the electrodes in the
devices. The SEM images presented in this thesis have been made with the EBL
systemsRaith 150"° and Raith e-line*.

Transmission electron microscopy (TEM) detects electrons that are transmitted
through a sample. TEM images show a 2D projection of a sample providing infor-
mation about the crystal structure and the presence of structural defects and/or
impurities. In combination with energy dispersive X-ray analysis (EDAX) the ma-
terial composition can also be extracted. The disadvantage of this technique is that
the samples need to be very thin ( 100 nm), at, and the preparation technique
should not introduce any artifacts. In this thesis, we use TEM to inspect the in-
terface between two electrodes (Chapter 7) and it is also used to con rm the re-
duction of electrode thickness when employing sputtering ( gure 4.2). The TEM
images were obtained by Prof. A. Chuvilin on &itan 60-300electron microscope
(FEI Co) equipped with EDAX detector Ametek Inc).

4.2.3 X-ray characterization

X-rays, also known as Réntgen radiation after its discoverer Wilhelm Conrad Ront-
gen, is a form of high energy electromagnetic radiation that is used to investigate
the atomic and molecular structure of a crystal. X-ray characterization techniques
radiates x-rays on a sample to extract crystallographic information. The X-rays that
penetrate into the crystal interact with its periodic atomic structure, re ecting part

of the radiation. Figure 4.3 shows the di raction process on a crystal lattice. Con-
structive and destructive interference generate a di raction pattern, containing
information about the crystal structure. The angles for coherent scattering, hence
constructive interference, of the incoming waves from a crystal lattice is given by
Bragg's law:

N x ay =2dsin() ; (4.2)

wheren is the di raction order, , 4 is the wavelength of the incident waved is
the distance between the atomic planes and is the scattering angle respectto the
surface plane.

We have used theX'Pert PRCbhy PANalytical equipped with a X-ray tube for X-ray
generation, a precise goniometer and a detector withMedipix2 solid state pixel
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Figure 4.3: Bragg di raction. Di raction of two rays with identical wavelength and
phase approach a crystalline solid and are scattered by two di erentatoms in di erent
atomic planes.

detector technology. The anode material used for X-ray generation is made of Cu
corresponding to CuK radiation with ¢ = 0:154nm. The sample is placed on
the sample stage on top of a silicon piece for reducing background signals. The de-
tection can be done by scanning the angle of the generator and detector in several
ways depending on the properties to be probed.

X-rayre ectivity measurements are performed by rotating both the generator and
detector by the same grazing angle of incidence such that the specular di rac-
tion is observed. The X-rays re ected from the top and bottom surface of a thin
Im produce an interference pattern that are observed as Kiessig fringes. The peri-
odicity of these fringes give the thickness of the thin Im. This technique is utilized
to calibrate the deposition rate of materials.

X-ray crystallography is measuring the angles and intensities of di racted rays.
The di raction pattern will give peaks at speci c angles that can be associated
to the distance between atomic planes (equation 4.2) and even more the crystallo-
graphic phases in the material. In general, for the X-ray di raction (XRD) both the
injector and detector are rotating fora -2 scan. More sensitive method is graz-
ing incidence x-ray di raction (GIXRD) where the generator is xed at a grazing
incidence angle and the detector is rotating, that allows longer scattering paths in-
side the Im, thus, more information. This technique is used for investigating the
crystallographic phases in W (Chapter 7).
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4.3 Finite element method simulations

inite element method (FEM) is a numerical calculation method for solving
partial di erential equationsin 2D or 3D structures. FEM subdivides a large
element in smaller, simpler nite elements connected by nodes. The sim-
ulation solves the physical problem for each small element and the solution of the
large element can be obtained by introducing BCs between the small element. We
have used 3D FEM simulation to obtain interface resistances and electrical shunt-
ing in our devices.

4.3.1 Interface resistance

Interface resistance refers to electrical contact resistance at the junction of two
electrodes in an electric circuit. Besides the charge current ow, the interface resis-
tance also a ects the spin current ow through an interface, inducing spin mem-
ory loss and changing the spin back ow. The nanostructured devices in chapter 3
consist of several connected electrodes. Consequently, the interface resistance at
the junctions in the nanostructured devices have to be considered in order to cor-
rectly determine spin properties such as spin di usion length and SCI e ciency

as emphasized as well by refs. [72, 73].

The voltage drop caused by the interface resistanc®; can be measured by a 4-
probe measurement con guration shown in gure 4.4 via Rap = V=lyas. When a
junction between electrode 1 and electrode 2, with associated resistancd®; and
R», possesses a high impedance interfacéR > R 1; R>), the measured resistance
Rap Ri. However, at low impedance interfaces R; < R 1;R;), because of an
inhomogeneous current ow and voltage drop, we nd R4, < R;. This can even
result in the observation of a negative interface resistance [160, 161].

Metal/metal systems, such as the devicesinthis thesis, are susceptible to lowimpedance
interfaces and we have observed negativR; in our devices. However, a negative
interface resistance is not a real physical quantity, thus, in order to recover the real
value of the R; from the measured R4, 3D FEM simulations can be used. In the
simulation, the 4-probe measurement is replicated considering the dimensions

and the resistivities of the electrodes in the real experiment. Figure 4.4a displays

the model, the mesh and the electronic setup in the simulation. Figure 4.4b shows

an example of a low impedance interface with an inhomogeneous current density

ow across the interface.
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Figure 4.4: FEM simulation for 4-probe interface resistance measurements.a) The
geometry, mesh and measurement con guration of the 4-probe measurementb) A
low impedance interface resistance results in inhomogeneous current density (red
lines). c) The electrical potential driven by the applied current.

When simulating a sharp interface, meaning no net interface thicknessR; can be
found by varying the contact impedance ®R;A;) while probing the voltage Vrgy .
Figure 4.4c display the change in chemical potential in the structure when bias
current is applied. The contact impedance for whichVegy =lpiss IS €qual to the ex-
perimentally obtained Ry, relates to the actualR;. In the case the junction hosts an
interface layer with a certain thicknesst;, an additional layer is added to the model,
simulating this interface layer.R; is acquired by varying the resistivity ; (= Rj=t)
of this layer and nding ; for which Vegm =lpias matchesRyp.

The 3D FEM simulations have been used to determine the interface resistances in
our nanostructured devices. In chapter 5 and chapter 6, the devices have a smallin-
terface resistance resulting in transparent interfaces in which the charge and spin
current ow are little to nothing a ected by the interface. However, in chapter 7,
the interface resistance is found to be signi cant having a dramatic impact on the
measurements of the spin properties.

4.3.2 Electrical shunting

The non-local spin Hall device can be used to measure the SCI in SOM (section
3.3.4), however, the shunting factoix needs to be determined in order to extract
the spin Hall angle, see equation 3.37. The verb "to shunt" means to turn away
or follow a di erent path. Electrical shunting is when the electrical current ows
through the lowest-resistance path by passing around di erent components in the
circuit. More speci cally, in non-local spin Hall devices this means that the hori-
zontal ISHE current (| ;sye ) generating the ISHE voltageV,sye is partially shunted
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Figure 4.5: The shunting factor for the inverse spin Hall e ect measurement.a) An
illustration of the ISHE atthe NM/SOM interface region of a non-local spin Hall device
where the spininjection and spin-to-charge conversion takes place. The currentsye
is generated inthe SOM over a distance de ned by the spin di usionlength som. The
Visye created byl sye is probed in open-circuit conditions resulting in the ow of

I cy @and | som inthe opposite direction as|sye . This gure is adapted from ref. [158].
Electric circuit and Kirchho 's laws for b) a single resistor, the SOM electrode and)
two parallel resistors, the NM and SOM electrode. The latter is the simple model for
the measurement con guration in panel a. The voltage drop over the single resistor
circuit V and the double resistor circuitV are di erent due to the electric shunting.

by the NM electrode connected to the SOM electrode. Figure 4.5a shows a sketch
of spin-to-charge conversion in a non-local spin Hall device (section 3.3.4) where
the ISHE voltage is probed at the two ends of the SOM electrode in open-circuit
conditions. In this condition the | sy ows back into the NM as |y and the SOM
asl som [158]

The shunting can be better understood by looking at the current ow in a simple
electric circuit. Figure 4.5b displays the electric circuit that can be compared to the
situation in which there is no NM electrode but only the SOM electrode. This elec-
tric circuit without electrical shunting is described by equation 3.36. Figure 4.5¢
shows the electric circuit with two parallel resistors in which shunting through
the both resistors takes place. This electric circuit can be considered as a simple
model to describe the ISHE measurementin gure 4.5a. The current ow and volt-
age drop in the SOM electrode are not the same for the situation with and with-
out shunting. Ohm's law and Kirchho 's laws show that 1 som = 150y =Xsom and
V = V =Xsom, WhereXxsowm is the percentage of the total current owing through
the SOM electrode withRsoy . Finally, the Visye that has to be included in equation
3.36isVisye = V = V =xgsom leading the appearance oiksoy in equation 3.37.
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Figure 4.6: The 3D FEM simulation for electric shunting.a) A charge-current den-
sity j. is applied though the cross-section of the SOM electrodé\ som = WsomtSOM
to simulate the charge current generated by the ISHE. Th&-component of the vol-
ume average charge current densityj $°Mi in the NM and SOM is obtained from the
simulation and is the used to get the electric shunting factorxsom. b) The electrical
potential simulated in the 3D FEM and created by thej, through Asom (more of less
the red region). ¢) The charge current density distribution in the non-local spin Hall
device from which hj $°Mi is derived.

The 1D model with the two electrodes as two parallel resistors helps to compre-
hend the shunting factor but fails to exactly reproduce the electrical shunting in
the non-local spin Hall device. In the real device, the two electrode are connected
at every point of the interface thus not two independent parallel resistors. 3D FEM
simulations can overcome this problem as an electric connection at the overall in-
terface of the SOM and NM electrodes can be included by setting proper BCs. The
3D FEM simulation improve the estimation of xsom Of I se in the non-local spin
Hall devices and, therefore, allows determining more precise SCI parameters.

The 3D FEM simulations will contain a geometry as depicted in gure 4.6a. The
charge currentdensityj . is applied to the cross-section of the SOM electrodé soy =
Wsomtsom- Kirchho 's law for current ( gure 4.5) gives that the electric shunting
factor in the SOM electrode is

Xsom = ISOMZITOT . (43)

Subsequently, the volume average-component of the charge currentdensityhy SV
is calculated within the simulation. The average charge current in the SOM elec-
trode H 32Mi is obtained by H SMi = HSMi  Asom = lgoum- The shunting fac-
tor is then determined by equation 4.3 with Itor = jj JAsom. In this thesis, 3D
FEM simulations performed in COMSOL Multiphysicsare used to obtain the elec-
tric shunting for the non-local spin Hall device in chapter 7.



Chapter 5

Spin orbit magnetic-state readout in
scaled ferromagnetic/heavy metal
nanostructures
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hapter 1 discusses how Moore's law has been driving the modern transis-

tors to be scaled down to tens of nanometers, and that such favourable

scaling will be essential for the development of alternative computing ap-
proaches based on spinlogic. It also present that most common approach for sens-
ing magnetic states relying on magnetoresistance are unfavourable in terms of en-
ergy with a decreasing device area. Even more, operations depending on magne-
toresistance cannot generate a voltage or a current that can directly drive the next
stage of the circuit, a requirement for energy-e cient logic devices.

The discovery of SCl phenomena (see chapter 2) is promising for the development
of a second generation of spintronic devices that can integrate high-density mem-
ory with high-speed operations. Both the ISHE and SHE can be used to detect the
magnetization state of a ferromagnetic (FM) element in a nanostructure. The rst
step towards realization of the MESO-logic (section 1.3), is to show that the SHE
and the ISHE can be used to read the magnetic state of a magnetic element em-
ploying the local spin Hall device (section 3.4).

Typical examples of metallic nanostructures that use the SHE (ISHE) for spin injec-
tion (detection) are lateral spin valves developed to quantify the SCI via non-local
techniques (see section 3.3.4). However, this non-local spin Hall device reaches
small spin Hall signals of around 0.1 1.0 m due to the di usive decay of the spin
current along the NM channel, spin losses at the two interfaces, and the shunting
e ect of the NM channel on the SOM electrode. Local spin injection/detection in
simpler local spin Hall devices show improved spin Hall signals ofaround 1 10 m
[149, 157]. However, to read the magnetic state of an FM element in potential appli-
cations such as MESO logic, larger spin Hall signals of around 1 10 kare required
[7,27].

In this chapter, we report a favourable scaling law for the spin Hall readout of a
magnetic state in local FM/HM spin Hall devices and show that large spin Hall
signals of 0.3 at room temperature can be obtained. In particular, we use the
ISHE for spin-to-charge conversion in CoFe/Pt nanostructures and nd that the
output voltage (needed to read the in-plane magnetization) and the output cur-
rent (needed for cascading circuit elements) can be enhanced independently by
decreasing the device dimensions. Large spin Hall signals result from the small
dimensions and high resistivities of Pt and CoFe, whereas the e ective spin-to-
charge conversion rate remains constant for the CoFe/Pt system. Furthermore, by
extrapolating our data, we suggest that the spin Hall signal could potentially be fur-
therincreased to the values required to implement MESO logic by using alternative
materials.
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